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Environmental impact analysis of structural systems for sustainable buildings
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Abstract

The construction industry is one of the largest contributors to all global carbon
dioxide emissions. This has led to the climate impact being considered among other
traditional building requirements such as the load-bearing capacity and the finan-
cial aspect. For this reason, there is a generous number of studies that analyze the
climate impact generated by individual building materials and complete buildings,
especially apartment buildings. However, there is a lack of information regarding
the climate impact caused by structural systems and studies that make comparisons
among these.

This thesis initially implements an investigation that concludes in four relevant
structural systems capable of being used in the construction of future preschool
buildings, and that are applicable in the Skanska project ABCD-preschools. Those
are later on analyzed through appropriate Life Cycle Assessments which in turn
produce data that makes it possible to create a simple and effective tool to assess
and evaluate structural systems for future buildings.

The results obtained conclude that structural systems contribute to a remarkable
share of the total climate impact produced by preschool buildings. The structural
systems’ climate impact might nevertheless vary depending on the type of structural
system that is utilized. This thesis culminates in conclusions and recommendations
which function as tools for project developers to simplify the design choices of struc-
tural systems regarding their climate impact.

Keywords: Structural System, Climate Impact, Global Warming Potential, Material
Choice, Sustainability, Life Cycle Assessment, Innovations, Climate Goals.
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Sammanfattning

Byggbranschen éar en av de storsta bidragsgivarna till de globala koldioxidutslappen.
Detta har lett till att klimatpaverkan har beaktats bland andra traditionella byg-
gnadskrav som bédrférmaga och ekonomi. Av denna anledning finns det ett generdst
antal studier som analyserar klimatpaverkan som genereras av enskilda byggmaterial
och kompletta byggnader, sarskilt for flerbostadshus. Det saknas dock information
om klimatpaverkan genererad av stomsystem och studier som gor jamforelser mellan
olika system.

Detta examensarbete implementerar inledningsvis en utvirdering som resulterar i
fyra relevanta stomsystem vilka kan anvandas vid konstruktion av framtida forskole-
byggnader och som senare kan nyttjas av Skanska-projektet A BCD-forskolor. Dessa
system analyseras med hjalp av lampliga livscykelanalyser som i sin tur generar in-
formation som gor det mojligt att skapa ett enkelt och effektivt verktyg for att
bedéma och utvéirdera stomsystem i framtida byggnader.

De erhallna resultaten visar att stomsystem bidrar till en anmérkningsviard an-
del av den totala klimatpaverkan som forskolebyggnader producerar. Stomsyste-
mens klimatpaverkan kan a&nd& variera beroende pa vilken typ av stomsystem som
anvands. Denna avhandling kulminerar i slutsatser och rekommendationer som
fungerar som verktyg for projektutvecklare for att forenkla valet gallande stom-
system med avseende pa deras klimatpaverkan.

Nyckelord: Stomsystem, Klimatpaverkan, Global Uppvarmningspotential (GWP),
Materialval, Hallbarhet, Livscykelanalys, Innovationer, Klimatmal.
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Concepts and Descriptions

ABCD-preschools A project developed by Skanska to meet the need of newly
build preschools. There are four different concepts: A, B, C and D, which all
differ by size and design. There are also possibilities to modify the concepts

to meet the prerequisites for each unique location.

carbon dioxide (CO;) Carbon dioxide is one of the most considerable greenhouse
gas. Carbon dioxide is produced by both natural processes as well as the com-
bustion of wood, or fossil fuels as coal or petroleum. The concentration of
carbon dioxide in the atmosphere have increased steadily since the industrial-
ization due to human activities. Carbon dioxide dissolves in the ocean and can
be stored in organic materials, such as timber, but about 50% of the carbon
dioxide released from burning fossil fuels remain in the atmosphere.

carbon dioxide equivalents Carbon dioxide is not the only greenhouse gas that
cause climate change, but the most common. Because of this, carbon dioxide
equivalents (C'Oy-¢) are used to calculate the climate impact for all greenhouse
gases. The C'Os-equivalents represent the warming potential that any amount
of any greenhouse gas has, in relation to the amount of CO; needed to warm

the earth as much as the original gas.

global warming potential Global warming potential (GWP) is the heat absorbed
by the greenhouse gases in the atmosphere. Different gases warming potential
can be compared, using their GWP factor. The GWP factor for a green-
house gas indicates the relation between its warming potential compared to
the warming potential of carbon dioxide, and are stated by the unit carbon

dioxide equivalents.

life cycle assessment A thorough method, often called LCA, that analyses the
cradle-to-grave or cradle-to-cradle life of a commercial product and how it
impacts the environment. The aim of this kind of analysis is to improve the
environmental character of the products which is partly why its procedures

have been standardized by the international organisation of standardisation,

ISO.
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Concepts and Descriptions

preliminary sizing Preliminary sizing is a process where dimensions of structural
members are roughly estimated using design codes and simplified methods.

The preliminary sizes may be refined later on by more detailed processes.
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1

Introduction

Sweden along with other countries in the European Union has set up a group of
climate goals to be achieved before the year of 2045. One of these goals is to be
a fossil-free country (Bengtsson, 2020) and to be one of the first countries in the
world to only use renewable energy. Many obstacles have to be tackled to achieve
this goal. The environmental impact from the construction sector is one of these
obstacles as this impact has been estimated to be 20% of the Swedish total climate
impact according to Warmark, 2020, which is about 11,8 millions carbon dioxide
equivalents as reported by Boverket, 2021.The Swedish government has for this rea-
son chosen to start demanding climate declarations for all new buildings (starting
on the 1st of January 2022). By doing this, the government is hopeful to speed up
the development and increase the all-around knowledge about how the construction
of buildings influences the climate change.

The structural system is a substantial part of a building, and a proper choice of
structural system is crucial for a building to be both structurally and costly effective.
But apart from the structural and economic aspects, there is also the environmental
aspect, which is just as important. The choice of structural system will have an
impact on the building’s environmental footprint either in a negative or positive
manner (Nadoushani & Akbarnezhad, 2015).

This thesis will identify, define and quantify the influence that different structural
systems have on the climate, specially for a preschool. There are not many signifi-
cant studies on how influential the structural system is on the climate and neither
on how this influence can be estimated when a climate declaration is needed.

1.1 Aim and objective

The structural system stands for a large part of a buildings environmental impact,
and is often the largest contributor in the product stage and construction process,
as it is concluded in the report written by Liljenstrom et al., 2015. However, to
estimate the magnitude of such impact, a Life Cycle Assessment needs to be car-
ried out individually for each building. The aim of this thesis is then to define an
environmental design simplification for different structural solutions, that can be
used as a tool to assess the environmental impact of buildings without the need of
a LCA. This simplification should act as a guideline and be used by engineers in



1. Introduction

an early stage of the design process to make appropriate choices for the structural
system with regard to environmental impact. Based on this aim, several questions
arise and are stated as follows:

o What are the consequences of the choice of structural system regarding the
buildings environmental impact?

o How should a system’s climate impact be compared to other systems in a
simplified but accurate way?

o Can an environmental design factor be used instead of implementing an LCA
for each unique project?

o What are the potential improvements regarding material choices for the struc-
tural elements that generates the highest climate impact?

The above will be clarified for structural systems that are relevant when building
preschools in Sweden. This because there is a lack of information about the climate
impact from such buildings, and at the same time that there is a great need to
increase the number of preschools being built. According to Skanska, 2021b, there
is a desire to build a thousand preschools in Sweden in the coming six years.

1.2 Method

An investigation on the preschool projects performed by Skanska in Sweden un-
der the last years was carried out, where the most common and relevant structural
solutions were identified and taken into consideration. A collaboration with the
current Skanska project ABCD-preschools was established. This led to important
information and knowledge about structural systems used in the project, and also
about systems that have not been implemented but could be of interest for future
preschools. The ABCD-preschools’ concept C was used as a reference building in
the report and has been called reference building and reference system further in
the report. The name reference system was used when referring to the building’s
structural system.

In a first stage, the structural systems was classified and evaluated based on ex-
ternal factors such as economics, structural criteria and production methods. This
evaluation acted as a first screening deciding which structural systems that are most
of interest to be analysed further.

The next step of the study was to make appropriate Life Cycle Assessments on the
previously chosen structural systems using the reference building from the project
ABCD-preschools. The LCA’s results made it possible to identify the reference
system’s contribution within the whole building’s environmental impact as well as
climate impact generated by different structural systems. The tools that were used
to assemble the LCA of the buildings was Revit to obtain quantity data, and the
software BM 1.0 which is a software that is developed by the Swedish Environmental
Research Institute, IVL. BM 1.0 consequently uses IVL’s generic values and EPD:s
to obtain complete results regarding product and construction process stages in an
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LCA.

Thereafter, it was achievable to define a simplified method to assess and evaluate
the sustainability of the structural systems in future designs. The LCA indicates
which elements and parts of the systems’ life that have the largest environmental
impact. Optimization procedures that can be implemented in an early design stage,
and that may reduce the environmental impact were proposed based on the LCA
results.

1.3 Scope and limitations

The thesis will study structural systems that have or that could be used to build
preschools in Sweden. This choice is made in order to bring more information about
emissions and environmental impact from this certain type of building, which is a
topic where not many studies have been implemented before. However, the scope
of the result can be limited to buildings with similarities to preschools, meaning
buildings with comparable sizes and types of use.

No consideration will be taken to the piling and excavations needed to construct
the future preschools. The particular reason for this is that different preschools in
Sweden will have various foundation solutions where piling might or might not be
implemented. These foundations can have a considerable impact on the climate but
will not be studied in this report. Additionally, the roof structure and stabilisation
of the building will be assumed to be identical for all structural systems for the rea-
son that any change of structural system doesn’t need to imply large adjustments
on these.

The calculations developed by experts and used by Skanska are simplifications that
will make it possible to achieve the aim of the study in the time frame set. The
indicator that will be used to describe the environmental impact from the building
is GWP (global warming potential). The unit to calculate this impact is kg carbon
dioxide equivalents, (C'O, -equivalents), which compares the relation of any green-
house gas to carbon dioxide (COz) (EuropeanCommission, 2017).

The climate impact from the energy usage of the systems will be calculated by ex-
perts at Skanska. The calculations will be performed on the reference building and
will be applicable on all structural systems assuming that the systems have the same
energy performance. The same procedure applies to the calculations on the climate
impact from construction and installation processes of the structures (module A5.2-

A5.5 of an LCA).

The chosen analysis period for this study is set to 50 years. The analysis period
is proposed by Boverket, 2020 as it is equivalent to the period that other countries
in Europe use in their approaches for these types of analyzes. Sub-module B6 will
be the only analyzed sub-module from module B since additional sub-modules in B
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(maintenance, repair, replacement) are not relevant for structural systems during a
period of 50 years. Module C, which concerns the systems’ end of life will likewise
be completely excluded from the life cycle assessment, although their impact will be
mentioned and discussed further on.



2

Literature Review

Researchers, companies and governments have been working together for the past
decades since it has become general knowledge that the construction industry has an
enormous effect on the world’s climate. Their goal has been to identify remarkable
procedures in the buildings’ life cycle so that these can be developed, improved or
erased and the climate goals can be achieved. There is a wide variety of literature
concerning the climate impact from the construction industry and different projects,
but there are not as many studies related to specific parts of the buildings such as
the structural system. A number of relevant publications will be summarized and
analysed in this chapter.

The article Climate impact from 60 buildings, written in Denmark has as an aim to
create a sufficient database about the climate impact that Danish buildings stands
for during their life cycles. It analyses 60 case buildings in which 11 single-family
houses, 12 townhouses, 11 multi-storey dwellings, 22 office buildings and 4 other
buildings are included. The report highlights the importance of having a life cycle
perspective which entails the impacts that are expected to happen here and now such
as production of materials but also the impacts that are assumed to happen in the
background of the future life of the buildings, e.g. operational energy, maintenance
and demolition (Zimmermann et al., 2020). An illustration of this perspective and
the climate impact divided into stages is shown in Figure 2.1 which is provided by
the same report.

GWP [kgCO2-eg/m? etageareal]

C3-4
Endt levetid
B4
Udskiftninger
A1-3 B6
Produkt Driftsenergi
Oar S50ar
Pavirkninger her-og-nu Pavirkninger i fremtiden (scenarier)

Figure 2.1: Accumulated climate impact divided into LCA modules. The figure
shows both contributions from materials and from operational energy (Zimmermann
et al., 2020)
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Reduced climate impact from newly built apartment buildings is a report written by
IVL in 2018 and has the purpose to study the climate impact from the entire life
cycle of five different construction solutions that are commonly used in the Swedish
market for apartment buildings at the moment. The secondary purpose of the report
is to investigate if there are possibilities to improve each solution with now-known
technology to lower the impact (Erlandsson et al., 2018). The most noteworthy part
of this report is the improvements that can be made for each solution depending on
the materials and the intention of the solution. The report shows that the systems’
climate impact can be significantly reduced between 13% and 21% in every base
case if measures are taken (Erlandsson et al., 2018). The solutions studied in this
report are the following:

o Complete cast in-situ concrete structure.

Cast in-situ concrete structure with steel columns.
o Prefabricated concrete structure.

e Volume elements in timber.

o Massive structural system in CLT.

IVL used the same building project to make further investigations in a second report
named The climate impact of construction. This report studies climate impact and
energy use by performing a life cycle assessment for a newly built apartment build-
ing. This instead of comparing different materials or different structural systems
like in Reduced climate impact from newly built apartment buildings. The report
aims to produce a detailed example of the climate impact and energy usage linked
to the construction process and the usage stage of the building. The author desires
to increase the knowledge about how the climate impact and energy usage correlate
to the choices made during the construction process and to illustrate an example of
how LCA calculations can be performed based on the standards and rules that apply
today. Increased awareness for this type of matter is very important to improve the
communication and cooperation between different actors in the sector according to
Liljenstrom et al., 2015. To create a reliable database there is still a need to perform
similar studies for different types of buildings, buildings constructed with different
materials, different environmental impact categories, or more detailed calculations
of certain modules in the LCA.

Kurkinen et al., 2015 have studied the climate impact from three different struc-
tural systems in Riksbyggen’s construction project Viva, in the report Energy and
climate effective building systems. Viva is a residential quarter with six multi storey
apartment buildings. The idea of Viva was to be a sustainable project and to be
at the forefront of what is possible with the knowledge and technology available
today, which was to result in a fully sustainable residential quarter in ecological,
economic and social terms. The results in the report show that there are no signif-
icant differences between the three analysed structural solutions, massive CLT sys-
tem, prefabricated concrete system and cast-in-situ concrete system. This regarding
the climate impact as well as primary energy usage in a life cycle perspective. Im-
portant to remember regarding the results is that the concrete analysed contains
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binders with relatively low climate impact. The report highlights the effects that
active choices during the construction phase bring to reduce climate impact, like the
choice of suppliers with shorter transport distance, and the importance of that the
project developer actively make demands regarding material choices and effective
construction methods.

Effects of structural system on the life cycle carbon footprint of buildings is a report
that has its emphasis on the importance of taking consideration to the entire life cy-
cle carbon footprint when designing the structural systems of future buildings. It is
mentioned that the three most important characteristics that are generally analysed
in the design phase of a system are the lateral force resistance, the material used
and the height of the structure. The report highlights the current lack of knowledge
and awareness in the subject and adds that most of the existing literature usually
compares a particular structure with two different materials in only a single part of
the life cycle instead of studying different frames, materials, heights, and the full
life cycle assessment(Nadoushani and Akbarnezhad, 2015). The research highlights
the significance of taking consideration to the life cycle footprint when designing a
structural system by illustrating the impact that variations in the structural systems
might have on the carbon life cycle. It also highlights the relevance of examining
the entire life cycle carbon footprint in all its phases instead of only analyzing the
emissions from a single phase (Nadoushani and Akbarnezhad, 2015).

Another research entitled Energy and greenhouse gas emissions associated with the
construction of alternative structural systems written by Raymond J Cole aims to
examine energy and greenhouse emissions created by the on-site construction of al-
ternative wooden, steel, and concrete assemblies. The main focus of the report is to
determine the magnitude of the proportion that the construction process represents
in the total energy usage (both direct and indirect energy) and green house emis-
sions (Cole, 1998). The report ends recognizing a much larger amount of energy and
greenhouse gas emissions under the assembling of concrete solutions on-site in com-
parison to both steel and timber. It further shows that the worker transportation
to and from the construction site is the largest part of the energy usage for many
structural assemblies being larger than the on-site equipment use and the equipment
and materials transportation (Cole, 1998, see Figure 2.2).
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Figure 2.2: Graph illustrating the average construction energy for three building
materials and showing that the worker transportation has the largest energy contri-
bution for all three

The sub-project Climate impact of construction processes. A report from IVA and
the Swedish Construction Federation is a part of the larger project An Energy FEffi-
cient Society which is a project created by the Royal Swedish Academy of Engineer-
ing Sciences, IVA, to promote more efficient energy use. The five sectors analysed
in the project are buildings, industry, transport, forestry and agriculture while this
sub-project only analyses the building sector and has as an aim to focus on the cli-
mate impact of construction processes in collaboration with the City of Stockholm
and the Swedish Construction Federation. One of the important questions raised
by the research is "Why are there not stricter requirements with respect to climate
measures in construction projects'. The authors claim that construction in Sweden
is worth around 325 billion Swedish crowns each year which corresponds to 9 per-
cent of the country’s GDP and yet construction projects are being recognized as
temporary while construction companies start new projects as soon as the previous
is completed (Westlund et al., 2014). Other relevant observations like the limited
knowledge about the climate impact of construction processes and the lack of insight
and methods are also brought up and measures like needed dialogues, stimulations,
follow-ups, and more efficient construction processes are recommended.

2.1 Conclusion of the literature review

The literature reviewed in this chapter affirms the importance of continuing inves-
tigating the critical impact that constructions have on the climate. It is highly
relevant and includes a large number of discussions and conclusions that will be
considered in the following parts of this report. There are likewise several aspects
that need to be noted while using the conclusions from the literature above.
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The articles were written between 1998 and 2020 and as technology on renewable
energy, fuel types, fuel effectiveness, and production methods develop rapidly, it
is important to recognize out-aged results that are not relevant anymore. For the
same reasons, there is great uncertainties if the studies that are relevant today are
applicable in the future. Some of the articles set an analysis period of 100 years
when studying climate impact of buildings. This is not recommended by Boverket,
2020 as time frames larger than 50 years will most likely imply major renovation or
reconstruction services on the buildings.

It is, in addition to the above, relevant to notice that the majority of the climate
impact studies focus on the building materials separately rather than building com-
ponents. The building components can be a combination of different materials, and
different materials can also be included in several building components. Accord-
ingly, to widen the knowledge about the climate impact from buildings, and to put
the climate impact in context, it is necessary to analyse buildings using different
comparison methods.
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The Life Cycle Assessment

A Life Cycle Assessment (LCA) studies the environmental aspects and potential
impacts of a product, a process, a service or an entire product system during its
life cycle, from raw material acquisition through production, use and disposal. The
method is defined by the international standards ISO 14040 and ISO 14044 where
it is described how to produce an LCA and how to apply it to different products or
services (Klopffer and Grahl, 2014). This chapter describes the methodology behind
an LCA and the different modules of a buildings life cycle that generally are included
in this type of procedure.

3.1 LCA methodology

In this section the most common phases of an LCA are described in short, definition
of goal and scope, life cycle inventory, life cycle impact assessment and interpretation
of results according to ISO, 2006a and ISO, 2006b. It is often necessary to work
iterative between these phases when conducting an LCA, which is illustrated in
Figure 3.1 below.

.. »
Definition of Goal
and Scope
P P
l A
1
'
. o Interpretation
ventory Analysis of Results
PR
l A
1
:
s
Impact Assessment
-

Figure 3.1: The LCA procedure according to 1SO, 2006a, where the dashed lines
indicates possible repetitions in the iterative process.
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3.1.1 Definition of goal and scope

The first component of a standard LCA study should always be the definition of
goal and scope according to Klopffer and Grahl, 2014. Here, the concept and the
goal of the study are specified and should clearly define what the objective of the
study is and why an LCA is conducted. The context of the study should also be
defined here, i.e for whom is the LCA to be conducted and in what way are the
results to be presented. To decide the goal and scope for the LCA, different model-
ing specifications has to be made according to Baumann and Tillmann, 2004, such
as technical system boundaries, impact categories, functional unit and the level of
detail of the study. These modeling specifications are listed and described in short
below.

o Technical system boundaries describe the processes that should be included.
The selection of what to include is made in connection to the definition of
goal and scope, and this affects the system boundaries of the flow chart that
is produced in the inventory analysis.

o The selection of impact category includes the environmental impact type that
the study will cover. Examples of impact categories are; use of resources,
climate impact and acidification.

o The choice of relevant functional unit is made to be able to quantify the impact
of the product system. Even if data acquisition does not need a functional
unit initially, it is highly recommended to specify a functional unit as early as
possible in an LCA procedure, according to Klopffer and Grahl, 2014.

o Level of detail of the study describes the demands regarding data quality.
Examples of different data types used in LCA are generic data that are general
for common materials, often based on average values, and specific data for
products which is data collected from an EPD or from the manufacturer of
the product.

3.1.2 Life cycle inventory, LCI

The life cycle inventory analysis implies to establish a system model that corresponds
to the demands from the definition of goal and scope (Baumann and Tillmann, 2004).
The system model is often produced as a flow chart that shows the activities in the
analysed system, such as production, transports, use stage, disposal, and the flow
between these activities. When all the activities are stated, the data regarding these
activities can be collected and quantified related to the chosen functional unit. The
quantified environmental impact is added together for the entire system and can
then be analysed in the life cycle impact assessment.

3.1.3 Life cycle impact assessment, LCIA

The quantified environmental impact from the LCI is described in the life cycle
impact assessment phase. This is done through classification of the parameters
from the LCI after the type of climate impact they contribute to. Then the relative
contributions from the emissions and use of resource are calculated in each type

12
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of climate impact category. In this way the results from the LCI are converted to
more relevant information, i.e information about environmental impact rather than
information about resource use, as an example (Baumann and Tillmann, 2004).
Another reason behind the LCIA is to collect information from the LCI into fewer
parameters to make the results more understandable and easier to interpret in the
next phase of the LCA.

3.1.4 Interpretation of results

The findings and results from the LCI and LCIA are interpreted in order to deliver
results that corresponds to the defined goal and scope (ISO, 2006a). Conclusions
based on this interpretation are drawn and recommendations should be provided to
improve the analysed system.

3.2 Description of the modules included in a LCA
procedure

The different stages of a building’s assessment are divided into modules as stated
in SIS, 2011. Each module, A-D, has sub-modules which are shown in Figure 3.2.
The Modules A1 - C4 cover the effects and aspects that are directly connected to
the production, operations and processes in the system boundary of the building.
Module D, illustrated in Figure 3.3 provides on the other hand the net benefits of
using materials and energy apart from the system boundary like secondary fuels,
materials and exported energy (SIS, 2011).

Al-3 Ad-5 B1-7 Cl-4
PRODUCT CONSTRUCTION
St ’ PROCESS USE stage END OF LIFE stage
age stage
Al A2 A3 Ad A5 Bl B2 B3 B4 BS Cl1 c2 Cc3 c4
= en
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C = | £ & ||2E % 2 5 Sl || 2 & a ° 2
£ g E g |l ¢ = E K £ £ 2 g =X &
g & E e R g o = S = 2 A
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& =
4
| Bé6 Operational energy use |
| B7 Operational water use |

Figure 3.2: Modules A-C of a standard LCA according to SIS, 2011, with infor-
mation about a building life cycle.
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D

Benefits and loads beyond
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potential

Figure 3.3: Module D of a standard LCA according to SIS, 2011, with supplemen-
tary information beyond the building life cycle.

3.2.1 Product stage: Module A1 - A3

The climate impact studied in the first module takes into account the production
of the materials used in the construction of a building. The module is said to cover
the "cradle to gate" of the materials (SIS, 2011). The aspects acknowledged in the
product stage are:

Al. Raw material supply.
A2. Transport to manufacturing.
A3. Manufacturing.

3.2.2 Construction process stage: Module A4 - A5

The modules A4-A5 provide a picture of the climate impact that the construction
process leads to. Module A4 analyses the impact coming from the transportation of
materials from the factory gates to the construction site including any intermediate
storage. This module also includes the transportation of equipment such as cranes
and scaffolding.

Module A5 takes onto consideration the on-site aspects under the construction pro-
cess:

A5.1. Waste and waste handling.
A5.2. The construction site’s vehicles and machinery and their energy usage/fuel.

A5.3. Temporary works, including temporary works located off-site as necessary for
the construction installation process.

14
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Ab5.4. Provision of heating, cooling, ventilation, humidity control etc. during the
construction process.

A5.5. Other climate impact from the construction process. Including over fertiliza-
tion, blasting among others.

3.2.3 Usage stage: Module B1 - B7

Modules B1 to B7 generally cover the period of time that includes the time from
the completion of the building to the demolition of the same.

The boundaries in this module contain the use of construction products that are
utilized to protect and conserve the building in question, e.g. services like heating/-
cooling, electricity for lighting, and water supplying. They also include maintenance
aspects like cleaning and replacement of building parts (SIS, 2011).

Module B shall include the impacts that systems integrated in the particular build-
ing and building related furniture, fixtures and fittings have. Systems and other non
building related furniture, fixtures and fittings should be excluded in this module.

B1. Boundary of the installed products in use.
B2. Boundary of maintenance.

B3. Boundary for repair.

B4. Boundary for replacement.

B5. Boundary for refurbishment.

B6. Boundary of the operational energy use.
B7. Boundary of the operational water use.

3.2.4 End of life stage: Module C1 - C4

The duration of the "End of life" cycle is set from the time that the building is de-
commissioned and is no longer expected for further use. The building’s demolition
contributes to a number of materials and other products that must be taken care
of and either be recycled, reused or discarded. The scenarios where the different
materials and products might end up should only be considered if these are proven
to be economically and technically possible (SIS, 2011). The boundaries that are
included in module C1 - C4 are the following.

C1. Boundary for the deconstruction.

C2. Boundary for transport.

C3. Boundary for waste processing for reuse, recovery or recycling.
C4. Boundary for the disposal.

15
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3.2.5 Benefits and loads beyond the system boundary: Mod-
ule D

The last module in the LCA recommended by IVL and standardized as European
standard has the purpose to give information and support for future consequences
from the future demolition. The environmental benefits or loads resulting from reuse,
recycling and energy recovery are quantified in this module. This is a tool that acts
as a guideline to take care of the forthcoming handling of residues the best way
possible (Erlandsson et al., 2018). Module D is often not included in LCA:s since
the results from this module are beyond the system boundary according to SIS, 2011.

An example of the outcomes of this module is the positive climate effect that timber
residues and an effective energy extraction could have if the timber was used as fuel
after demolition. The climate would then gain from the timber’s usage instead of
another material. Generally, the resulting suggestions from module D eventually
become the same as the recommendations given by EU’s waste hierarchy (Boverket,
2020), see Figure 3.4.

PRODUCT (NON-WASTE) PREVENTION
PREPARING FOR RE-USE

RECYCLING

RECOVER

DISPOSAL

Figure 3.4: The Furopean Union’s waste hierarchy illustrates an evaluation process
showing the most favourable action to the least favourable (EuropeanCommission,

2021) .

3.3 LCA softwares

There are a number of methods to create a building’s LCA. The following meth-
ods are considered in this report because of their relevance and availability in the
construction sector.

3.3.1 Simplified climate impact tools

Skanska’s climate calculation team developed a simplified tool to calculate the cli-
mate impact of a building only using an excel template that contains a large number
of materials and construction elements together with a respective emission factor.
This tool is useful to make smaller analysis and get a picture of the climate im-
pact that a building might have. The simplified climate impact tool only considers
module A1 - A5.
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3.3.2 ECO2

ECO2 is Skanska’s climate calculation tool. It is a certified software that makes
the most thorough and extensive climate studies that can be done at the moment.
Skanska uses the software together with another internal software called SPIK in
which material quantities are analysed for economical reasons. The more exact and
detailed the SPIK file is from the beginning, the better the outcome from ECO2
becomes.

ECO2 is based on the software Anavitor which is a software that could be called
"LCA for business benefits". Its purpose is to be used by parties that don’t have
a deep knowledge of LCA or LCC but still need or want the software’s results for
product development or to put requirements on their suppliers (Erlandsson, 2008).
This process is explained in Figure 3.5 which is according to Anavitor, 2020 .

/ COMPUTATION \ / CALCULATIONS \ / REPORT \

— 3 | =

+ Use

Computations s Choose scenario o LC?C, LCA .
3D models « Complete with ener- « Climate declaration
Material lists gy usage . Cn.mpane

+« Add s Calculate * Maintenance plan
Element information » Use EPDs if possible + Demolition plan

- oo A P ™ J

Figure 3.5: Process from file to declaration according to Anavitor (Anavitor, 2020)

3.3.3 BM

Byggsektorns Miljoberdkningsverktyg, called BM 1.0 in this thesis, is a software de-
veloped by IVL that was created because of the lack of an open climate impact tool
that companies can use mutually and that results in unambiguous conclusions. The
software is commonly used to generate climate declarations for all different kind of
buildings (Erlandsson, 2018a).

The tool is designed to make a climate declaration as simple as possible but at
the same time make enough thoroughly analyses so that comparisons between con-
struction solutions are possible. BM 1.0 was developed with the cooperation of
construction actors with a large influence on the requirements that are brought in
procurement and design of buildings. As a result of this, BM 1.0 works as a guidance
and support, to benefit the industry to achieve the national climate goals agreed (Er-
landsson, 2018a).
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BM analyses the LCA modules A1-A5 at the moment but IVL has the vision to
continue the software’s development so that a complete life cycle assessment can be
created. Although IVL would like to evaluate a buildings climate impact and the
buildings energy usage separately since the energy usage is strongly dependent on
the assumptions made for future energy systems (Erlandsson, 2018a) .

3.4 LCA implementation in this report

This section presents the implementation of a life cycle assessment in this study. In-
formation concerning how the LCA’s modules will be managed and which software
that are used for this particularly study will be given. The modules that will be
considered in this report are presented in Figure 3.6 where these are marked with
an x.

Firstly, only parts of the building that belong to the structural systems will be stud-
ied in the modules described previously. In addition to this, the roof structure and
ground slab will be assumed to be the same for all structural systems due to simpli-
fications and because of the small differences that they might have on the climate
impact of each system.

The chosen analysis period for this study is set to 50 years, as Boverket, 2020 pro-
poses as it is in line with how other countries in Europe approaches these types of
analyzes. The analysis period is needed to calculate the emissions in the usage stage
(module B) of an LCA. It is important to understand that this period is the time
frame of the calculations and is not the same as the buildings service life.
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Figure 3.6: Modules of a standard LCA that will be analyzed when the climate
impact from four different structural systems is studied.
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3.4.1 Calculation of the impact in module A1-A3

The climate impact from module Al - A3 is calculated by exporting quantity data
from Revit drawings into the software BM 1.0. BM examines and recalculates the
weight of the materials into climate impact by using generic global warming poten-
tial values for each element.

3.4.2 Material transportation, A4

The transportation of materials to the construction site, A4, and its climate impact
is calculated with the same procedure as A1-A3. BM uses the weight of the mate-
rials and generic transportation data (such as transport distance and fuel type) to
calculate the climate impact of each of the analysed elements in the building.

3.4.3 Waste and waste handling, A5.1

The waste and waste handling is approached using the generic values in BM for each
materials. The values are material waste percentages that are multiplied to the total
material weight given by Revit. The climate impact from the waste material is then
calculated using the materials’ GWP-value.

3.4.4 Impact from construction and installation, A5.2 -A5.5

The sub-modules A5.2-A5.5 are considered by using the calculated value of 10,35
COy — equivalents/ mQAtemp for all systems. The value, developed by climate ex-
perts at Skanska takes into account the whole reference building from the project
ABCD preschools, including all non-bearing elements. The conservativeness in the
value created by this will generate room for the differences between the systems
regarding construction and installations.

There is otherwise a standard value developed by IVL, 2020, which is a conservative
simplification of 30 CO, — equivalents/m? Ajemp. The value is developed to be ap-
plied for life cycle assessments where complete buildings are studied. For this reason
the much larger standard value won’t be used in this study.

3.4.5 Assumed energy usage of the building, B6

B6, the total energy usage under the period studied will be set to be the same for
all the structural systems. This, on the grounds that the systems are assumed to
have the same insulation properties and that the systems won’t have any impact
on the thermal climate of the building if they are changed between each other.
The change could however impact the number and sizes of thermal bridges, but this
will also be disregarded as their influence in the total energy usage is relatively small.
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3.5 Environmental product declaration

An environmental product declaration, abbreviated EPD, is according to the in-
ternational EPD system "an independently verified and registered document that
communicates transparent and comparable information about the life-cycle envi-
ronmental impact of product in a credible way" (System, 2020). A number of decla-
rations will be used for the products utilised in the analysis of the preschool in this
report. The GWP from these is compared to the generic GWP values in BM, which
are values built on experiences from the construction sector (Erlandsson, 2021), in
Table 3.1.

Table 3.1: Improvement or deterioration of the global warming potential that a
structural element has if data given by an EPD is used.

. EPD GWP BM GWP | Improvement
EPD Material kg COs-e/kg | kg COy-e/kg | Deterioration
I-beams, Stena 1,02 1,71 40%
Concrete C40/50, Betongindustri | 0,08 0,14 40%
HSQ beams, Bauforumstahl 1,13 1,71 34%
Reinforcement mesh, Celsa 0,41 0,58 29%
HD/F slabs, Strangbetong 0,14 0,18 26%
CLT, Martinsons 0,11 0,14 24%
Reinforcement bars, Celsa 0,41 0,52 21%
Green concrete C45/55, Skanska | 0,12 0,14 17%
Filigree C40/50, Thomas Betong | 0,19 0,18 -5%
Hollow steel columns, SSAB 2,41 1,71 -41%
LVL, Stora Enso 0,31 0,20 -50%
Planed timber, Stora Enso 0,09 0,06 -56%
Glulam beams, Moelven 0,18 0,09 -96%

3.5.1 The uncertainties of EPD:s

An EPD is certainly a complex study that can be calculated in different ways based
on interpretations of standards, the ambitions set and the representatives involved.
For this reason, it is crucial to understand and decide if an EPD can be used for a
particular purpose. An approach to verify an EPD is using the LCA staircase, Figure
3.7, which illustrates the possibility to divide an LCA or EPD breaking them down
into three steps. The first step is getting information related to the environmental
performance of the product so that the magnitudes in the EPD can be compared to
each other, the second is looking for and supporting environmental improvements,
and then finally the third is comparing different data from various suppliers and
solutions that have the same essential function that the function desired from the
product in the EPD evaluated (Erlandsson, 2018b).
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Comparison

‘ Improvement

| Information, learning

Figure 3.7: The LCA stair is a method that simplifies an approach to investigate the
quality of environmental data. The staircase leads to results that are used for compar-

isons, improvements or as an analysis to assess what is small or large. (Erlandsson,
2018b)
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4

Selection of Structural Systems

Several structural solutions are considered in this chapter. The chapter will describe
the process of choosing the structural systems that will be selected to be analysed
further in the report. This process entails considering a number of proposed systems
which will be evaluated based on selected criteria parameters. The evaluation results
will be used as guidance in the selection of the final systems to analyse. As stated
in the method, the aim is to proceed with the most commonly used, and relevant
structural systems to be used in the near future for this type of building.

4.1 Proposed systems

The systems that are proposed in this first stage of the evaluation are selected not
only for their relevance in the construction sector but also for their material proper-
ties that later on might create suitable and clear comparisons between the systems’
climate impact. These systems will be presented in a list below, together with short
descriptions of the systems.

1. Reference system. Steel column and beam system with concrete hollow core
slabs.

2. Steel column and beam system with filigree concrete slabs.

3. Steel column and beam system with prefabricated massive concrete slabs.

System 1 is the same system that is used in the reference concept built through Skan-
ska’s project ABCD-preschools. Skanska chose a system made of a steel columns
and beams with prefabricated hollow core slabs. System 2 and 3 are inspired from

this system and the only changes done are the type of slabs used.

4. Steel column and beam system with CLT slabs.
5. Steel column and beam system with prefabricated glulam modules.

Systems 4 and 5 are inspired by the reference system as well. But in these cases, the
slabs are made of two timber solutions, cross laminated timber and glulam modules.

6. Precast sandwich outer walls with concrete hollow core slabs.
7. Glulam column and beam system with concrete hollow core slabs.

System 6 consists of hollow core concrete slabs supported by sandwich walls and
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steel columns together and beams. System 7 is similar as it also uses hollow core
slabs but glulam columns and beams in this case.

8. Massive timber system made of CLT.
9. Glulam column and beam system with prefabricated glulam modules as floor
slabs.
10. Cast-in situ concrete system.

The last three systems are one-material systems made of CLT, glulam and cast-in
situ concrete. These systems are not used very often in real solutions but their pur-
pose in this report is, as mentioned previously, to create clear comparisons between
building materials.

4.2 A first evaluation of the systems

The first evaluation of the systems is carried out to select the structural systems that
are most relevant to analyse in this study. The evaluation is based on three different
criteria, with pertinent parameters that are described below. The evaluation will
only be used as guidance in this selection. Thus, it is not necessarily the systems
with the highest grades in the evaluation that will be analysed in this study. This,
because too similar systems might end up with the highest grades, as well as the
grading of the systems and parameters are subjective opinions.

4.2.1 Evaluation criteria

There are different parameters included in each criterion, which are mentioned and
explained in Figure 4.1 as well as introduced in the following criteria explanation.
The criteria and parameters are selected and also weighted against each other to
achieve the most accurate outcome of the evaluation.

4.2.1.1 Economic aspects

The economic aspect is a recurrent aspect in almost every construction project and
therefore it would be unwise to disregard it from the criteria used in this evaluation
even if the aim of this study is not economically influenced. The two parameters
that are being considered and will have an impact on the economical criterion of
this evaluation are maintenance and building costs.

4.2.1.2 Structural design

The structural systems analysed need to be adapted for a preschool building. Ac-
cordingly, the systems should be able to partially or completely achieve a satisfactory
level for a certain number of parameters that are important for that type of struc-
ture. These parameters in the evaluation are chosen to be complexity, flexibility and
open areas.
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4.2.1.3 Production

There is an abundance of productions methods that are possible to use depending
on the type of material and the structural system that is chosen. Methods like,
prefabrication and cast in-situ have pros and cons that are examined in the evalua-
tion with the guidance of the two parameters "production time" and "risk of delays".
These are chosen for the reason that time can be such a crucial moment in a project
and might hold down costs and please the end user.

Criteria Parameter Explenation

How regular is the maintenance of the

NN denance: system to make sure that it works effectively.

Economic aspects

How expensive is the

ke construction of the system.

How used to build this Kind of

Commely structures is the construction industry.

! How easy is itto change the design ofthe
Structural design Flexibility building to evolve simultanecusly with the
need of the users.

How large are the open areas

EETEATERS created by the system.
Production time How rapid is the production time.
Production
Risk of delays How large is the risk for delays under the

production time.

Figure 4.1: Explanation of parameters handled in the evaluation of the systems.

4.2.1.4 Weighting of the parameters included in each criterion

A weighting of the parameters mentioned above is performed with the purpose to
make the future evaluation of the structural systems more accurate. Knowing that
some of parameters might be more important than the others for the constructor
of the structural system. The weighting of the parameters is done by ranking them
between themselves as presented in Figure 4.2. If a parameter scores 1 it means that
it is less important than the compared parameter, 2 means that it is equally impor-
tant, and 3 means it is more important. This results in the parameters representing
different proportions of the total value and thus being more or less important in the
evaluation.
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Criterion parameter 1 4 5 6 7 Points Percentage

1 Maintenance 1 1 1 1 1 1 6 7,14%
2 Building cost 3 3 2 2 3 3 16 19,05%
3 Complexity 3 1 1 1 2 3 11 13,10%
4 Flexibility 3 2 3 2 3 3 16 19,05%
5 Open Areas 3 2 3 2 3 3 16 19,05%
6 Production time 3 1 2 1 3 11 13,10%
7 Risk of delays 3 1 1 1 1 8 9,52%
84 100,00%

Figure 4.2: Weighting of the different criteria parameters against each other.

4.3 Evaluation results

The structural systems proposed are evaluated according to the criteria previously
mentioned. Each system is graded from 1-5 according to how well they perform
against the parameters, where 1 is the worst grade (less favourable for the construc-
tion) and 5 is the best grade. To obtain the total grade for each system, their grades
regarding all parameters are being multiplied to the corresponding weight factor of
the parameter from Figure 4.2. This procedure and its results can be seen in Figure
4.3 below. It is important to be aware that the grading done in Figure 4.3 and also
the weighting in Figure 4.2 of the parameters are completely developed and selected
by own experiences and that they are not scientifically proven.

The four structural systems with the highest grades according to 4.3 are the sys-
tems 1, 2, 3, and 9. The systems are re-evaluated in next section to confirm that
the selected systems are the most relevant for preschools constructors and for the
future climate impact analysis.

Evaluation Criterion
L System number
Criterion Parameter
1 2 3 4 5 6 7 8 9 10
Economic Maintenance 4 4 4 3 3 5 3 3 3 5
aspects Building cost 4 4 3 2 2 2 3 3 3 5
Complexity 4 4 4 4 4 4 1 4 3 4
Structural
desi Flexibility 5 4 3 4 3 2 4 3 4 1
esign
Open areas 5 4 4 3 3 5 4 3 3 2
. Production time 3 3 4 5 5 3 3 5 5 2
Production
Risk of delays 4 3 4 4 4 4 4 4 4 3
Total score 4,25 3,77 3,62 349 33 3,37 3,21 349 3,55 2,95

Figure 4.3: FEwvaluation of the proposed structural systems.
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4.3.1 Re-evaluation and chosen structural systems

Here follows a short discussion about systems that scored high points but was not
chosen to analyse in this study, and the final systems that were chosen. The final
selection will be based on the score in the evaluation, how common the structural
solution is at the moment and the potential of the system in the near future. System
3, steel column and beam system with prefabricated massive concrete slabs, scored
high grades in for instance low complexity and fast production time. This system is
although not commonly used in the construction sector because of its high material
use and short spans compared to other prefabricated elements in the same material
such as hollow core slabs and filigree.

The systems that will be analysed further in the continuation of the report are, for
the above mentioned reasons, the following:

e System 1, the original system which was developed by Skanska continues to
be relevant as it might be used for future preschools in Skanskas’ ABCD-
preschools. 1t also scored the highest points in our evaluation.

e System 2, as it is more common to use filigree slabs than massive concrete
slabs, and because the combination of prefabricated and cast-in-situ leads to
many structural benefits (Abetong, 2019).

e System 4 is a system where the use of a massive CLT solution is combined
with a steel frame. Timber solutions aren’t particularly standardized by the
industry but their high carrying capacity and their potential of less negative
climate impact is interesting to analyse and gives the system a large potential
for future constructions (Brandt, 2015). This system is chosen as the replace-
ment for system 3 which had the previously mentioned issues.

e System 9, which is a system entirely made of glulam, is chosen to be analyzed
as timber constructions are becoming more and more interesting and coveted
by clients. This is proven by the Swedish glulam industry sales and production,
which have increased steadily over the past years, according to SvensktTré,
2020. The future potential of a solution like this is big but the system is not
commonly used at this time. It is therefore important to explore the potential
reduction of climate impact from this system compared to more established
structural systems.

For the above mentioned reasons the four final structural systems that will be pre-
liminary dimensioned and analysed further are the systems shown in Table 4.1.
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Table 4.1: Four final structural systems to analyse regarding climate impact.

Final system number Short description of the structural system
1 Steel column and beam system with concrete
hollow core slabs
9 Steel column and beam system with filigree
concrete slabs
3 Steel column and beam system
with massive CLT floor slabs
4 Glulam column and beam system with prefabricated
glulam module floor slabs
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Description of the Chosen
Structural Systems

An existing preschool project was used as a reference building in this report, where
the preschool is a two storey building with room for up to nine departments and
108 children. It has a total BTA of 1337 m?, but this area could change between
the different systems due to differences in the structural system. Instead, the same
Aptemp was used in all systems, which is 1242 m? for the reference preschool. The
same ground slab will be used in all systems, which is a concrete slab made of
C45/55 with thickness 120 mm. The same applies for the roof structure which is a
truss system of planed timber beams and glulam beams. Figure 5.1 and Figure 5.2
illustrate the future floor plan for each storey of the reference building
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Figure 5.1: [llustration of the floor plan of the first floor in the reference building.
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Figure 5.2: Illustration of the floor plan of the second floor in the reference building.

The four different structural systems that have been analysed are described in the
following sub chapters. It is important to have in mind that one of the most crucial
aspects for the 1000 preschools project is that the structural systems are flexible
since the needs in the building might change in the future. That is why no structural
system in this report will have any bearing inner walls.

5.1 System 1:
with concrete hollow core slabs

Steel column and beam system

This system is the reference system that will be used for preschools in Skanska’s
project ABCD-preschools. The structural system is based on hollow steel columns
that are integrated in both the outer and inner walls. The floor consists of 200 mm
prefabricated hollow core slabs and a layer of 60 mm cast-in-situ concrete on top,
and are supported by HSQ steel beams. A section of a connection between the outer
walls and floor slabs can be seen in Figure 5.3.
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o o
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60 C40/50 Concrete
\ 200 HD/F Concrete
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Figure 5.3: Section of the connection between outer walls and floor slabs in system
1.

5.2 System 2: Steel column and beam system
with filigree concrete slabs

This system is similar to system 1, with the difference that the concrete slabs are
made of prefabricated filigree concrete slabs with a cast-in-situ layer on top where
installations can be placed. This solution is appreciated as it is a combination of
two construction methods with the advantages that prefabrication brings to the ta-
ble and the flexibility of cast-in-situ. On the other hand, it requires more project
planning than a complete cast in situ project and might for this reason lose its time
advantages if many additions have to be implemented (Olofsson & Sollie, 2011).

The reinforcement in this system is casted into the filigree concrete slab already
in the factory and a homogeneous concrete slab is created when the top layer of

concrete is casted on (SvenskBetong, n.d.). An illustration of a filigree concrete slab
is shown in Figure 5.4.

Figure 5.4: Fxample of a reinforced filigree slab with a thick cast-in-situ layer on
top creating a homogeneous concrete slab (Byggelement, 2016).

The reinforced filigree slab studied is designed to be 50 mm thick and have a 250 mm
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5. Description of the Chosen Structural Systems

thick cast-in-situ layer on top. The bearing columns and beams of the system are
made with the same materials as the ones in system 1. A section of the connection
between the outer walls and the floor slabs is shown in Figure 5.5 below.

[mm]
250 C40/50 Concrete

50 Filigree floor slab

L

|

1

|
11300

l

0%

=

Figure 5.5: Section of the connection between outer walls and floor slabs in system
1.

5.3 System 3: Steel column and beam system
with CLT slabs

Steel columns and HSQ beams will act as supports for timber slabs made of 230
mm cross laminated timber in system 3. The CLT slab is supplemented with the
Granab floor system to achieve the sound requirements of sound class C for all new
healthcare facilities and preschools in Sweden, according to Boverket, 2017. The
Granab floor system consists of 200 mm galvanized steel studs with insulation be-
tween the studs, a 22 mm chipboard on top and pertinent gypsum boards and fire
boards (Granab, 2019). A section of a connection between outer walls and floor
slabs is illustrated in Figure 5.6 below.
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13 Floor plaster board
13 Floor plaster board
! 22 Chipboard
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i 15 Protect F.
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Figure 5.6: Section of a connection between the outer walls and the floor slab,
based on a solution from Granab AB.

To get an understanding of how this could look like, an example solution is shown
in Figure 5.7 below. The difference between this example solution and the one that
is used in this study is the height of the steel studs and that the parquet flooring is
not included in this study.

AN
2z T T RSN L - e e SN
e ALY L Tl % AN

Figure 5.7: [llustration of an example solution of Granab floor installed on top of
a CLT slab (Granab, 2019).

5.4 System 4: Glulam column and beam system
with prefabricated glulam modules

System 4 is a system that will act as a reference for timber structural systems.
Glulam columns and beams are supporting the floor slabs which are modules made
of a glulam frame with an LVL board on top. The floor modules, called Trd8, are
produced in Moelven’s factory and are then ready to be installed at the construction
site. The floor need to be supplemented with a concrete screed when the slabs are
installed to ensure that they correspond to the acoustic requirements. A section of a
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connection between the outer walls and Moelven’s floor slab is illustrated in Figure
5.8.

[mm

40 Concrete screed
17 Paroc SSB2t

- 435 Tra8 floor slab
25 Gyproc AP-profile
13 Plaster board

15 Protect F.

545

Figure 5.8: Section of a connection between the outer walls and the floor slab,
based on a floor slab solution from Moelven.

The modules are designed as a stud system with glulam beams and a LVL top plate
with mineral wool insulation between the studs, see Figure 5.9, where the modules
without the concrete layer are illustrated by Moelven, 2021.

Figure 5.9: Prefabricated hollow core glulam modules illustrated by Moelven Indus-
trier ASA (Moelven, 2021).
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Preliminary Sizing

As the most relevant structural systems for this study have been selected, some
structural members need to be analysed and dimensioned. This is in order to verify
that the structural systems are feasible and that the different components have suffi-
cient capacity for the loads to which they are subjected. The relevant capacities that
are looked into are shear- and moment capacity. The interaction between axially
compression and bending is also checked to make sure that the structural systems
can handle the wind load and compression forces simultaneously.

The reference structural system (system 1) will not be analysed, since it is already
designed by Skanska, nor the concrete slab on the ground floor or the roof structure
for any of the selected systems. The floor slabs in system 2, system 3, and system 4
do not need to be analysed either since they are solutions that have been preliminary
sized by from SvenskBetong, n.d., Martinsons, n.d., and Moelven, 2021 respectively.
Moelven’s (Asplund, 2021) and Martinson’s solutions were created with a fixed cross
section dependent on maximum span lengths. The calculations for timber members
and steel members will be performed according to Eurocodes described in SIS, 2004
and SIS, 2005 respectively, and can be seen in Appendix A.1, A.2 and A.3. The
structural members that have been analysed are shown in Table 6.1 below:

Table 6.1: FElements that will be preliminary sized in the different structural sys-
tems.

System Steel Steel Glulam | Glulam
Number | Columns | Beams | Columns | Beams
2 X X
3 X X
4 X X

6.1 Loads and load combinations

The loads acting on the structural members are the variable loads from wind, snow
and the imposed loads on the floor slabs, and the permanent dead weights. These
loads will be combined according to the requirements mentioned above.
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Table 6.2: Loads acting on the structural members.

Parameter Denomination
Dead weights Grj j>1
Main variable load Qr1
Variable loads Qi 1> 1

Where G ; is the sum of all the dead weights acting on the structural member,
and Qj; is the sum of all variable loads, excluding the main load, acting on the
structural member. The partial safety factors can be seen in Table 6.3 and the
reduction coefficients for non-main variable loads can be seen in Table 6.4.

Table 6.3: Partial safety factors used for load combinations.

Loading type ULS SLS

Unfavourable 1.35 1.0
Favourable 1.0 1.0

Permanent, v,

Unfavourable 1.5 1.0

Variable, v, Favourable 0 0

The ULS safety factors will be used for checks regarding shear force and moment ca-
pacities etc., while the SLS safety factors are applied when calculating the deflection
of the slabs and beams.

Table 6.4: Reduction coefficients for the variable loads that affect the preschool
building.

Action v, ¥, ¥,
Imposed load, category C 0.7 0.7 0.6
Wind load 0.3 02 0

Snow load 0.8 0.6 0.2

The reduction factors used in the load combination depends on which load category
that is relevant for the building. For a preschool, the relevant category for the
imposed load is C1 (areas with tables such as schools, cafés, restaurants, etc). This
entails that the imposed load, g, acting on the floor slabs is 3.0k N/m?. The imposed
load in ULS may also be reduced for category C by applying a reduction factor a4
which is calculated by equation 6.1.

5 A
aA:?-\IIOqLZOgl.O (6.1)

Where ¥, is the reduction coefficient for category C, Ag is the reference area of
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10m?, and A is the loaded area that affects the analysed structural member.

Regarding the snow load, a rather conservative value of 3.0kN/m? is chosen for the
characteristic snow load s;. This to ensure that the solutions are feasible in most
parts of Sweden, see Appendix B.1. Because of this snow load, its reduction coef-
ficient, W, is set to 0.8. Combining these parameters, factors and coefficients, the
final equation used for the calculations of preliminary sizing of structural members
in ULS is shown in equation 6.2 below:

G2 =g Grj+ Va1 Qi+ Yqi - Yo Qnii (6.2)

The ULS load combination above is divided into different cases where each differ-
ent variable load might act as main load. The loads that are not main loads are
multiplied with a reduction factor. This is done in order to obtain the worst load
scenario for each structural member that is analysed.

The deflection calculations of the slabs are done with characteristic load combina-
tions, SLS. This type of combination is shown in equation 6.3:

qi = Grj+ Qra1 + Vo Qr (6.3)

To calculate the deflection of the beams the quasi-permanent load case is used which
is as equation 6.4 below:

qi = Grj + W2, Qi (6.4)

The timber beams also need an additional deflection check with the frequent load
combination in SLS, shown in equation 6.5 below:

e = Grj+ Vi1 Qri+ Vo, Qrs (6.5)

6.2 Resulting dimensions

The resulting dimensions of the preliminary sizing for each analysed structural mem-
ber will be presented in this chapter. All calculations are presented in Appendix
A1, A2 and A.3.

To calculate the maximum moment and shear force acting in the beams elementary
cases from Appendix B.1 have been used. Elementary cases have also been used for
the deflection calculations of the beams. A continuous beam over three spans have
been analysed to calculate the deflection of the steel beams in system 2 and system
3. For the glulam beams in system 4 a continuous beam over two spans have been
analysed. The span length for the beams is set to 6 m in the building, which applies
to the beams in all systems.

All columns have been checked regarding axial force, but the columns in the outer
walls need additional checks to ensure that they are feasible by considering the wind
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load on the side of the building. These checks are done for the moment capacity
and interaction between moment and axial force. Columns on the first floor are
subjected to the maximum axial force when the imposed load act as main load,
while columns on the second floor are subjected to the maximum axial force when
the snow load act as main load. The maximum moment and interaction in columns
in the outer walls on both floors are obtained when wind load act as main load.

In the coming sections, the preliminary dimensions for all considered elements for
all systems will be presented. To provide an overview of the structural system and
its structural parts, an example 3D-view with highlighted elements can be seen in
Figure 6.1. Note that Figure 6.1 shows a 3D-view of system 4 that mainly consists of
glulam members, and that structural members in other systems may look different.

Beams

Ll M Central beam floor 1
] ’ - @ Edge beam floor 1
il ] T il [J Central beam floor 2

Columns in outer wall
[J Column in outer wall floor 1
Il Column in outer wall floor 2

pay B |
4
L

Central columns
M Central column floor 1
H Central column floor 2

Figure 6.1: [llustration of the structural system with the preliminary sized members
highlighted.

6.2.1 System 2

The filigree concrete slabs used in this system are heavier than the hollow core
slabs used in the reference building which means the beams and columns have to be
re-dimensioned and checked in order to see if they have enough capacity.

6.2.1.1 Steel beams

The calculations for the beams in this chapter are according to Eurocodes together
with torsional moment capacities calculated according to Persson, 2015. A HSQ
beam and a one sided HSQ beam with the abbreviations used in the result tables
are shown in Figure 6.2.
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Figure 6.2: HSQ beams and abbreviations of their dimensions

The resulting dimensions of the HS() beams used in system 2 can be seen in Table
6.5 below. The only difference towards the reference system is that the height of
the web needed to increase slightly to handle the increased weight from the filigree
slabs.

Table 6.5: Results from the preliminary sizing of steel beams in system 2.

Beam type Dimensions [mm]

Central beam ¢, h, 0bp tro bpu  tru
HSQ beam S235 8 220 100 50 300 30

Edge beam tw  hw  bpo tro bpy  tru
HSQ beam S235 8 210 85 50 175 30

With these dimensions the bending moment and shear force in Table 6.6 were ob-
tained. The table also show the capacities and the utilization rate regarding bending
moment and shear force acting in the beams.

Table 6.6: Capacity check and utilization ratio for the HSQ steel beams in system
2, regarding bending moment and shear force.

Beam type Bending moment [kNm]| Shear force [kN]
Design load 219.30 257.69
Central beam  Capacity 368.19 A77.58
Utilization 60 % 54 %
Design load 126.51 14777
Edge beam Capacity 228.61 455.88
Utilization 55 % 32 %

39



6. Preliminary Sizing

The HSQ beams have a low slenderness which means that they do not need to be
checked regarding shear buckling. This is shown in the calculations in Appendix
A.1. However, the one sided edge beams are not loaded symmetrically i.e. the load
from the slabs is only applied to one side of the beam. This means they have to be
checked regarding torsional moment and the results from this check can be seen in
Table 6.7 below.

Table 6.7: Capacity check and utilization ratio for for the edge beams in system 2
regarding torsional moment.

Beam type Torsional moment [kNm)]
Design load 8.62

Edge beam  Capacity 34.60
Utilization 25 %

The deflections of the HSQ beams are presented in Table 6.8. The table also shows
the recommended limit of L/300 so that the results can be compared to common
construction recommendations.

Table 6.8: Resulting deflections of the beams in system 2, with the Quasi-permanent
load case.

Beam type  Deflection limit Deflection [mm]

L/300 [mm]
Central beam 20 19.13
Edge beam 20 16.97

6.2.1.2 Steel columns

The resulting dimensions, axial force, capacity and utilization ratios for the steel
columns in the middle of the building are shown in Table 6.9. These columns are
only subjected by an axial force unlike the outer columns that are additionally
subjected to a horizontal load, as mentioned before. The latter and their results are
presented in Table 6.10.
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Table 6.9: Results from the preliminary dimensioning of steel columns in the center
of the building in system 2.

Column type and dimensions Axial force [kIN]
Floor 1 Design load 547.09
VKR 5235 Capacity 645.24
150 - 100 - 8[mm] Utilization 85 %
Floor 2 Design load 139.89
VKR S235 Capacity 259.65
80 - 80 - 7.1[mm)] Utilization 54 %

Table 6.10: Results from the preliminary dimensioning of steel columns in the
outer walls of the building in system 2.

Column type Bending Axial Interaction
and dimensions moment [kNm] force [kN]
Floor 1 Design load 5.40 314.11 0.76
VKR S275 Capacity 16.46 703.57 1.0
150 - 100 - 8 Utilization 33 % 45 % 76 %
Floor 2 Design load 5.40 77.66 0.99
VKR S275 Capacity 7.33 270.40 1.0
80-80-7.1 Utilization 74 % 29 % 99 %

6.2.2 System 3

The massive CLT floor slabs have a lower weight than the hollow core slabs in the
reference building, which makes an optimization possible to use smaller beams and
columns in this system.

6.2.2.1 Steel beams

All steel beams checked for this solution and the results shown are for HSQ beams
and the one-sided HSQ beams. Their dimensions with the belonging abbreviations
can be seen in Table 6.11.
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Table 6.11: Results from the preliminary sizing of steel beams in system 3.

Beam type Dimensions [mm]

Central beam ¢, h, 0bp t7o bpy tru
HSQ beam S235 &8 160 100 30 300 20

Edge beam tw hw bfo tfo bfu tfu
HSQ beam S235 8 150 69 30 175 20

With these dimensions, the maximum bending moment and shear force shown in Ta-
ble 6.12 were obtained. The utilization of the beams are also shown in the same table
and represent the magnitude of the design load in relation to the capacity. Shear
buckling effects didn’t need to be considered as the beams showed low slenderness.

Table 6.12: Results from the preliminary dimensioning of steel beams in system 3.

Beam type Bending moment [kNm]| Shear force [kN]
Design load 92.30 61.94
Central beam  Capacity 174.76 325.63
Utilization 53 % 19 %
Design load 56.93 62.28
Edge beam Capacity 107.05 325.63
Utilization 53 % 19 %

The check regarding torsional moment in the one sided HSQ edge beams can be
seen in Table 6.13 below.

Table 6.13: Capacity check and utilization ratio for for the edge beams in system
3 regarding torsional moment.

Beam type Torsional moment [kNm)]
Design load 3.51

Edge beam  Capacity 25.41
Utilization 14 %

The deflections of the HSQ beams using the quasi-permanent load case are presented
in Table 6.14. The table also shows the recommended limit of L/300 to compare
the results with common construction recommendations.
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Table 6.14:

Resulting deflections of the beams in system 3, with the Quasi-permanent load
Beam type  Deflection limit Deflection [mm]

L/300 [mm]
case.
Central beam 20 19.61
Edge beam 20 18.13

6.2.2.2 Steel columns

The resulting dimensions, axial force, capacity and utilization ratios for the steel
columns in the middle of the building are shown in 6.15. These columns are only
subjected by an axial force unlike the outer columns that are additionally subjected
to a horizontal load, as mentioned before. The latter and their results are presented
in Table 6.16.

Table 6.15: Results from the preliminary dimensioning of steel columns in the
center of the building in system 3.

Column type and dimensions Axial force [kN]
Floor 1 Design load 276.63
VKR 5235 Capacity 321.40
120 - 80 - 6.3[mm)] Utilization 86 %
Floor 2 Design load 139.89
VKR 5235 Capacity 236.25
80 - 80 - 6.3[mm)] Utilization 59 %

Table 6.16: Results from the preliminary dimensioning of steel columns in the
outer walls of the building in system 3.

Column type Bending Axial Interaction
and dimensions moment [kNm] force [kN]
Floor 1 Design load 5.40 157.99 0.79
VKR 5235 Capacity 13.30 395.80 1.0
100 - 100 - 6.3 Utilization 41 % 41 % 79 %
Floor 2 Design load 5.40 77.66 0.99
VKR 5235 Capacity 9.56 315.47 1.0
90-90-6.3 Utilization 56 % 25 % 79 %
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6.2.2.3 CLT slabs

The slab chosen for this system has been previously dimensioned by Martinsons.
Table 6.17 shows the deflection result that has been published by the company for
a slab up to 6,8 m long subjected to the imposed load that might appear in a school
building (3.0kN/m?). This load case excludes the load from inner walls, installations
and the parts of the slabs that aren’t made of CLT. The deflection will not surpass
the deflection limit for a load up to 5.0kN/m?, which is higher than the load case
with everything included would result in (Martinsons, n.d.).

Table 6.17: Results from the preliminary dimensioning of CLT slabs in system 3
according to Martinsons.

Span length  Deflection limit Deflection

and thickness L/300 L/423
L = 6.45m]
£ — 230[mm] 21.5[mm)] 15.4[mm]

6.2.3 System 4

This system have most differences compared to the reference system, which means
that there are more structural members in this system that needs to be dimensioned.
In addition to the columns and beams in the previous systems that have been di-
mensioned, the central beams between floor 2 and the roof needs to be dimensioned
as well.

6.2.3.1 Glulam beams

Design loads, capacities and utilization ratios regarding bending moment and shear
force for each type of glulam beam in this system are shown in Table 6.18. The
table contains the dimensions and timber quality in addition to the sectional forces.
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Table 6.18: Results from the preliminary dimensioning of glulam beams in system

4.

Beam type Bending moment Shear force
and dimensions [kNm)] [kN]

Central beam between

floor 1 and 2 Design load 136.39 113.66
GL30c Capacity 155.60 114.05
540 - 165[mm)| Utilization 88% 99%

Edge beam between

floor 1 and 2 Design load 83.57 69.64
GL30c Capacity 93.37 94.08
450 - 140[mm)] Utilization 90% 74%

Central beam between

floor 2 and the roof  Design load 103.20 79.16
GL30c Capacity 111.90 88.70
495 - 140[mm)] Utilization 92% 89%

The resulting deflections of the glulam beams are stated in Table 6.19, with associ-
ated deflection limits. The glulam beams have been checked with both frequent and
quasi permanent load case.

Table 6.19: Resulting deflections of the glulam beams in system 4, with the Frequent
and Quasi-permanent load case.

Beam type Load case Deflection Deflection
limit, [mm)] [mm]
Central beam between Frequent L/375, 16 7.16
floor 1 and 2 Quasi-permanent  L/300, 20 15.93
Edge beam between Frequent L/375, 16 8.78
floor 1 and 2 Quasi-permanent  1./300, 20 18.08
Central beam between Frequent L/375, 16 5.86
floor 2 and the roof  Quasi-permanent  1/300, 20 3.89

The dimensions of the columns in the middle of the building and the axial force,
capacity and utilization ratio are shown in Table 6.20.
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6.2.3.2 Glulam columns

Table 6.20: Results from the preliminary dimensioning of glulam columns in the
center of the building in system 4.

Column type and dimensions Axial force [kN]
Floor 1 Design load 296.18
GL30c Capacity 315.14
160 - 160[mm] Utilization 94 %
Floor 2 Design load 139.89
GL30c Capacity 199.51
140 - 140[mm] Utilization 70 %

The dimensions of the columns in the oter walls of the building and the acting loads,
capacities and utilization ratios are shown in Table 6.21.

Table 6.21: Results from the preliminary dimensioning of glulam columns in outer
walls of the building system 4.

Column type Bending Axial Interaction
and dimensions moment [kNm] force [kN]

Floor 1 Design load 4.70 174.60 0.93
GL30c Capacity 13.25 307.42 1.0

160 - 160[mm] Utilization 35 % 57 % 93 %
Floor 2 Design load 4.50 77.66 0.87
GL30c Capacity 8.87 204.27 1.0

140 - 140[mm] Utilization 51 % 38 % 87 %
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Results

The results presented in this chapter are relevant for preschool buildings with a life
period of 50 years. The results do not take into consideration the climate impact
that the piling might have and nor parts of the building that are not included in
the structural systems. The energy usage for each system is equally large for all
systems, and has been calculated by Skanska’s energy calculation experts.

For each structural system, two different cases have been studied. One case with
climate impact acquired from generic values from BM, and one case with climate
impact acquired from product specific EPD:s. The latter case includes EPD:s for
some elements that are used in the reference building, and some EPD:s for more
climate smart alternatives, like green concrete. Three result graphs are shown for
each of the four concepts:

1. GWP in form of kg COy — equivalents/m?* Asemy, for the modules of the build-
ing’s life cycle assessment under the studied time of 50 years.

2. Distribution of GWP for the different materials and components from the
product stage (module A1-3):

(a) Using generic values from BM.
(b) Using values from product specific EPD:s.

A short analysis of the climate impact that a concrete casting would have instead of
the granab-solution used for the CLT slab in system 3 was performed in addition to
the above mentioned analysis. This will make it possible to compare the more mod-
ern solution that Granab has developed to the more traditional cast-in-situ solution.

The reference building has previously been analysed by sustainability specialists and
climate experts at Skanska. Their results showed that the building had a climate
impact (modules A1-A5) of 261 kg COs-equivalents/m?A;.,,,. This will later on be
compared to the results obtained in this study where only the structural system is
analyzed.
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7.1 System 1: Steel column and beam system
with concrete hollow core slabs

GWHP: Steel column and beam system with concrete hollow core slabs
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Figure 7.1: GWP as result of generic values from BM (orange) and data from
material specific EPD:s (blue). The potential is divided into modules where BG,

operational energy use, is identical for both cases.
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Figure 7.2: GWP during the product stage of the structural system. The potential
1s divided into impact by structural element. Left diagram shows results with data
given by BM and right diagram shows results for the same elements with EPD data.
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7.2
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Figure 7.3: GWP as result of generic values from BM (orange) and data from
material specific EPD:s (blue). The potential is divided into modules where BG,
operational energy use, is identical for both cases.
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Figure 7.4: GWP during the product stage of the structural system. The potential
is divided into impact by structural element. Left diagram shows results with data
given by BM and right diagram shows results for the same elements with EPD data..
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7.3
with CLT slab

GWP: Steel column and beam system with CLT slab
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Figure 7.5: GWP as result of generic values from BM (orange) and data from
material specific EPD:s (blue). The potential is divided into modules where BG,
operational energy use, is identical for both cases.
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Figure 7.6: GWP during the product stage of the structural system. The potential
1s divided into impact by structural element. Left diagram shows results with data
given by BM and right diagram shows results for the same elements with EPD data.

50



7. Results

A1-A5.1 Climate impact
Granab vs 80 mm cast in-situ concrete
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Figure 7.7: Climate impact comparison between the granab solution used for the
slabs in system 3 and using a 80 mm concrete slab. The comparison is based on the

impact from the product stage of the products and shows result for EPD and BM
values.
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7.4 System 4: Glulam column and beam system

with prefabricated glulam modules

GWP: Glulam column and beam system with prefabricated glulam modules
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Figure 7.8: GWP as result of generic values from BM (orange) and data from
material specific EPD:s (blue). The potential is divided into modules where BG,
operational energy use, is identical for both cases.
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Figure 7.9: GWP during the product stage of the structural system. The potential
1s divided into impact by structural element. Left diagram shows results with data
given by BM and right diagram shows results for the same elements with EPD data.
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7.5 Summary of results for the four chosen struc-
tural systems

Comparison of system 1 to 4 . BM Results
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Figure 7.10: Comparison of the total global warming potential between the four
different structural systems, with GWP wvalues acquired from BM.
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Figure 7.11: Comparison of the total global warming potential between the four
different structural systems, with GWP values aquired from product specific EPD:s.
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Discussion

This chapter brings up discussion points that are products of the way that the study
was conducted and of the results obtained.

This study has used an analysis period equal to 50 years. The particular reason for
this chosen period of time is that all the elements studied in the report are members
of the structural systems and are complicated to replace under renovation circum-
stances. Boverket, 2020 states that a period of 50 years is in line with the need for
extensive renovations in buildings. This is the reason why only the sub-module B6
of the module B is analysed in the report. In this case, a longer period of time would
create uncertainties about the change of elements and less precise climate impact
calculations for the elements studied. It is although important to have in mind that
the analysis period established in this report is not the same as the expected life
time of the buildings. An analysis period longer than 50 years could in addition to
the above mentioned issues, also result in many uncertainties concerning the calcu-
lation of future emission scenarios and production methods (Boverket, 2020).

Module C of the life cycle assessment of the buildings was not evaluated in this
report. The reason behind this is the lack of information concerning the climate
impact from the deconstruction of buildings along with the waste processing and
disposal. Erlandsson and Pettersson, 2015, stated the magnitude of the energy usage
due to deconstruction of buildings in their report. The factors stated are although
developed considering complete buildings and use the unit kWh/ton which impli-
cates the use of another factors to convert the unit to COy — equivalents depending
of the type of energy used.

The above mentioned method to convert the energy usage under the deconstruction
of the structural systems was rejected in this report for the reasons that the method
considers the entire buildings which would lead to conservative results. The results
would be uncertain in addition to this since Erlandsson and Pettersson, 2015, only
consider diesel and electricity while in reality there are several fuel and energy sources
that might be used. This report recognizes the lack of information in this topic and
the need of more analysis to achieve more precise life cycle assessments in the future.

The climate impact of the construction process, A5.2 to A5.5, shown in the results
was calculated by Skanska’s climate experts for the reference building in the project
ABCD-preschools. This value of 10.35 COQ—equivalents/mQAtemp is conservative
knowing that it was developed to analyse the complete reference building. This is
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not the case in this report where only the structural systems of the buildings were
studied. On the other hand, this conservative approach makes it possible to use the
value generally for all structural systems as it creates room for the differences that
the structural systems’ construction processes might have.

IVL, 2020, has also established a standard value that could have been used for
these sub-modules. The value is 30 COy — equivalents/ mQAtemp and utilizes, as the
method above, Ay, to calculate the impact from complete buildings. The results
would in that case be even more conservative than the results obtained with the
value utilized in this report and for that reason misleading for all the structural
systems studied.

The software Byggsektorns Miljéberdkningsverktyg has been a crucial tool that has
played a key role in the majority of the calculations made in this study. It is created
in such way so that the user can utilize the generic data that is pre-installed in the
program or the user-added input to analyze the climate impact of different materials
and elements. Both of these scenarios have been analyzed for the impact A1-A3 in
this report and they have shown that data from EPD.s generally generates lower
climate impact than the generic data in BM.

The general result mentioned above should be interpreted carefully as the difference
in GWP between generic values and data from EPD:s can differ by a great extent
both negative and positive, as shown in Table 3.1. It is more correct to evaluate the
building elements’” EPD:s and their relevance firstly and then decide if they should
be utilized to obtain the correct climate impact for each building element.

When conducting this thesis, some difficulties have been encountered regarding cal-
culations of climate impact. To make the procedure of an LCA smoother, simplifica-
tions when calculating the climate impact contribution from module B and module
C would be of great benefit. Finding information about all conceivable processes
that are needed to construct buildings are somewhat difficult, as well as finding
pertinent conversion factors from energy sources to GWP or standardized GWP
values for certain LCA modules. Solving these issues would make the procedure
more accessible which could make more people or companies conduct LCA:s of their
projects. BM is a great example of this, since it is created by IVL and can be used
by the entire construction industry even if it only considers module A. To have stan-
dardized methods for calculating would increase the relevance in comparing different
studies between each other.

8.1 Discussion based on LCA results

As seen in the Result chapter, the LCA modules that dominate the climate impact
are module A1-A3 (Product stage) and module B6 (Operational energy use). This
is no surprise since module B6 spans over a period of 50 years and module A1-A3
consists of the production of all materials. The concrete ground slab is the largest
contributor in all systems except system 2, but it really stands out in system 4.
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Even if system 4 mostly consists of timber, the concrete ground slab stands for
as much as 58-65% of its entire climate impact. Besides the foundation, the floor
slabs are generally the structural members that stands for the largest climate impact.

The system that generates the lowest climate impact is system 4, which consists
almost entirely of timber. Compared to the worst system, which is system 2, system
4 has almost 59% lower climate impact generated from module A according to the
results based on generic values from BM. This difference highlights the magnitude
of the climate impact from system 2 which is even larger than the impact from the
building’s energy usage, B6.

If system 1 and system 3 are compared, two systems that have the major difference
of using concrete hollow core slabs and CLT floor slabs respectively, the results show
that system 3 has 28% less climate impact from module A based on the results from
generic values from BM.

In general, it is clear that the structural members that consist of concrete stand for
the largest part of a system’s climate impact due to the large volumes of concrete
that are needed. Steel is on the other hand the material with the highest GWP /kg,
but the total weight of steel in the systems are considerably lower than the weight
of concrete. Hence, it is generally recommended to not only be conscious of the
GWP /kg-factor but also be aware of the total mass used for each material.

8.1.1 Transportation

The impact from the transportation of the materials to the construction site, A4,
was calculated with the generic transportation data for each material given by BM.
The data includes both the distance traveled and the impact from the fuel that
has been used under the transportation. This method of calculation was chosen to
achieve a result that could represent future preschools in any city in Sweden.

Still, the previous knowledge that the generic data does not always reflect the reality
accurately could also apply for the transport data. An advise is that new analysis
are carried out in the future when manufacturers and specific building places are
established which will give a more precise transportation impact. This will however
only have a small effect on the total climate impact from the product stage of the
building. The results show that A4 is between five and nine percent of the climate
impact from module A.

8.1.2 Relevant comparisons

A comparison between the total climate impact from the reference building and
the portion that the reference structural system stands for have been implemented
and is shown below. This have been made to see how large part the structural
system stands for of the climate impact generated from the entire building. Another
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interesting comparison is the one between different solutions used to improve the
acoustic behaviour of timber floor slabs. In this study a comparison between the
Granab floor and a concrete layer casted on top of the CLT slab in system 3 has
been conducted, with the results showed below.

8.1.2.1 Comparison between the total climate impact from the reference
building and impact from its structural system

This report focuses on the structural system of the preschool called concept C in
the project ABCD preschools. The climate impact from this part of the building is
however only a portion of the total impact that the complete building including the
ground and all non-bearing elements has on the environment. A comparison of the
obtained results regarding the reference building’s structural system and the results
from a previous climate calculation made by experts on the same whole building is
presented in Table 8.1.

Table 8.1: Climate impact as a result of the product stage of the entire preschool,
the structural system with data from BM and the structural system with EPD data.

Climate impact | Portion of the total climate
A1-A5 [kg CO2e] impact of the building

Entire building 261 100%
Structural system. EPD 98 37,5%
Structural system. BM 121 46,4%

Table 8.1 shows that the structural systems’ impact is up to almost half of the
impact of the entire building and proves that the structural system is a major con-
tributor to the total climate impact that the preschool has. This indicates that the
material choices made for the structural systems will lead to a large effect on the
total climate impact from the building’s product stage.

8.1.2.2 Comparison of climate impact between Granab floor and con-
crete casting

Results from the comparison of climate impact between the Granab floor used in
system 3 and a concrete casting show that a large reduction on GWP can be achieved
if Granab floor are used instead of concrete. The solution of a floor with concrete
casting was obtained from the CLT handbook by SvensktTra, 2017, which consists of
a CLT slab of 230 mm, 30 mm insulation, and 80 mm concrete casted on top. This
solution achieves the requirements of sound class C, but it is possible to improve this
to achieve even better performance regarding this. The comparisons made in this
study is only between the concrete layer and the Granab floor, excluding insulation,
and have been performed using both generic values from BM and product specific
EPD values.
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In the comparison using BM values, there is a significant difference in GWP be-
tween the solutions, with an improvement by as much as 53 percent. Using product
specific EPD values does not generate the same massive improvement, but a solid
improvement of 12 percent is achieved. The results and improvements can be seen
in Table 8.2 presented below.

Table 8.2: Resulting climate impact for Granab floor and concrete screed for both
BM and EPD wvalues. The table also shows the percentage of GWP reduction that
can be achieved if the Granab solution is used.

Total climate impact Reduced climate
module A1-A5.1 [kg CO2] impact [%]
Granab floor, BM 7623 53
Concrete screed, BM 16132
Granab floor, EPD 8743 12
Concrete screed, EPD 9887

The big difference between the two cases are mainly because of the use of climate
smart concrete in the case where EPD values are used. This further confirms the
great benefits of using climate smart concrete instead of traditional concrete, re-
garding climate impact. However, another great benefit of using Granab floor or
similar solutions, beside the climate impact reduction, is the possibility to place
installations inside the floor structure. This could allow a reduction of the floor
thickness, which can be an issue with timber constructions.

8.2 Potential improvements

This report has shown that the material choice of the structural elements in the
buildings has a major effect on the resulting climate impact from the preschools
analyzed. Green alternatives such as Skanska’s green concrete and scrap-based steel
showed the ability to generate large improvements in the climate impact studied.
Therefore, the buildings materials’ constant development is an aspect that must be
expected and the implementation of these should be initiated to accomplish lower
climate impacts.

Green concrete is a climate smart concrete developed by Skanska that is produced
using high slag proportions in the concrete mixture which leads to a lower proportion
of cement and in turn to a lower climate impact. The improvement that comes us-
ing this type of concrete compared to concrete from betongindustri is 40% as shown
in Table 3.1 and has the potential to be as much as 50% according to Skanska,
2021a. The concrete is also said to meet the same requirements concerning durabil-
ity, strength, life span and castability as Skanska’s normal concrete. The concrete
was launched in the first half of 2019 and made a "climate smart success" accord-
ing to Betong.se, 2019. Green concrete is between 5% to 8% more expensive than
traditional concrete that can lead to a large economical difference in many projects,
but green concrete is sometimes stronger than traditional concrete. In that case the
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concrete strength class to use in the projects can be reduced which can lead to the
green concrete being even more economically efficient than others (Skanska, 2020).
Skanska’s green concrete is only available for a specific number of cities in Sweden.
However, other concrete companies in Sweden have similar green solutions in other
parts of the country.

There are two methods to produce steel elements. The first is the most climate
tense which is when the steel is manufactured with iron ore and the second with
scrap-based steel recycled from no longer used steel. According to SSAB, 2021, The
demand for steel is at the moment handled with 30% scrap-based steel and should
be handled by 50% the year 2050. The opportunities to reduce the climate impact
coming from steel are limited, product and energy efficiency are other improvements
that would favor the environment beside using scrap-based steel SSAB, 2021. But
even if an increase use of scrap-based steel would be reality, the only way to provide
enough steel to handle the demand is using iron ore. SSAB, LKAB and Vatten-
fall are for this reason collaborating to develop "Hydrogen Breaktrough Ironmaking
Technlogy", called HYBRIT, so that the production of iron ore based steel can con-
tinue in a more environmental friendly way. This would result in SSAB being the
first steel company in the world to supply fossil-free steel the year 2026.

It is, in many ways, possible to reduce the climate impact that the building process
stands for in a building’s life cycle. Green concrete and scrap based steel are clear
examples of that, but transport scenarios can also impact the total GWP generated
by a building. Customize transportation for each unique building project to reduce
the distance between the building site and material suppliers, as well as choosing
renewable fuel for transportation could have a large impact on GWP generated
from transports. These solutions are already available on the market today, but
are still not used in a sufficient extent. If the climate goals set, to reach zero C'O,-
emissions year 2045 are going to be achieved, the construction industry needs to both
use the technology available today to a larger extent, but also keep providing new
innovations that will reduce the climate impact. This is illustrated by Figure 8.1,
where real data is used until year 2015 and a scenario to achieve zero C'Os-emissions
is used after 2015.
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Figure 8.1: Yearly COy emissions coming from heating (red line) and from the
construction process of buildings (black line). The figure illustrates how known tech-
nology and upcoming innovations could be used to reduce the total emissions. Er-
landsson et al., 2017

8.3 (O, storage in timber

Timber is a popular building material not only for its aesthetics but also for its abil-
ity to store carbon dioxide from the air. Both the growing forests and their products
like timber and paper possess this ability. During the time that timber being used it
could store approximately 0.9 metric tons of carbon dioxide until its life cycle ends
as stated by SvensktTra, 2015. Taking this into consideration in this study would
impact the results heavily since the timber products” GWP will be reduced to even
negative magnitudes which would imply that the products have a positive impact
on the climate and outwork the negative impact from disforestation, transportation
and manufacturing. The reason that this is not included in the LCA of the struc-
tural systems is because even if the timber stores a high amount of carbon dioxide,
the same amount will be released into the atmosphere as soon as its life cycle ends.

This is an important topic to highlight considering that the more timber that is
used, the more carbon dioxide from the atmosphere are stored inside the material.
It is a process that can be managed environmentally smart if the felled threes are
made up by planting new ones. Sweden is an example of this, where 120 millions
of cubic meter forest grows each year and only 75% of them are felled according to
Sveaskog, 2015. Figure 8.2 illustrates the C'Oy storage capacity of wood compared
to yearly every day emissions.
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Figure 8.2: Carbon dioxide storage of a cubic meter wood compare to yearly emis-
sions caused by human activities (van der Lugt, 2020).

8.4 Generalization of the results

The results of this thesis are meant to be used in the conceptual design phase of
a building, in order to simplify and help the decision of the structural system in a
preliminary stage of a project. The use of these results will include environmental
aspects in such decisions which in many cases are excluded or not considered at this
stage.

The generated results from this analysis correspond entirely to the structural sys-
tems analyzed in this report. These systems are in turn developed to suit the
preschool buildings in the project ABCD-preschools. The results may however be
implemented to other educational buildings or similar buildings where comparable
structural systems are used as for instance office- and residential buildings.

The data used to obtain the results in this study is material specific data together
with generic material and transportation values. This indicates that the results
are very much general for all kind of structures besides the fact that the structural
systems are developed for preschool buildings. It is therefore recommended to use
the outcome of this report as a complement to make comparisons, conclusions and
assumptions for any structural system that utilize resembling building materials as
this thesis. An environmental scale will be introduced in the continuation of this
chapter. This scale is, as mentioned previously, a tool to be used in future analyzes.

8.4.1 Environmental design factor

Figure 8.3 shows the performance regarding climate impact of every system in a
scale from 0% to 50% for the EPD and the BM cases. The percentages represent
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how large a system’s variable climate impact in this analysis (i.e. the impact from
the modules that are not identical for all systems) is in relation to each system’s
total climate impact. For this reason, a smaller percentage in the scale represents a
more climate friendly structural system according to the results in this study.

Bt 4

0% 5% 10% 15% 20% 25% 30% 35% 40% 45% 50%

By oy

0% 5% 10% 15% 20% 25% 30% 35% 40% 45% 50%

System 1 m System 2 B system 3 [ ] System 4

Figure 8.3: The unique climate impact from system 1 to 4 in relation to the total
climate impact from each system. the top graph represents BM-results and the bottom
graph the EPD-results.

System 1, which is the reference system used by the project ABCD preschools turned
out to perform better than system 2 but worse than system 3 and system 4. Those
systems, with more use of timber members, showed better climate results and the
system made completely out of glulam stands out, having a percentage equal to
and below 25% in the BM and EPD cases respectively. This can be compared to
system 2 which scored 47% and 40% mostly because of its large use of concrete in
combination with steel beams and columns.

The purpose of Figure 8.3 is to illustrate the climate impact of the structural sys-
tems studied so that future project developers can get a brief but accurate overview
of the impact that these type of systems have on the climate. The graph is not
developed to be a substitute for an LCA analysis but to operate as an indicator and
point of comparison for various structural systems. Because of this, the graph has
the potential to lead to wiser decision-making in early stages such as the conceptual
design phase.
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Conclusion

The results from this study confirm that the structural system stands for a large part
of a building’s climate impact over an analysis period of 50 years. However, there
are substantial differences between the different structural systems with as much as
59% less C'Os-equivalents generated from the best performing system compared to
the worst.

The system that performed best in this study was system 4, followed by system 3,
system 1 and lastly, system 2. System 2 even has a higher climate impact from
the product stage and construction process stage (module A) than the operational
energy use (module B6) over 50 years.

9.1 Concluding recommendations

The recommendations based on the results of this study are summarized and stated
below:

o There are different structural solutions that can be implemented in all systems,
with potential to decrease the climate impact, like the Granab solution instead
of a concrete screed on top of a CLT slab. These potential improvements re-
garding climate impact, together with optimization regarding material choices
can make a massive difference in the end. It is up to the construction industry
to embrace innovations to achieve the set climate goals.

e As mentioned in the discussion, the structural members with concrete are in
general the worst regarding climate impact. But at the same time, concrete
has the potential to stand for the largest reduction in GWP if green concrete
is used instead of traditional concrete. That reduction can be massive for
structural systems that utilize a large amount of concrete, why it is highly rec-
ommended to use green concrete if possible. It may be slightly more expensive
but it has other advantages besides the climate impact.

o There is a great importance in implementing life cycle assessments in an early
stage of every construction project. The LCA will highlight the processes and
structural members with the largest climate impact and lead to potential im-
provements.
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o Transportation of materials to the building site has an impact on the climate
that is not large but by any means remarkable in relation to the total climate
impact from the buildings. This can be optimized by using materials with
short transport distances.

e There is a lot to gain by using EPD:s for certain products that are used in
a building. By comparing the same product from different companies, it is
possible to choose the one that are most suitable for each project. Differences
between product specific EPDs show that even the same materials can differ
a fair amount in GWP between manufacturers.

o The simplified Figure 8.3 is an accurate illustration of the climate impact that
the studied structural systems generate. It has the purpose to work as an
indicator for future projects when other structural systems are evaluated but
should however not be used as a substitute for other LCA analysis.

o Timber owns the special ability to store carbon dioxide. This should not be
accounted in an LCA analysis nor should its potential be overseen by any
means under material considerations .

9.2 Further studies

This study focuses on module A of the LCA, and to achieve a more complete anal-
ysis at least module C (end of life stage) should be considered. At the same time,
there are uncertainties about climate impact generated from module C as mentioned
in the Discussion and additional studies are necessary to verify the calculations of
climate impact from module C.

Regarding module B (use stage), this study only considers the operational energy
usage (B6), which was found most relevant for this thesis. However, if an entire
building and not only the structural system is analysed, module B would be more
of interest. Especially if the analysis period is extended to 100 years, since many
parts of the building will then need maintenance and replacement.

It is of high importance to continue with studies that investigate the climate impact
from buildings. Especially since there are many ways to conduct life cycle assess-
ments and that a building project can be entirely different from another. To widen
the knowledge, studies that consider different materials, different building types,
different LCA modules, entire buildings or parts of buildings need to be executed to
establish a more solid database.
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A

Preliminary sizing calulations

A.1 System 2. Calculations



System 2: Steel column and beam system with filigree
concrete slabs

[+] Beams

Hat-beams HSQ - Mid beam

tsro == S0mm bgsgo = 100mm two = 8mm  hy, = 220mm fq = 235MPa
turp = 30mm byufy = 300mm a:= 4mm Egteel = 210GPa
Ly := 6m by, = (6.646 + 5.165) - m = 11.811m
2
2 10m
Agoly.m = by - Ly = 70.866 m OA mid == 0.5 + =0.641
Agolv,m

235MPa
g= [—— =1
fyd
kN
Qimp = 3 __E
m
byry  bsfo
fﬂ32: s bl ° —twlz—a:88-mm
Qimp ° Oh kN
Q= -2 1 _17716- —
m
bsro .
=2 < 38¢ for tvasnittsklass 2
a2
fh2 .
—~ _-2033 < 10¢ for tvarsnittsklass 2

tur2



tsr2 hy, o tuf2
tsr2 - bepo - ( 02 j +2-tya-hyo- (7mm + % + typa - bypz - | 7mm + hy o + —

tsro - bofo + 2ty hyo + typo - bypo

Yip.2 = =154.957 - mm

1.2 Dy 6 3
Wp]_2 = b6f.2 “tofo (ytp.Z - Tj +2- hw.2 ctwo |:ytp.2 - (7mm + T . =1.567%x 10" - mm

tuf2
+byfa - tugp | 7mm + hy 5 + " Ypa2

kg kg
Pconcrete = 2350_3 Psteel = 7800 —

m m
tslab.2 = 300mm

kN
Goeam.2 = Psteel * 8- (ti')f.Z “bara+ 2 tyo - hyo + typne buf.Z) =134 ;

by,
Gslab.Z = Pconcrete * tslab.2 * &° =40.829 -
2 m

Minaxb2 = [ 135+ (Gpeam + Gytab2) - 00772 + 1.5+ Qi+ g mig - 0.0996] - L2 =219304 - kN -m

Mpird2 = Wpia - fyqg = 368.193 - kKN - m

Miax.b2
My = ——22 59,562 - %
pLRd.2
Shearforce Capacity
2-t .2'h .Z'fd
Vs = —————2 20~ 477.584 - kN

NG



Va2 = 135 (Gyap2 + Gpeama) - (0.6071 + 0.5357) - L, ... = 515.375 - kN
+1.5- Qg+ Otp miq - (0.6205 + 0.6026) - L,

n:=12 Dependent on steel class

h
"Need for further checks" if w2 >75- £ "No need for further checks"
tw.2 n

"No need for further checks" otherwise

Vmax.2

VutiAZ = = 53956 ] %
Rd.2

Deflection:
L,=6m Calculating for the worst case with three spans of 6 meters
Lofv= 50mm m:: 100mm b= 8mm h” W= 220mm
Laf= 30mm buW = 300mm = 4mm Esml = 210GPa
hyot := typr + hyp + 7mm =257 - mm Yip2 = 0.155m P, = 0.6

bypa - typs tyer )

uf.2 * tuf.2 uf.2 —4
Lota = 0 + bugo - tuf2 (htot = Yip2 — Tj =1.686x 10
3 2 3
s tywa - hyo e - hy» . bsra - tsf2
12 w.2 " Hw.2 6f.2 5 Yip.2 12

2
ts2
+bsro teta | Yip2 — 5

4
m



kN
Qsls.perm = (Gbeam.Z + Gslab.Z) =42.169 - —

m
kN
Qqlsvar = Q=17.716 - —
m
Ly )
— =20-mm requirement for permanent load
300
Ly . .
— =15-mm requirement for variable load
400
4
0.99- Qsls.perm Ly
Vperm = =15.278 - mm
100 - Esteel ' Itot42
4
0.99 - Qsls.var' Lh
Vyar = =6.419 - mm

100 - Esteel ' Itot,2

VtOt = Vperm + Vvar . 1')2 = 19129 - mm

V,
6util.perm = Ll 76.389 - %
Ly
300
V;
6uti14t0t = < =95.646 - %
Ly
300

One sided HSQ - beam . Edge beam

6util.var =

Vyar * 1]—)2

Ly

400

=25.675-%




235MP =3. 08N
fi= 235MPa €= ’—azl S3:=3-08—
mn f, m

yd

69mm ty = 8mm hy, ;= 210mm

tsr = S0mm bgs:

tuf i= 30mm bys = 175mm A= 4mm

Zeg = Peoncrete * fslab2 - 8 = 6.914 - _2

by bsr
ﬂ)_Tu—TO—W—a—M mm Rmﬁl::7800—g
m
bt .
— =138 < 38¢ for tvasnittsklass 2
tor
ffy, L
— =1367 < 10¢ for tvarsnittsklass 2
tuf
tsr h tuf
tsr - ber- (%) +2-t,-hy- (7mm+ TWJ + tyr byre (7mm+ hy, + %j
Yip = =139.351 - mm
téf'b6f+2'tw'hw+tuf'buf

tsr h
Woi = bsg tor - (ytp - %) +2-hy-ty- [ytp - (7mm + 7wj:| e =9.728 x 105 . mm3

tuf
+ by tyee | 7mm + hy, + ? ~ Yip

My ra = Wpi - fyqg = 228.612 - kN - m

by =3.323m L,=6m



10
Agaio= (6.446m) - Ly, = 38.676 m> Olp edge = 0.5 + o 0759
golv.m
@O.imp = 0.7 Pg = 0.8
kN kN kN kN
e = 6914 — Gegi= 0.152—  83=24-— Qy = 0.322—
2 2 2 2
m m m
. (6.446m) kN . (6.446m) kN
/Qk/\': qimp . T =9.669 - ; Gslab = geg' T =22.283. ;
kN

Gs palk = Psteel * 8 (ti')f' bsp+ 2 -ty - hy + e buf) =0.922- :

Minax btk = [ 135+ (Gaiab + Gy paik) - 00772 + 1.5 Qi+ Qg egge - 0.0996] - L2 =126512-kN-m

Mmax.balk

Myt = ——22 = 55,339 - %
pl.Rd

Torsional capacity

by ¢ byr
téf'bf,f-(%+twj +tw'hw'(jwj+tuf~buf-(7uj+tw-hw-[tw+b6f+?W

t

)

Xip =
? t('Sf'btjf""2'tw'hw+tuf'buf

b — (bs .
e = — (bar + - 2) + (bor + ty 2) = Xy = 0.068m

kN

Qedgeb =135 (Gslab + Gs.balk) + 1.5 Q- QA edge = 42.329 - ;

=0.062m



kKN - m

m

Qeee = Qedgeb -ey=2.875-

Ted :

- —Q“Cé(Lh) ~8.624-kN-m

[ tsf
Amea = (bag + ty) - (hw + % + 7mm — %j ~0.016m”

Wri= 2 Apeg: ty=255% 107 'm’

fyq - Wr
Trq = =34.601 - kN -m

V3

Teq
Ty = — =24.923 - %
Trd

Shear capacity
2ty hy - fig
VRd.statb = % =455.876 - kKN
3
: Lo Reduction due to torsion and sh

VpLTRd = VRdstab® | 1 — ; =455.847 - kN Reduction due to torsion and shear
fygm interaction
V3

135+ (Ggiab + G paik) - (0.6071 + 0.5357) - Ly, ..

+ 1.5 Q- Olp edge * (0.6205 + 0.6026)L,
Vimax.stalb = 5 =147.771 - kN




Vmax.stélb

Vitisbalk == ———— = 32.417 - %
pL.T.Rd

€
"Need for further checks" if >75-— ="No need for further checks"

"No need for further checks" otherwise

Beam deflection:

L,=6m Calculating for the worst case with three spans of 6 meters
W= tuf + by + 7mm = 247 - mm Yip = 0.139m

byp- tur tur)

f tuf f -

| Z=¥+buf'tuf'(ht0t_Ytp_%j —1.045x 10 'm’
3

3 2
+2 tw B +t,-h t +& +—b6f't6f
12 w T Hw of 5 Yp 12

¢ 2
of
+bgp - tor - (ytp - 7)
kN

Quiswern= (Gsbalk + Glab) = 23.205 - —

m

KN
Qujonai= Q = 9.669 - —
m

Ly .
— =20- mm requirement for permanent load
300

L
il =15- mm requirement for variable load
400

4
L 0.99- Qsls.perm : Lh

AREA =
100 - Esteel ' Itot42

=13.572 - mm



4
0.99 - Qsls.var' Lh

V= =5.655- mm
100 - Esteel ' Itot.Z

Yigi'= Vperm + Vyar - P2 = 16.965 - mm

Vperm Vyar * P2
WZZ =67.861 - % WZZ — =22.621 - %
Lh Lh
300 400
\
Syl = —— = 84.827 - %
h
300
[«] Beams
[*] Columns

Steeel Columns VKR - Outer columns, mid wall - Level 1

bgp.2 = 100mm hgp 5 = 150mm top.o = 8mm £y == 275MPa L,:=3.35m

kN kN kN
S=3-08-—  0.=0322-—  Goo=0152-— E:= 210GPa
’lbO.imp =07 lbs =0.8 "ll)w =03 M = 1.25

6.446) (6+ 6.2
Ay = 8240 (646D 2 g 66m

) 2 2



O edge = 0.759

kN
Zslab.2 = tslab.2 * Peoncrete * & = 6.914 - _2

m

Nedimp2 = (135 gaba + 1.5 Qimp - Oaedge + 1.35 - Geg + 1.5+ S5+ g + 1.5+ Q- y,) - Ayj = 314.114 - kN
Nedw2 = (135 giab2 + 1.5 Qimp - Vo imp * O edge + 1.35+ Geg + 1.5+ S5 Pg + 1.5 Q) - Apj = 300.628 - kN

Neds2 = (135 gabz + 1.5 Qimp - Vo.imp - MAedge + 135 - Geg + 1.5+ S5+ 1.5- Q- by,) - Apj = 308.137 - kN

check cross section class

235MP hegpo =2t c
gyi= |t —0.924 com —22 T P65 T <33 TK1
fyk sp.2

Cross section properties

3

-3 2
Asp.2 = bsp.2 ’ hsp.2 - (bsp.Z -2 tsp.2) ' (hsp.Z -2 tsp.Z) =3744x 10 "m

=1.128 x 107 . mm4

2 3
sp.2 — tsp.2 + tsp42 ' hsp.2
2 12

h
Iy.2 =2 (bsp.z - 2tsp.2) “tpo

~587x 10 °m’

2 3
bsp.2 - tsp.2j + tsp.2 : bsp.2

I,,=2|lhgy—2t ctepo -
z.2 (sp.Z sp.2) sp.2 ( P 12



Ly = min(ly,1,,) = 5.87x 10~ °m"

Buckling resistance of column

2
™ -E- Isp.2

N =1.084 x 103-kN

crsp.2 =

2
Lp

Agpa - fik
Np2 = |[——= = 0975
Ncr.sp.Z

OLSp.Z = 0.21

Dy pi=05- [1 +0gp2 (N2 —02) + xsp_zz] =1.056

1
Xsp.2 *= =10.683

’ 2 2
li)sp.2 + q)sp.Z - >\sp.2

Nb.Rd.sp.2 = Xsp2- Asp_z : fyk =703.573 - kN

NEeg imp.2
Noput2 = ——— = 44.646 - %

Nb.rd.sp.2

kN
Cop = 1.54 —2 qp := 0.39



kN
qp = Cez - qp = 0.601 - —

2
m
Cpe = 0.7 Cpe calculated for this specific case
kN
Qw = qp * Cpe = 0.42 - —2
m
kN kN
Qwhm == Qw - 1.5=0.631- —2 Quwhy = 1.5 Yy - qw =0.189- —2
m m

6+ 6.2) 2
6+62)

Qwh.v * ’ Lp
Myp.y = » =1.619-kN-m
Check interaction
L2
Wpl.sp.2 = 2 =8.761 x 104 . mm3
(hp2 — 2tgp2) - 0.5

Mgdsp2 = Xsp2 - Wplspa * ik = 16.464 - kKN - m



NEd.W.2 Mwh.m
+ =0.755 wind main load
NoRrdsp2  MRadsp2
NEd.imp.2 + M.y —0.545 imposed main load

NoRrdsp2  MRadsp2

Second order analysis

NEdAZ = NEd.W.Z =300.628 - kN

0.25 - Np ra.sp2 = 175.893 - kN Checking if interaction needs to be considered

(6 +6.2)- mj| . Lp4

5. .
|:qwh.m 5
Cwind.2 = =5.118- mm

384-E-1

sp.2

L
€od == —2 ~134-mm For buckling curve a and plastic analysis

Nyropo = 1.084 x 10° - kN

cr.sp.

M, = =7.703-kN-m
Ngd.2

Ncr.sp.2



(6 +62) 2
qwh.m Tm ) Lp

Myind = » =5396-kN-m

MEd.2 = MH.2 + Mwind =13.099 - kN - m

MR.d.Sp.Z =16.464 - kN - m

NEd.2
ny:= ——— =0.427
Np.Rd.sp.2
a0 = B P P 0573
’ A
sp.2

aps2 = |apy if a;,, <05

0.5 otherwise

1 - 1'12

dgp2 = ( ) =0.764

1 - (0.5 a,,)

MN.R = MR.d.Sp.2 . 65p.2 =12.572-kN-m

Mipeut = ——— = 79.563 - %




Steeel Columns VKR - Inner columns - Level 1

RWZ = 100mm th = 150mm Lopav'= 8mm

(6446 +5.165) (6+62) 2

Syko= 235MPa bj.m = 5 m =35.414 m2

OA mid = 0.641

check cross section class

235MP hgpr =2 - tg0
= [T =1 coim —22 = PP 1675 S 33
f)’k sp.2 t

3

cross section properties

A= bsp2 hps = (b =2 tgpn) - (hgpa =2 tgy5) =3.744x 10 “m

hys —tga )"tz hepa
2~ 2 2 hgpo
=2 (bsp.z - 2tsp.2) “lspa2- [ - - j £ lzsp ~ 1128 10 - mm"

Lo:=2- (hsp.z - 2t8p-2) 2 (

=5.87 % 106 . mm4

2 3
bsp.2 - tsp.2 + tsp.2 : bsp.2
12

_ —6 4
I 2 = mln(ly,27lz.2) =5.87x%x 10 m

Buckling resistance of column



112-E-I

2
Nersna = —28" —1.084% 10° - kN
LP
A Tk
Nopar= | ——= = 0.901
cr.sp.2
apai= 0.21

Booai=0.5- [1 +0gp2 - (Np2 —02) + xsp_zz] =0.979

1

X = =0.733

D0+ \l ‘I’sp.zz - >\Sp.22
NiRdsaa= Xsp2 " A2 * i = 645.241 - kN
Nigimaa= (135 &iab2 + 1.5 Qimp - Qamia + 1.35+ Geg + 1.5+ S5 g + 1.5 Q- byy) - Ay = 547.089 - kN
Nedwae= (135 iab2 + 1.5 Qimp - Voimp * Camia + 1.35 - Geg+ 1.5+ S5 g + 1.5+ Q) - Apjm = 528.412 - kN
Negwae= (135 a2 + 1.5 Qimp " Voimp * Camid + 135 Geg + 1.5+ 83+ 1.5 Q- byy) - Apjm = 541.936 - kN

Neata= Nedimp2 _ 84.788 - %

Nb.Rd,sp.2

Steeel Columns VKR - Outer columns, mid wall - Level 2

bSDZ = 80mm hw% = 80mm tspan = 7.1lmm /\gv\k/\:: 275MPa I :=3.35m

Dimensions are checked and are according
to SSAB's assortment.



kN kN kN

Sa=3-08= Qui= 0322— Qo= 0-152— E = 210GPa
m m m
oo = 0-7 W= 0.8 =03 Py = 1.25
44 2
A= 0440 (676D 2 14 6om?
Ay 2 2
kN
Bslahan= lslab.2 " Pconcrete " & = 6.914- _2
m
Nigimaai= (135 Geg + 1.5+ S35 1hg + 1.5 Q- 1byy) - Ay = 63.505 - kKN
Niguani= (135 Geg + 1.5+ S5 g + 1.5+ Q) - Ay = 70.152 - kN
Nigwai= (135 Geg + 1.5+ S5+ 1.5 Q- hy,) - Ay = 77.66 - kN
check cross section class
235MP hepo =2 tgy0
= [T = 0924 o= —————T= ~ 9,268 <33
fyk tsp.2 t
cross section properties
-3 2
A= bspa  hgpr = (bspa =2 tpa) + (hepa = 2 tgp2) =2.07x 107 “m

TKA1



hys —t2 ) tepn hoyo
2 7 sp.2 27 2
lioi=2- (bspiz—Ztspiz)-tsp.z-[ & - i ) + 2 125" = 1847 10° - mm”
byys —typ2 )"tz b
2 7 sp.2 27 2 —
L= 2" (hsp‘z—Ztsp.z)wsp,z( - > = ) + =L 125" ~1847x 10 °m’

Jpa= min(ly 5,1, 5) = 1.847x 10~ Om

Buckling resistance of column

2
™ -E- ISp.2
AI,\VIWV: —— =341.159 - kN
Lp2
Ags fp
A= 02 1292
cr.sp.2
Qo= 0.21

B g 0.5+ [1 +aga (A2 —02) + xsp_zz] = 1.449

1

oo™ [ 2 2
(I)sp.Z + (I)sp,Z - >\sp.2

=0.475

AII\VI\hWV:: Xsp.2 . Asp.2 . fyk =270.404 - kKN



kN
Ddwon= dw - 1.5=0.631- —2

k
Con i= 1.54—N

kN
A= Cez* Qo =0.601 - —

m
6+ 6.2) 2
Qwh.m Tm ’ Lp
Mwb = =5.396-kN - m
(6 +6.2) 2
Awh.v 5 m- L,
MWOU:: g =1.619-kN-m
Check interaction
W Lsp2 5615 101 mm’
= = . X - mm
AIRAINA (hepa = 2tepa) - 0.5
MB VIW? = XSp.Z . Wpl.sp.2 . fy =7.333. kN -m
N M
EBd.w2 vhm 99531 .9 wind main load
NpRrdsp2 Mradsp2

[\

C

= 0.7



NEd imp.2 + M.y — 45561 - % imposed main load
Nordsp2  MRadsp2

Steeel Columns VKR - Inner columns - Level 2

bm = 80mm han = 80mm tsna= 7.1lmm

(6.446 + 5.165) (6 + 6.2) 2 2
£ = 235MPa Ap: = . -m =35414m
NN AR 5 5

check cross section class

235MP hgpr =2 - tg0
= ZH>vra com —2= = P 9968 © 13
fyk sp.2 t < €

cross section properties

3

-3 2
Asaai=bspa Dy = (bpa =2 tpa)  (hgpo =2 t2) =2.07x 10 "m

" 2 ¢ h 3
2 2 27 2
. . ) - > = 1.847 x 106 . mm4

h
=2 (b5p‘2 - 2t8p-2) “lpa- 2 2

= 1.847 x 106 . mm4

bera —tera ). typa by
sp.2 ~ ‘'sp.2 sp.2 " Ysp.2
/\IIMV:: 2- (hSpAZ - ztsp.z) . tsp.2 . [ > ) + 2

6

. -6 4
Jpa= min(ly5,1,5) = 1.847x 10" "m

Buckling resistance of column



T - E-Lg,
Newsoa= —————— =341.159 - kN
Lp2
.V
i i e L ST
cr.sp.2
Q= 0.21

Booai=0.5- [1 + 0 (A2 —02) + ksp.zz] = 1317

1

- = 0.534
i [o 2 2
(Dsp.z + CDsp.2 - >‘sp.2
%WVZI Xsp.Z . Asp.2 . fyk =259.647 - kN
Nidugani= (135 Geg + 1.5 S3- g + 1.5 Q) - Ay = 126363 - kN
Ngsai= (135 Geg+ 1.5 S5+ 1.5- Q- 1y) - Apjm = 139.887 - kKN

NEds.2
NG ui= ——— = 53.876 - %

No.Rd.sp.2

[«] Columns







A. Preliminary sizing calulations

A.2 System 3. Calculations

XXIV



SYSTEM 3 - Steel column and beam system with CLT slabs

[¥] Slab

[+] Beams

Hat-beams HSQ - Mid beams

Ly := 6m by, := (6.646 + 5.165) - m=11.811m
kN
235MP = 3.08—
f,q:= 235MPa = | =1 53:= 3087
fyd m
ts == 30mm bgse := 100mm ty = 8mm hy, == 160mm
tyr '= 20mm byr = 300mm a:= 4mm
by bgr kg
fﬂ.,.:T—?—tw—a:SS-mm Psteel -= 7800—3
m
bss N .
— =3333 < 38¢ for cross section class 2
tof
f, ; .
— =44 < 10¢ for cross section class 2
tuf

ts h t
taf'baf'(%)+2'tw'hw'(7mm+7wj +tuf-buf-(7mm+hw+ %j

téf']:)é')f’"2'tw'hw+tuf'buf

=115.028 - mm

Yip =

tsr h
Wi = bgg -t [ytp - %) +2-hy-ty- |:ytp - [7rnm + TW):| v =7.437 x 105 . mm3

tuf
+ by tyee | 7mm + hy, + ? = Yip

M rd = Wpi - fyqg = 174.762 - kKN - m



b, =11.811m L,=6m

2
2
Agolv.m = by L =70.866m Op mid := 0.5+ =0.641
golv.m
WP.imp = 0.7 Pg = 0.8 Py = 0.3
kN kN kN kN
8o = 1257 — Geg = 0.152— S3=24.-— Q, = 0.322—
2 2 2 2
m m m m
Qimp * bn kN by kN
Qu= ——/——=17716- —  Gyjgp = g — = 7421 - —
m

kN
Gs palk *= Psteel * &° (ti')f' bsr+ 2 -ty - hy + e buf) =0.884- ;

Minax balk = [ 135+ (Gaiab + Gy paik) - 0.0772 + 1.5 - Qi+ Qtp i - 0.0996] - L2 =9225-kN-m

Mmax.balk
Mg = ——— =52.786 - %
Mpl.Rd
Shear force Capacity
2ty hy - fig
VRdstalp = ————— = 347.334 - kN
N

Vmax.stﬁlb =1.35- (Gslab + Gs.balk) . (06071 + 05357) . Lh +15- Qk * QLA mid * (06205 + 06026)Lh =201.909 - k?

ni=12 Dependent on steel
class

€
"Need for further checks" if — >75-— = "No need for further checks"

"No need for further checks" otherwise




Vmax.sté’ilb

2
Vuti.sbalk = —— =29.066 - %
VRd.stalb

Deflection

L,=6m Calculating for the worst case with three spans of 6 meters
tig= 30mm big/= 100mm L= 8mm Ny= 160mm

tup= 20mm bug/= 300mm A= 4mm Egicel := 210GPa

hiot := tyr + hyy + 7mm = 187 - mm Yp =0.115m

byt 3 t 2
uf * tuf uf -5 4
Loto = ————— + bur-tur | Dot = Vip—— | - =5901x 10 "m
12 2
3

3 2
+ 2] tw b +t,-h t +& +—b6f.téf
12 w T Hw of 5 Ytp 12
¢ 2
of
+bgr - tsr [}Itp - 7]
kN

Qsls.perm = (Gs.balk + Gslab) =8.305- ;

kN
Qsls.var = Qk =17.716 - —
m

Ly = 4.
% =20 mm requirement for permanent load 250 mm

Ly . .
— =15-mm requirement for variable
400 load

4
0.99 - Qsls.perm ' Lh

100 - Esteel ! Itot42

=8.599 - mm

Vperm =

o= 0.6



4
0.99- Qsls.var' Lh

100 - Esteel ' Itot.Z

=18.343 - mm

Vvar =

Viot = Vperm + Vyar * P2 = 19.605 - mm

One sided HSQ - beam Edge beam

Lu=6m b= (6.646+ 5165 m=11.811m

KN
235MP —3.08XN
fudi= 235MPa €= ’M:I =3 08—
AA f m
yd

\/ Vyar - P2
Byl porm = me = 42.994 - % Butilvar = % = 73371 %
h h
300 400
V,
SuiiLio = —— = 98.023 - %
Ly
300

Sogp= 30mm Dises= 69mm b= 8mm = 150mm
Sup= 20mm bug/= 175mm A= 4mm
by bsr
NQ‘JWZTU_TO_tW_a_M mm Dstssl :7800—g
m3
E =23 < 38¢ for cross section class 2
Lot
fi .
B 2.05 < 10¢ for cross section class 2



tsf h tur
téf-béf-(%j+2-tw-hw(7mm+ ij +tuf-buf-(7mm+hw+ %j

t('if'bé')f+2'tw'hw+tuf'buf

=101.926 - mm

Nowri=

tse hw 5 3
Woni= bst -t ytp—? + 2 hy oty |y — 7mm+7 .. =4.555x 10" - mm

tur
+byr- tyre | 7mm + hy, + ? = Yip

M ]Bi:: Wpl' fyd: 107.047 - KN - m
b, =11.811m Ly=6m
2
2 10m
Agaln,= (6.446m) - Ly = 38.676m Qp edge = 0.5 + =0.759
golv.m
Vovivin= 0.7 bl%ak: 0.8 /va:: 0.3
KN KN KN kN
geg = 1257 — Gogi= 0.152— S3=24-— Qo= 0322—
(6.446m) kN (6.446m) kN
= Qimp - —————— = 9.669 - — = gy =405 —
kN
Gtk = Psteet * & (tor Dor + 2+ ty - by + typ- byg) = 0.61 - —
Maostat= [ 135+ (Gatab + Gy paik) - 0.0772 + 1.5 Qi+ Qg egge - 0.0996] - L,” = 56931 - kN - m
Minax balk
M= ———— = 53.183 - %
Mpl.Rd

Torsional capacity



t

-]

bse t byus
téf-baf(Tothwj+tw-hw-(zwj+tuf-buf-[7uj+tw-hw-(tw+b6f+—
Xip =
P téf'b6f+2'tw'hw+tuf'buf
bf b~-f+t 2
e, = — (bot + tw )+(b6f+tw-2) X;p = 0.068 m

kN
Qedgeb = 135 (Gatab + G palk) + 1.5 Q- 0 edge = 17.292 - —

kKN -m
Qece = Qedgeb' e, =1.171-
m
Qece * (Ln
Teq = %()=3.514.k1\1.m

tur tsr
Amea = (bor + ty) - (hw + % + 7mm — %j —0.012m’

Wiz 2+ Aped- ty = 1.873x 10 *m’

fyd - Wy
Tra = =25.407 - kN - m

\/5

Teq
Ty = — = 13.831 - %
Tra

Shear force capacity

2ty hy - fig
VRdwili= —————— = 325.626 - kN

73

TC

VpITRd = VRdstab | 1 — 3 : !
fygm interaction

NE

=325.617 - kN Reduction due to torsion and shear

=0.062m



1.35 - (Ggiab + Gapaik) - (0.6071 + 0.5357) - Ly, + 1.5+ Q- 0ip egge - (0.6205 + 0.6026)L,

wa silby = > =61.936 -
Vmax.stélb
Vm shall = V— =19.021 - %
pl.T.Rd
. hw €
"Need for further checks" if — >75-— = "No need for further checks"
ty n
"No need for further checks" otherwise

Deflection
L,=6m Calculating for the worst case with three spans of 6 meters
ton= 30mm b@@:: 69mm A= 8mm M:: 150mm
on= 20mm b”@ = 175mm A= 4mm Eseo= 210GPa
Note= tur + hy + 7mm = 177 - mm Yip = 0.102m
3 2

 bypetyy tuf ~5 4

IWCZ': T + byr- ture htot_Ytp_? =3526x10 "m

3 2 3
+2 b B +ty,-h t +& +—béf.téf
12 w o Hw of > Ytp 12
¢ 2
of
+bgr - tsr (Ytp - ?j
kN

/QNS\WWM:: (G&balk + Gslab) =4.66. —

m

kN

Qujonaoi= Q = 9.669 - —
m

Ly .
— =20- mm requirement for permanent load
300

L
- 15 - mm requirement for variable load
400



4
L 0.99- Qsls.perm' Lh

ARETRA
100 - Esteel : Itot.2

=8.075 - mm

4
0.99 - Qsls.var' Lh 16.756

V’ﬁc = = . - mm

100 - Esteel : Itot.2

Viah = Vperm + Vyar - P = 18.128 - mm

Vperm o . Vvar * l|)2 0
Buibaseni= —— = 40375 % Qwiae =~ = 67.022+ %
h h
300 400
8 ihion = VL“” = 90.641 - %
h
300

[«] Beams

[*] Columns

Steel columns.

fy := 235MPa by, == 100mm hg, :== 100mm tep = 6.3mm
L,:=3.35m
Mid column, outer wall Floor 1
(6446) (6+62) 2 ’ _1957. KN
Apji= - = 19.66m Beg = 1 , CLT—slab
m

Nuts = (135 geg + 1.5 Qimp - Otpcdge + 1.35 Geg + 1.5+ Sy Pg + 1.5- Q- 1y, ) - Ay = 163.968 - kN
Nurswm = (135 Zeg + 1.5 Qimp - Vo.imp * Ca edge + 135 - Geg + 1.5+ 83+ g + 1.5+ Q) - Apj = 150.482 - kN

Nutssm = (135 geg + 1.5 Qimp - Wo.imp * Qaedge + 1.35 - Geg + 1.5+ S5+ 1.5+ Q- byy) - Apj = 157.99 - kN



Horizontal wind load

kN kN
Cep = 1.54 —2 qp = 0.39 qp = Cey - qp = 0.601 - —2 Cpe
m m
kN
Qw = qp* Cpe = 0.42 - —2
m
k, = 0.7 E := 210GPa
kN kN
Qwhm = Qw - 1.5=0.631- - Quhy = 1.5 Yy - qy =0.189- -
m m
(6 +6.2) 2
9Qwh.m Tm ' Lp
Myhm = . =5.396-kN-m
(6 + 6.2) 2
Awh.v Tm : Lp
Myhy = 2 =1619-kN-m

Check cross section class

MPa bsp -2 tsp C
e:= [235 =1 cgi=—— =13.873 — <33
e fy tsp t

Cross section properties

Agpi= by gy — (b = 2t55) - (Byp = 2tgp) = 2361 x 107 > m”

hy =t )t hy
. sp sp sp " Usp _ 6 4
y=2 (bsp—ztsp)-tsp-[ 5 ) = | = 3467 107 mm

by~ ty )ty by
L:=2" (hsp_ZtSP)'tSP'( SpZ Sp) " Splzsp = 3407 10_6m4

=07

Cross
section 1



Ly := min(l,,L) = 3.467 x 10~ O m?

Buckling resistance of column

712 “E- I

Nepgp i= ——— = 640325 - kN
2
LP

Ayt

Ap = |—— =0.931
cr.sp

oy, = 0.21

By, 051+ 0 (3 - 02) + 22| = 101

Xsp = =0.713

sp+ (I)sp _>\sp

NpRdsp = Xsp * Asp - fy = 395.803 - kN

Nurs
Nyput 1= ——— = 41.427 - %

Nb.Rd.sp

Check interaction

- sp
Yo = 0 )05

MR a.sp = Xsp* Wplsp - fy = 13.299 - kN - m

N My
ULS.wm L 42 506 . %

Nb.Rd.sp MR.d‘sp

=7.934 x 104 . mm3

wind main load



Nuts My,
+ — —53.6-% imposed main load
Nb.Rd.sp MR.d.sp

Second order analysis

NEd = NULS.Wm =150.482 - kN

0.25 - Ny rq.sp = 98.951 - kN Checking if interaction needs to be considered

(6 +6.2) - m 4
5'|:qwh‘m'f Ly
= 8.664 - mm
384 -E - ISp

Cwind =
€oq = gp() =134 - mm For buckling curve a and plastic analysis
Nergp = 640.325 - kN

Nuts - (€0d + €wind
My = —= ( wing) _ 4.863-kN-m
NuLs

N

cr.sp

(6 +62) 2
Qwh.m * Tm Lp

Mwind = 3 =5.396-kN-m

MEd = MH + Mwind =10.26-kN-m

Mp g = 13299 - kKN - m

Ngg

n:= =0.38

Nb.Rd.sp



a.= |a ifaPSO.S

P
0.5 otherwise

— (l—_n) = 0.808

=TT (0.5 ay)

MN.R = MR.d.Sp . 5Sp =10.75-kN - m

MEgq

M =77.144 - %

int.ut -~

R.d.sp

Mid column, inside the preschool. Floor 1

= 80mm h., = 120mm

f. = 235MPa b -

Y ARV

(6.446; 3.165) (6+6.2) 2 s 4iam?

Apjm =

Check cross section class

MP by, -2t
o= [235——=1 o= ————L = 10.698
fy tSP

Cross section properties

A= bep By — (bey = 2t) - (ngp = 28,) = 2361 x 107 " m”

M 2

he — tey)° tey- ey
sp ~ ‘'sp sp " Usp 6 4
L=2" (bsp—ztsp)-tsp( ) + | = 4559 107 mm

Lo = 6.3mm
S <33
t

Cross
section
class 1



b —t. )2 bl
. sp ~ 'sp sp " Usp 6 4
L=2" (hsp—ztsp)-tsp-( 3 ) + = | =2375x 107 mm

. -6 4
Io=min(Iy, L) =2.375x 10 "m
Buckling resistance of column

712 “E- I
Norsin= —2 =438.661 - kN
LP
-— SP i y p—
>‘sv = =1.125
cr.sp
Qop, = 0.21

P o= 0.5 [1 + oy (N —0.2) + xspz] =123

sp

1
Koo = > > =0.579
P+ Psp — A

Nikdsns= Xsp* Agp - fy = 321.404 - kN

Nuso= (135 Zeg+ 1.5 Qimp - Qamia + 1.35+ Geg + 1.5 S5 g + 1.5 Q- byy) - Apj = 276.634 - kN

Nustsonn= (135 Zeg + 1.5 Qimp * O mia * Voimp + 1.35 - Geg + 1.5+ S5 Ps + 1.5+ Q) - Apj = 257.957 - kN
Nuis

Nop.utm = = 86.071 - %
b.Rd.sp




Mid column, outer wall. Floor 2

Steel columns.

Sfy= 235MPa bepy= 90mm hep= 90mm Lsps= 6.3mm
Lpi=335-m
6.446 6+ 6.2
Api = ( ) . ( ) -m2 = 19.661112
2 2
Nuts= (135 Ggg+ 1.5+ S3-1bg + 1.5+ Q- 1hy,) - Apj = 63.505 - kKN
Nutsogn = (135 Geg + 1.5 S3-1hg + 1.5 Q) - Ayj = 70.152 - kN
Nunsome= (135 Geg + 1.5 S35+ 1.5 Q- 1by,) - Ayj = 77.66 - kKN
Horisontell vindlast
kN kN
Saan= 1.54—2 Ap= 039 A= Cez* Qb = 0.601 - —2 Cpe= 0.7
m m
kN
n= dp - Cpe = 042 - —2
m
Jopi= 0.7 E;=210GPa
kN kN
Aan= qw~1.5:0.631-—2 Aon= 1.5~1L)\,v-q\,v=0.189-—2
m m

6+6.2
—( )m-Lz

Qwh.m 2 P

qu =

6+62
(+—)m~L2

dwh.v > P

=539 kN -m

Mboi= =1.619-kN-m

8

Check cross section class



Cross section properties

A= bep hgp — (bep = 2t5p) - (hgp — 2t,) =2.109x 10 “m

he, — te, )
. sp ~ ‘sp
L=2" (bsp—ztsp)-tsp( 3 ) .

b t 2
sp ~ ‘sp
=2 (hSp_ZtSp)'tSP( > j +

To= min(I,, L) =2.474x 10" "m

Buckling resistance of column

712 “E- I
NF.F v = —2 =456.817 - kN
Lp
-—— Sp ) y —
>‘$19 = =1.042
cr.sp
Qop, = 0.21

Boi= 0.5-[1 + oy (Ngp =

=0.636

P

<I>Sp+ <I>Sp —>\Sp

Npkduni= Xsp Asp - fy = 315.468 - kN

0.2) + )\sz] =1.131

P _ 12.286 S <33
t

3.2

=2.474 x 106 . mm4

—2474% 10" Om?

Cross
section 1



. NULS.sm o
Nﬂa = =24.617 - %

Nb.Rd.sp

Check interaction

4 3
W. = =6.391x 10 - mm
MAANRY
(hgy—2-tg) - 0.5

MB.dsani= Xsp * Wplsp - fy = 9.559- kN - m

N M
ULSwm =~ Twhmn _ o ceg. o wind main load

Nb.Rd.sp MR.d.sp

N M
ULS L VY 30066 - % imposed main load

Nb.Rd.sp MR.d.sp

Mid column, inside the preschool. Floor 2

/\%v:: 235MPa bW = 80mm hW = 80mm = 6.3mm
6.446 + 5.165 6+ 6.2
Ay ::( 5 )-( 5 )-m2:35.414m2

Nuso= (15 S35 Ps + 1.5 Qy - Py ) - Apj = 107.122 - kN
Nispsosn= (135 Geg + 1.5 S3- g + 1.5 Q) - Apjm = 126363 - kN
Nissame= (135 Geg + 1.5+ S5+ 1.5+ Q- y,) - Ay = 139.887 - kN

Check cross section class

Cross

MP byp—2-t ;
= [235—— =1 gi= ———L —10.698 S <33 section
£ tsp t class 1

Cross section properties




A= by hgy — (b, = 2tg) - (b — 2t,) =1.857x 10 “m

2 3
hg, -ty tep - hgp
Jo= 27| (bgy = 2tp) 1y ( S

2

2

2 3
by, — t5p tep - bsp
Joi= 2| (hp = 2tg) 1 ( T

2

. -6 4
Lo = mm(Iy,IZ) =1.691x 10 "m

Buckling resistance of column

112 “E- I
Newsn= 5 =312.264 - kN
Ly
Agp - 1y
N>\‘/§W:: =1.182
Cr.sp
Qsn= 0.21

P 2=0.5-|:1+OL

AR sp
- ! = 0.541
X' 5 5
Pop+yPop —Asp
Nokdao= Xep - Asp - fy = 236253 - kN

2

(X\p—0.2) + xspz] = 1.302

3 2

=1.691 x 106 . rnm4

=1.691 x 106 . mm4

Nispso= (135 Geg + 1.5 S5 g + 1.5 Q- ) - Ayj = 114.389 - kN

Nigpsosn= (135 Geg + 1.5 S3- g + 1.5 Q) - Ayjm = 126363 - kN

Nutss, = (135 Geg + 1.5+ S+ 1.5+ Q- by) - Apjm = 139.887 - kN

Nutss.

Nslﬁ W=

= =59.211-%
Nb.Rd.sp




[«] Columns




A. Preliminary sizing calulations

A.3 System 4. Calculations

XLIII



System 4: Glulam column and beam system with
prefabricated glulam modules

[*] Beams

Mid Beam - Level 1

L} := 6m by, := (6.446 + 5.165) - m=11.611m hy == 540mm by = 165mm
2
2 10m
Agoly.m = by - Ly = 69.666 m o= 0.5+ =0.644
golv.m
kN
Vo imp = 0.7 Qimp = 3= g = 0.8
m
kN kN
k kN kN —3.08N _ kN
&slab = 169 =% . g=1.657-— Geg = 0.152— S3:=3-08 5 Q, = 0.322 ;
2 2 2 m -
m m m
Qimp * bn kN by, KN
Qk = mp ~h =17.416. — GSlab = Giab — = 9.622 . — ,ll)w =03 N = 125
m 2 m
k kN
Gpeam = 430_g -g-hy-b,=0376.- —
m> m

Minax field = [] 135+ (Gglab + Goeam) | - 0.0703 + 1.5+ Q- 0y - 0.0957] - L2 =92.079- kN-m

M supp =[] 1-35 + (Gotab + Gpeam)] - —0.125 + 1.5+ Q- 0y - =0.125] - L, = -136.380 - kKN - m

Mpnax = MaxX(M oy fields ~Mmax.supp) = 136.389 - kKN - m

0.1

600
Koo == 0.8 k = min| | ——= | ,1.1{ = 1.011
hy,

GL30c

fm‘k : kmod
£, := 30MPa £ 4= ky - ———— =19.403 - MPa Eo0s := 10800MPa

™M



2

by, - hy, _
Wy = =8.019x 10 3~m3
2

0.78 - by, - Egos

O crit == m =78.65- MPa
b"+h" Y-
fnx
Nl = | —— = 0.618
Om_crit

k= |1 if N < 0.75
(1.56 = 0.75 - Ngim) if 0.75 < Ny < 1.4

it Mo > 1.4

>‘rel.m

ke =1

Mpa= fng- Wy kg = 155.596 - kKN - m

MmaX
Mg ¢

M = 87.656 - %

uti *=

Shear force capacity

f, = 3.5MPa

3.0MP
k., v = min 2 ,1|=0.857
fV.k

bef = kcr_v bb =0.141m

Ab.V = hb . bef = 0076m2

fv.k ' km

d
f, 4= ————— =224 MPa
™



Apv - T
Vpqi= —— = 114.048 - kN
15

Maxumum shear force:

Rp = [1.35 - (Gypap + Gpeam) | - (0.625 + 0.625) - Ly + 1.5 - Q- oy - (0.625 + 0.625)Ly, = 227.316 - kN

Ry :=0.375- [1'35 : (Gslab + Gbeam)] Ly +0.375- (1'5 Q- OLA) -L;, =68.195 - kN

Vinax = —Rp + [ 1.5+ Q- 0p + 1.35 - (Gyiap + Gpeam) | - Ln = 113.658 - kN

V.
Vi = —— = 99.658 - %
Rd
Deflection
Permanent
1|)2 = 0.6
Dps=540mm by = 165mm E( mean = 13600MPa Kyep i= 0.6 Kppog = 0.8
EO.mean 3
Eo.mean.final = =85x 10" - MPa
1+ kdef
3
by - hy, _
Ibeam = =2.165x 10 31’1’14
12
kN
Qsls.perm = Ggjap + Gpeam = 9.997 - z
0912 Q L?
. * Nsls.perm * “~h
Vperm.inst *= =4.013 - mm

100 - E¢.mean * Ibeam

Vfinal.perm ‘= Vperm.inst * (1 + kdef) =6.421 - mm



Variable

kN
Qgisvar = Qe =17.416 - —
m

4
0912 Qsls.var : Lh

Vyar := =6.991 - mm
- 100 - EO‘mean ' Ibeam

Vfinal.var ‘= Vvar (1 + Kger - ¢2) =9.508 - mm

Total Quasi

Vfinal ‘= Vfinal.var T Vfinal.perm = 15.928 - mm

Vfinal o
Vfinal.uti -= =79.642 - %
h
300
Frequent:
'lj)l =0.7

kN
ereq = Gslab + Gbeam + (Qk : OLA) . 1|)1 =17.843 - ;

4
0.912 - Qfieq - Li,

Vfreq = =7.162 - mm
100 - EO.mean : Ibeam
Vi
Vireq.uti -= :eq =44.764 - %
h
375




Edge beams

6.446
bpy = T -m=3223m by := 140mm hy i := 450mm
2
2 10m
Agolv.k = th.k . Lh =38.676 m QA k = 0.5+ =0.759
Agolv.k

kN
Q== Qimp * b = 9.669 - —

kN
Gglabk = Zslab * bpx = 5.342 - —

k kN
Gpeam k = 430 _g3 ~g-hy by =0.266- ;
m

2

Munax fieldk = [[ 1:35 - (Gatab k + Goeam) | - 00703 + 1.5 Q- &p - 0.0957] - Ly~ =57.061 - kN - m
2

Minax suppk = [[ 135 - (Ggiab + Gbeam‘k)] £ 0125+ 1.5+ Q- gy - ~0.125] - L,” = 83572 kKN - m

Mmax.k = maX(Mmax,field,ka_Mmax'supp.k) =83.572- kN -m

600mm !
/&N\J@\:: 30MPa ky = mi [ b j ,1.1] =1.029 GL30c
ik Kmod
fndk = Knk - 2 O _19.76- MPa
M
2
by - hpx _
Wi = ———— =4725x 10 Sm’

0.78 - by’ - g8
Goniey= = 07.947- MPa



fm.k

Nebin = =0.664

Om.crit

Koi= |1 if N < 0.75
(1.56 = 0.75 - Nreym) if 0.75 < Nyeyn < 1.4

if X >14

rel.m

>\rel.m

ke =1

MR.d.k = fm.dAk . Wb.k =93368 - kN -m

Mmax.k

My = =89.508 - %4

R.d.k

Shear force capacity

3.0MP
fyxx = 3.5MPa Kok := min 2 ,1|=0.857
fikk
by =0.14m berk = Ky by = 0.14m

Ab.k = hb.k . beﬂk =0.063 Il'l2

fV.k : kmod
fiax=—"
M
Apy - frax
Vg = 1—5v = 94.08 - kN

Ry k= [ 135+ (Gytapk + Goeami)] - (0625 + 0.625) - Ly + 1.5+ Qi oup i+ (0.625 + 0.625)Ly, = 139.286 - kN
Ry = 0.375[1.35 - (Gyapk + Goeami)| - Ln + 0375 (1.5 Quic oz ) - Ly = 41.786 - kN

Vmaxk = “Rax + [1-5 " Qi aak + 1.35- (Gslab.k + Gbeam.k)] - Ly =69.643 - kN

Vmax.k

Vult,k = =74.025 - %

Rd .k




Deflection

Permanent
m:: 0.6
Diky= 140mm hoks= 450mm  Eo o, = 13600MPa Kiegi= 0.6 Kinod = 0.8

EO,mean

3
EO BT R =8.5x%x 10" - MPa
1+ kdef

3
by - hpx -3 4
M=T=1.063x 10 "m

kN

,Qﬂsm:: Gglabk + Gpeamk = 5.607 - —

m

4
_ 0.912- Qsls.perm' Lh

Nasaiosh/=

=4.584 - mm
100 - EO.mean ' Ibeam

Yiipakpewmy — Vperm.inst © (1 + kdef) =7.334- mm
Variable

kN
WIZ Qk.k =9.669 - —
m

4
0.912- Qsls.var . Lh

Voo = =7.904 - mm
XA
100 - EO.mean ' Ibeam

Vioaware= Voar - (1 + Kge  12) = 10.75 - mm

Total

Noah'= Viinalvar T Vfinal.perm = 18.084 - mm



Vfinal

NG

=90.419 - %
Ly

300

Frequent:

Ly
— =16 - mm
375

Mzz 0.7 For schools

kN
Qe = Gslabk + Goeamk + (Qk.k' O‘A.k) -y =10.741 - .

4
0912 Qgreq - Lp -
V = = 0. - mm
o 100 - B mean * Ibeam

Vfreq
Ly

375

Nieoiv—

=54.88 - %

Mid beams between floor 2 and roof

hpp = 495mm by, := 140mm

kN kN kN
Gogi= 01527~ $:=3.08-— O = 0322-—
2 o2 o2
V= 0.3 /w@/\:: 0.8
k kN
Gheama = 430 == - g hy5 - by, = 0292 —
3 m
m
by by, by kN
Qusi= 135+ — - Ggg+ 1.5+ S5+ — + 1.5 Q- — -,y = 22.932 - —
2 2 2 m
by by, by kN
Quui= 135 =+ Geg+ 1.5 S5+ — -thg + 1.5 Q- — =20.715 - —
2 2 2 m



kN
Qmax = max(Qd,San.w) =22.932- E

Mpax2 = Qmax * 0.125 - Lh2 =103.195-kN-m

. 600mm 0.1
ky o = mi ,1.1]=1.019
hy, 5

fm.k : kmod
fnd2 = kpp - ———— =19.573 - MPa
M

2
b - hy o ~3 3
Wpp=———=5717x 10 " -m
6

MRr.d2 = fnd2- Wpo =111.903 - kN - m

Mmaxl

Mygin = =92.218 - %

R.d.2

Shear force capacity

. ) . ( 3.0MPa
fuli = 3.5MPa = min| : ,11=0.857

by, =0.14m
°2 bepy == ke bpo =0.12m

Ay = hys - gy = 0.059m”

fv.k : kmod
M

fia2:=

by
Rp, = {1.35 : (Geg. —+ Gbeam_zﬂ (0.625+ 0.625) - L, .. = 168.838- kN

by by
15| Sy b+ 15-Qy |- (0625 + 0629)L,

by by by
RA.2 =0.375- |:135 . (Geg' 7 + Gbeam_zjj| . Lh +0.375-1.5- (53 . 7 . ’LPS + QW . 7 . Lh =47.497 - kKN



by by by,
Vmax_2 = _RA,Z +|1.5- S3 : 7 : ’ll)s + Qw . ? + 135 Geg' 7 + Gbeaml Ly = 79.161 - kN

Apa - fudo
Vrao = ———= = 88.704 - kN
1.5
Vinax.2
Vs = —— = 89.242 - 9
Rd.2
Deflection
Permanent
Pai= 0.6 Py = 0.2 Py =0 P, =07
hy, =495 -mm by, = 140mm Eoueons= 13600MPa Kieg= 0.6 Kinod = 0.8
E o nconting Fomean 8.5x 10° - MP
= =8.5x . a
1+ kdef
3
by - hyo -3 4
P T =1415x 10 "m
by, by, by, kN
IQNS\WWR‘A:: Geg' 7 +8S3- 7 “Pps+ Qy- 7 “P2.w + Gpeam = 3.961 - ;
4
0.912- Qsls.perm : Lh 2433
AREEWS = = 4405 mm
100 - EO.mean ' Ibeam
4
0.912- Qsls.perm : Lh
Vperm.creep -~ =3.893 - mm
100 - EO.meanAﬁnal ! Ibeam
Nioakporns= Vperminst (1 + Kger) = 3.893 - mm

Vfinal.perm

NV oahin = L— =19.464 - %
h

300




Frequent:

Abyi= 0.7 P s:= 0.6 For schools

b

b b
h h h kN
Qiwa;= Geg =+ 837 7 Yis + Qu- = bow + Goeamz = 9335 - —

0912 Qgeg- Ly
Niean= =5.856 - mm
100 - EO.mean : Ibeam

[«] Beams

[*] Columns

Columns

Mid column floor 1

Lp = 3.125m

=

160mm =P _5461x 10 °m”

bp = 160mm h

Eoosc= 11300MPa Be:= 0.1 lg = L, =3.125m

fc.Ok
f, o := 24.5MPa £, 0.4= Knod - — = 15.68 - MPa
™M

fmk30
M

fmk30 = 30MPa fn.d.30 = Kmod * Kn -

=19.403 - MPa



F
2% 03
T

Eo.05

2
0.78 ' bp * E005

Oit = ——————— =4.513x 10°. Pa
h,- L,
fm.k430
Netmp = |——— = 0258
crit

k= 0.5- [1 + B (et - 03) + xrelz] — 1.038

k= ——— —0.766
K+ I = A

Neord = foo.d - bp-hy- ke =307.416 - kN

Loads
6.446) (6+ 62
Ay = < : ). +2 ) m? = 19.66m”

NULS = (135 © Zlab T 1.5- Qimp - Ak +1.35- Geg+ 1.5 S3 . '(IJS + 1.5 Qw'ww) . Ab_] =174.603 - kN



NuLswm = (135 stab + 1.5 Qimp - @ak - Voimp + 135 Geg + 1.5+ S3- b + 1.5- Q) - Ayj = 161.117 - kN

Nuts.sm = (135 b + 1.5 Qimp - Ok - Voimp + 1.35 - Geg + 1.5+ S5+ 1.5 Q- by,) - Ayj = 168.625 - kN

Nuts

=56.797 - %

Neord

Horizontal wind load

kN kN
Cop = 1.54 —2 qp := 0.39 qp = Ce; - qp = 0.601 - —2 Cpe = 0.7

m m

kN
Qw = qp - Cpe = 0.42 - —2
m
k= 0.7
kN kN
Qwhm == qQw - 1.5=0.631- —2 Quhy = 1.5 Yy - qy=0.189 . —
m m
(6 +6.2) 2
Qwh.m Tm : Lp
Myhm = » =4.696-kN-m
(6 +6.2) 2
Qwh.v * Tm : Lp
M.y = 3 =1409-kN-m
2
h,- (b _

Won = M =6.827x 10 +. m3 In weak direction

6

kcrit = 1 if >‘rel.m.p <0.75 =1

(1.56 = 0.75 - Neetmp) if 0.75 < Nelmp < 1.4

1
—2 otherwise
DN

MRap = fnd30 - Wph - Kerig = 13.246 - kN - m



h.
My | = ——— =35.451 - %
MRd.p
Myp, .
OULS hawm = —— = 6.879 - MPa CULS havy ©= ——— = 2.064 - MPa
th ph
Nuts. Nurs
OULS vavm = ———— = 6.294 - MPa TULS.v.imp = = 6.82- MPa
hy- b, hy - b,
(o) V. (o) h.
_ULSvwm .M:77,226.<y OK!!
fe0.d- ke fin.d30
Nuyrs. Myp,
— ik, —= 29325 % OKI!
ke Neord MRq,p -
Mid column inside the preschool
/\I/V}N:: 3.05m
b, h>
._ L _°r -5
/\RDV'_ 160mm A}}/Dv'_ 160mm AI/W_ o 5461 x 10 "m
EO 05N = 11300MPa /@W:: 0.1 Alﬁfv:: L, = 3.05m
fe.ox
fonk,= 24.5MPa foi= Kmod * =15.68 - MPa
M
= fin k.30
A= 30MPa Fodat= Kmod  kn - ——— = 19.403 - MPa
™M
2
™ - Eops- Iy
NW = —2 =654.753 - kKN
L

Capacity of compression

4



j= L _0.046m
™ bp ’ hp
lef
= = =66.034
1
N | Teox
N = — - =0.979

2
A],(\A;: 05 - |:1 + B (>\rel - 0.3) + >\rel:| =1.013

1

k+ .k —>\re]

Netuia= fe0.d” bphp -k =315.141 - kN

=0.785

Loads

6.446 + 5.165) (6 + 6.2
Auivi= ( ; ) (648D 2 35 414m?

Nimso= (135 gap + 1.5 Qimp - 0ta + 135 Gg + 1.5 S5 hg + 1.5 Q- byy) - Ay =296.179 - kN

Nistswsin= (135 Ztab + 1.5 Gimp * 0ta  Woimp + 135 - Geg + 1.5+ S5+ hg + 1.5+ Q) - Apj = 277.385 - kN
Nuts

=93.983 - %
Ne.o.rd

Column Level 2 - Outer wall

AIW/:: 3.06m
/va:: 140mm /bvpv:: 140mm

Egos,= 11300MPa A= 01

= P _3201x 10

5

4
m



fe ok

£ . = 24.5MPa f 0= Kpog - —— = 15.68 - MPa

fakags= 30MPa i = Kmod - kn -

2
T - Egos -1
N, :=—2p=381.299-kN

Ly

Capacity of compression

fe.0x
R B
s

Nl 1=
AR E
0.05

2
0.78 - b, - Eg s
ZT 0 4 033x 10° - Pa

Tewitn=
hp'Lp
30

N l = =0.273
Ocrit

M

2
ki=05- [1 + Be+ (Mot = 0.3) + ey ] = 1.171

1

=— =0.665
AII(W\ 2 2
k+k - >\rel

Nedugds= Te0.d " bp - Iy - ke = 204.265 - kN

Loads

fmi30
™M

=19.403 - MPa



6.446 6+ 6.2
:( 5 )-( 5 )~m2:19.66m2

Z

Nigs= (135 Geg + 1.5+ S+ 1.5- Q- ) - Ayj = 77.66 - kN

Nissawoni= (135 Geg + 1.5+ S3- g + 1.5- Q) - Ay = 70.152 - kN
N

38019 %
N o.rd

Horizontal wind load

kN
Soan= 1.54—2 Aps= 0-39 Aov= Cez* b = 0.601 - —2

kN
MWZ: Qw * 1.5=0.631- E

(6 +6.2) 2
dwh.m * 7 m- LP
Mm;: » =4.503-kN - m

(6 +6.2) 2
—m

Qwh.v 7 ’ Lp
M b= 2 =1.351-kN-m
2
hy- (b _ L
W = —2 P) =4573x 10 4. m3 In weak direction

m

K
A= 15 by - gy = 0.189 - -

Saev= 0.7



K= |1 i Neetmp <0.75

rel.m.p

=1

(1.56 = 0.75 - Neetmp) if 0.75 < Nrelmp < 1.4

1
—2 otherwise
PN

MRdn = fm.d.30 . th . kcrit =8.874-kN-m

Myn
M= ——— = 50.74 - %
MRdp
Myn
TS~ — : =9.845 . MPa
p
Nuyts.
TUhSoio= —Wm =3.579 - MPa
p Op
OULS.v.wm 4 OULS.h.wm 0.699
m° - . Y
fc.O.d . kc fm.d.30
NULSwm wh.m —8719.0
k- Neord MRadp

Mid column floor 2

NIVW:: 3.1lm
/pwv:: 140mm AI}M:: 140mm
,@W:: 0.1

EO 0in= 11300MPa

M

h.
o = ——" _2.954. MPa
AR BARARY Wi
Nurs
CuSio, = —— = 3.962 - MPa
hp' p
OK!!
OK!!
by- hy .
[ = =3.201x 10
i 12

5

4
m



fe ok

£ . = 24.5MPa f = kpog - —— = 15.68 - MPa
Ao M
fink30
£ = 30MPa f LA Kmod - K =19.403 - MPa
MR M
2
™ ~Egos I,
N. = — - 369.138 - kN
Ly
Capacity of compression
I
i= |[—— =0.04m
by hy
le
= — =76.953

2
k=05- [1 + 8o+ (Net = 0.3) + A ] =1.192

1

— . _0649
Al’(W\ 2 2
k+.k - >\rel

Netuia= fe0.d” by hp - ke = 199.505 - kN

Loads

(6446 +5.165) (6+62) 2

2
A m =35414m

N = (1.35 G+ 1.5- S5+ 1.5- Q- wa) - Ay = 139.887 - kN



Nt = (135 Geg + 1.5 S5 s + 1.5- Q) - Ayj = 126363 - kN

Nuts

=70.117 - %
Neord

[+] Columns
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Appendices A-E
Actions on Structures and Combination of Loads
Available aids, if relevant, at the exams in the Masters Programme “Structural Engineering

and Building performance Design”. The aim is to prepare students for their future careers and
help them understand and apply the principles of Eurocode 1.

Appendix A: Combination of loads

Appendix B: Imposed loads

Appendix C: Snow loads

Appendix D: wind loads

Appendix E: Continuous beams with various uniformly-

distributed loads



Combination of loads

Appendix A:
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Appendix A: Combination of loads
Fundamental combination, ULS STR, cf. Table 2.8, Eq. 6.10.

2 Ve O "t e " Y01 T XY iV 0iGh

7= 1>1

Characteristic combination, SLS
Z Gev + Qy Z%,;Qs,,j
I. J: »1
Quasi-permanent combination, SLS
> Gyi o+ 2oy, Q)
i Jjel
Partial safety factors y; for permanent
and variable loads (ULS and SLS)

) ULS SLS
Design
situation Permanent | Variable | Permanent | Variable
actiony, |actiony,| actiony, | actiony,
Fundamental
favourable 1.0 0 1.0 0
unfavourable 1.35 1.5 1.0 1.0
Accidental 1.0 1.0 - -
ACTION ¥ ¥ V)
Imposed load
Categ. A, B 0.7 0.5 0.3
Categ. C,D 0.7 0.7 0.6
Categ. E 1.0 0.9 0.8
Wind load 0.3 0.2 0
*Snow load
sk2 3 kN/m?2 0.8 0.6 0.2
2.0 < sk< 3.0 kN/m?2 0.7 0.4 0.2
1.0 £ sk< 2.0 kKN/m? 0.6 0.3 0.1

* These coefficients are applicable to Scandinavian countries
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Appendix B: Imposed loads

imposed loads w-coefficients | horizontal
caregory loads

g NMm?]| @, [kN] | wo | ¥1 | w2 | g, [KN/m]

A areas for domestic and residential

activities
general 2.0
stairs 3.0 2.0 07| 05| 03 0.5
balconies 4.0
B office areas 3.0 2.0 0710503 1.0

C | areas where people may congregate
C1 | Areas with tables (e.g., in schools,

cafés, restaurants, dining halls, read- 3.0 4.0 1.0
ing rooms, receptions)

C2 | Arcas with fixed seats (e.g., areas in
churches, theatres, cineinas, confer- 40 4.0 15%

ence rooms, lecture halls, assembly
halls, waiting rooms)

C3 | Areas without obstacles for moving
people (e.g., areas in tnusenms,
exhibition rooms, and access areas — 5.0 - 4.0 07 | 07| 06 1.5%)
e.g. in public and administration :

buildings, hotels)

C4 | Areas with possible physical activi-
ties (e.g., dance halls, gymnastic 5.0 70 1.5%)
rooms, stages) . '

C5 | Areas susceptible to overcrowding .
(e.g., in buildings for public events 50 4.0 30
like concert halls, sport halls includ- | | ’
ing stands, terraces and access areas)

D Shopping areas

D1 | areasin generdl retails shops 50 40 [07]|07 {06 1.5
D2 | Areas in department stores {(e.g.,
areas in warehouses, stationery, and 5.0 . 7.0 07107 )06 1.5
office stores)
E Areas for storage including libraries
Only minimum loads given, further 6.0 70 to 109 |os

guidance see 4.6 " =

% for areas susceptible to overcrowding associated with public evenis the line load should be taken according to
category C5 .

The self-weight of movable partitions may be taken into account as a uniformly-distributed
load gk which should be added to the imposed loads (Cat. A to D) of floors obtained from
this table.



September 2019

Appendix B: Imposed loads

ImpﬂSEd loads (ULS) a, = g'ﬁ"'u +- %’5 1.0  EN1%81-11(8.1)
where:
¥, 1s the factor according to EN 1990 Annex Al
Ay = 10,0m’
ImpﬂSEd loads D A 15 the loaded area
may be reduced "
(for categories A-F) by 29 l
. . s
applying a reduction E 4 \
factor o, §
- S a7
g
o, =0.5+10/A[m?] =1 as
) I }
for categories A - D T
{ Yh =0. ?} Loaded Area (m?)
Factor a4 as a function of A
& 2+(n-2) ¥y en1ms1-11(62)
n
Imposed loads g, where

n number of stories above the loaded element

from more than two .

storeys may be reduced - a, accountsfor the fact thatt s unlikely thatloads
. onseveral floors attain high val :
(for categories A-D) by attain high values at the same time.

applyinga reduction 10
factor o, Ko
§ \\
3TN
) i 2
115

az —
2 ¢ 6 8102 KB KRO
number of storeys

Reduction factor a, for wg = 0.7

The reduction factors a, and a, must NOT be combined. For the design of floors and roofs aa
can be used. For structural members that carry imposed loads from several stories a, can be
taken and the imposed loads can be assumed as uniformly distributed.

When the imposed load is considered as an accompanying action, only v, shall be applied.



Appendix C: Snow loads EN 1991-1-3:2003 (BFS 2008:19)
Characteristic snow values sk for
- T"n - Z(insrtnrﬁ:ts Swedish  town (urban)
ey “"1:1«._%
. ;- Alingsas 2.0
/.'J IL Arvika 2.5
_.-'I.I:.‘-'_r__ . ?E_':I r;'z}; Boras 2.0-2.5
A - Borlange 3.0
+=;[l} I_‘-u% ;')JJ\"’-::I Falun 2.5-3.0
Ej/_lﬁ'!l, ,.-'I =au'“I-_FJ'H., Gallivare 3.0-45
-QE: "-.E-":ll 3 Goteborg 1.5
I/l!-.:_-jl ) . ___.-'rr Halmstad 1.5-2.5
ri-—/fl:ﬂ"‘:w Haparanda 3.0
I-[J':I.l Jr,:' ".|5"""' Hofors 2.5
1 !!_"_. i ﬁ Harnésand 3.5
!"“.A @ 1.""“' Jokkmokk 3.0-4.5
,;ii__i'__?_.h}{:' I.-[ Jonkoping 25-3.0
o Karlstad 2.5
Kiruna 2.5-45
Kungalv/ 1.5
Kungsbaka
Landskrona 1.0
Lulea 3.0
Lund 1.5
Malmo 1.0
Stockholm 2.0
Orebro 2.5
Ostersund 2.0-3.5

The upper values of the intervals apply to terrain in high places.




CLIMATIC REGION: SWEDEN, FINLAND
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Sweden, Finland: Snow Load at Sea Level
'ﬁfmrn i :.ﬁli. .'

Cantours
ange of Valkees (kHimi}
s 077 = 1.56
o 1,3= 3,00
s 2.35-314
& A0 =403

Bl 2745
— EEE

Comours
ane Value (kM/m2)
1.165
1.855

| Mo Data




Sweden, Finland

B0

5 - - n
m N
L]
g -
- L]
" [ ] -
E u
E "
E: o L s
E-' v f ‘ﬂ- = = =
w g .
(=]
= LN
g
=
Wi
'15':' I *El:lll:l I
Altitude {m)

(black line = zone limit)

(red line = representative altitude - snow load relationship for the corresponding zone)

PARAMETERS:
Climatic Region Function Amin Amar b
Type
Sweden. Finland L 0.77 472 336
Zone Number Z=1 Z=2 =3 =45
{Scartter Plot)
r 0.96 0.86 0.88 091

I = correlation coefficient (snow load values / representing function)
H =hornizontal line, no altitude - snow load relationship

L =linear function

(Q = quadratic function

REEPRESENTATIVE SNOW LOAD FOR ZONE ZAT ALTIIUDE A:
s=(0.77+(Z -05)*[4.72-0.77)/5) s

336
s = Snow Load [IC['-’:'mE}
A = Altitude above Sea Level (m)
Z = Zone Number
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Appendix C: Characteristic value of snow load:

characteristic value of snow on the ground,
exposure coefficient, should be taken as 1.0 unless otherwise specified for different

thermal coefficient, high thermal transmittance (> 1 W/m2K), in particular for some

glass covered roofs, because of melting caused by heat loss. For all other cases: Ct

S=uCeCiSk S=pisSk
Sk
Ce
topographies
Ct
=1.0
Wi shape coefficients

Monopitch roofs

Pitched roofs

4 Mi(ae)

| " Csel)  p(a) |
Case i) 0,5¢1(ar) | (aa)
o —
Case (i) pn(an) | 0,511(cr2)
|y e
i A
Multi-span roofs
1.6+
Case (i) j.l1|:{1"1‘,| pl[m} p1{(}.’1] yi(aﬂ 1.2
—] I 0.8
" ) MHiE) @= (on+ e2)i2 0.4+
Case (i) N ()
—| 0 : : T
,'H(ai:l L p1{a2] 0° 150 300 450 600
wif
\ . 1.6
| €y oy | ] s dl u2
| 1 il
0.8
0.4+ %
. i . . _a(®)
Table 5.2: Snow load shape coefficients 0 . - >
0°  15° 30° 45°  60°
Angle of pitch of roof & | 0°=a=30° 30° = @ = 60° o = 60°
L 0.8 0.8(60 - a)/30 0.0
i 08+08 &30 1.6 -




Appendix C

Roofs abutting to taller construction works

Case (i) [ | M Case (i) I:I [y

Case (i) - Us 1 Case (ii) Ms ]

pz F Y "--.________------ pz i -...-"'---._ :':h‘
w Hw -
! H l H1 + i

o ( 1 B
" g

M
by bz |‘ b Lbz‘:-‘s ]

This casgapplies where .I};<'-I';

u1 = 0,8 (assuming the lower roof is flat)

M2 = pstuw

Shape coefficients
M2 = pust pw
us due to sliding of snow from the upper roof

uw due to wind

For a<15° uys=0

o> 15° Us is determined from an additional load amounting to 50%
of the maximum total snow load, on the on the adjacent
slope of the upper roof

pw = (b1 + b2)/2h <y h/sk
where: v is the weight density of snow, which may be taken as 2 kN/m3. 0.8<uw=4
The drift length: Is = 2h. The recommended restriction is 5 <Is <15 m.

(In Sweden 5<Is <10 m)
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Appendix C

Drifting at projections and obst%ctions

Drift against a wall

L2

Shape coefficients p Tuil
Hy =08 Wy =vyhis, LT_:H 1
With the restriction: 0,8 £ p, £2,0 | Ih

The drift length: |5 = 2h
With the restriction is 5 =110 m




Appendix D1: Wind loads EN 1991-1-4, April 2005

Wwind pressure on surfaces

Wind pressure on external surfaces (we) and internal surfaces (wi) should be calculated to
External pressure:

We = qp(Ze) * Cpe

Internal pressure:

w; = CIp(Ze) " Cpi

where: qp(z.) is the peak velocity pressure, see D2, which dependents on the
reference height, z,,

cpe and c,; are the pressure coefficients for the external and internal pressure
respectively, see D4-D15

Pressure on surfaces

The net pressure on a wall, roof or element is the difference between the pressures on the
opposite surfaces taking due account of their signs. Pressure, directed towards the surface
is taken as positive, and suction, directed away from the surface as negative.

—* | Positive nd land | —* Negative |

— 5 pos internal ne —5 pOS internal ne
pressure — | — &Y pressure «— — N°g

pos neg
— / —
Ve Wy — ? — W
_ —_—> —_— ; —_—
— ; —
— % —
(c) (d)
Wind forces

The wind forces for the whole structure or a structural component should be determined:

— by calculating forces using force coefficients or

— by calculating forces from surface pressures

The wind force F, acting on a structure or a structural component may be determined directly
by using:

Fy = CSCdCpr(Ze)Aref

where cs, ¢+ can for most structures assumed to be 1
cr is the force coefficient for the structure or structural element.
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Appendix D2
Peak velocity pressure
ap(ze) = ce(2)qp
where c.(z) is the exposure factor, using Table D2 and Figure D2

2
qQp = %pvﬁ = % is the reference mean (basic) velocity pressure in kN/m?, with the

recommended value for the air density p = 1.25 kg/m? and the basic wind velocity, v,
in m/s, according to Appendix D3

Table D2 Terrain categories and terrain parameter

) Zy Zmin k
Terrain category r

i T -

0 Sea or coastal area exposed to the open sea 0,003 1 0,16
| Lak flat and horizontal ith ligik etati d
akes or flat and horizontal area with negligible vegetation an 0,01 1 0,17
without obstacles

Il Area with low vegetation such as grass and isolated obstacles 005 2 0,19

(trees, buildings) with separations of at least 20 obstacle heights

Il Area with regular cover of vegetation or bulldings or with isolated
obstacles with separations of maximum 20 obstacle heights (such 03 5 0,22
as villages, suburban terrain, permanent forest)

IV Area in which at least 13 % of the surface is covered with buildings

. . 1,0 10 0,24
and their average height exceeds 15 m

MOTE: The terrain categories are illustrated in A1,

Figure D2 lllustration of the exposure factor ce(z) for co=1.0

4
[m]100 T

] ] ARMTAN]
90 i i f

/ 7 AN
80 / / 111

70 / // / .’I f

60 / //

50 / //

40 T AF

30 ~ /

20

10 -

A

O I ]
0.0 1.0 2.0 3.0 4.0 50

c.(2)



Appendix D3.

Reference wind speed vp in [m/s] for Sweden
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Appendix D4

Internal pressure coefficients

For a building with a dominant face the internal pressure should be taken as a fraction of
the external pressure at the openings of the dominant face. The values given by Eq (7.2) and
(7.3) should be used.

When the area of the openings at the dominant face is twice the area of the openings in the
remaining faces,

Cpi = 0,75 - Cpe (7.2)

When the area of the openings at the dominant face is at least 3 times the area of the
openings in the remaining faces,

Cpi = 0,9 . Cpe (73)

where cpe is the value for the external pressure coefficient at the openings in the dominant
face.

For buildings without a dominant face, the internal pressure coefficient cpi should be
determined from Figure 7.13, and is a function of the ratio of the height and the depth of the
building, h/d, and the opening ratio y for each wind direction 8, which should be determined
from Eq (7.4).
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Figure 7.13 — Internal pressure coefficients for uniformly distributed openings

Zarea of openingswherec,, is negative or-0,0

H= :
Zarea of all openings
(

If the area of openings is unknown use Cpi = + 0.2 or -0.3




Appendix D5

Reference height, Ze, depending on h and b, and corresponding velocity pressure profile

building  reference shape of profile
face height of velocity pressure
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Appendix D6 Pressure coefficients on the external walls

Plan
) d |
T 1 e=b or 2h,
x whichever is smaller
b: crosswind dimension
Elevation fore < d
. \ wind h
wind —_— A B C
—_— D E b
/ =] | d-g |
/5 45 e N '
1 [ M |n
wind
L S Elevation— — — _4 —_— A B c
Elevation fore = d Elevation for e = 5d
wind A 8 Bh wind A h
77 s Vi
| d | d |
| eS| d=a'5 | '
g 7 |n - h
wind A B wind A
s SIS v iz

The values of Cpe,10 and Cpe,1 may be given in the NA. The recommended values are given
in Table below, depending on the ratio h/d. For intermediate values of h/d, linear
interpolation may be applied. The values of Table also apply to walls of buildings with
inclined roofs, such as duopitch and monopitch roofs.

Zone | A B c D E

h/d Cpe,10 | Cpe Cpe,10 | Cpet Cpe. 10 | Cpei Cpe,10 | Cpen Cpe,10 Cpe,1
5 -1,2 -1.4 -0,8 -1.1 -0,5 +0,8 +1,0 -0,7

1 -1,2 -1.4 -0,8 -1.1 -0,5 +0,8 +1,0 -0,5

=025 | -1,2 -14 -0,8 -11 -0,5 +0,7 +1,0 -0,3

For intermediate values of h/d, linear interpolation may be applied.




Appendix D7 Flat roofs

Flat roofs are defined as having a slope (a) of -5°< a < 5°

Edge of eave

e 77771 | 777 A

Parapels Curved and mansard eaves
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Appendix D8 Flat roofs

Table 7.2 — External pressure coefficients for flat roofs

September 2019

Zone
Roof type F [ H I
Coe o I:-'h|:x-t.1 I:-'h|:x-t.1 a I--'L|:\-e 1 E:e 10 I=:l:: 1 E:e 10 ':p-e.1
+0,2
Sharp eaves -18 -2.5 -1,2 -2.0 0.7 -1,2
-0,2
+0,2
h/h=0,023 -1,6 -2,2 -1,1 -1,8 0,7 -1,2
0.2
With +0,2
h./h=0,05 -14 -2,0 0.9 -1.6 0.7 -1,2
Farapets -0,2
+0,2
/=010 -1,2 -1,8 0.8 -1.4 0.7 -1,2
0.2
+0,2
mh =005 -1.0 -1,5 -1,2 -1.8 -0.4
-0,2
Curved +0,2
mh=0,10 0.7 -1,2 0.8 -1.4 0.3
Eaves -0,2
+0,2
mh=0.20 05 -0,8 0.5 -0.8 0.3
-0,2
+0,2
o = 30° -1.0 -1,5 -1.0 -1.5 -0.3
-0,2
Mansard +0,2
o = 45° -1.2 -1,8 -1,3 -1,9 -0.4
Eaves -0,2
+0,2
o= 60° -1,2 -1,9 -1,3 -1.9 -0.5
-0,2
MOTE 1 For roofs with parapets or curved eaves, linear interpolation may be used for intermediate values of hfh
amd rh.
MOTE 2 For roofs with mansard eaves, linear interpolation between = 30°, 45° and o = 60° may be used. For
@ > 80° linear interpolation between the values for = 60° and the values for flat reofs with sharp eaves may be
used.
MOTE 3 In Zone |, where positive and negative values are given, both values shall be considered.
MOTE 4 For the mansard eave itself, the extermal pressure coefficients are given in Table 7.4a "Extemal
pressure coefficients for duopitch roofs: wind direction 0° °, Zone F and G, depending on the pitch angle of the
mansard eave.
MOTE & For the curved save itself, the extemnal pressure coefficients are given by linear interpolation along the
curve, between values on the wall and on the roof.




Appendix D9  Monopitch roofs

The roof, including protruding parts, should be divided into zones as shown in Figure below.
The reference height Ze should be taken equal to h.

wind

wind

— - high eave — high eave

g=0° & —— &= 180° —— @
koweave —— ———_ lowesave

(a) general

& F

N

a/d F
x_
110 g=hor2h
whichever is smaller
(b) wind directions 8= 0° and 8= 180 b - crosswind dimension

high eave
r
c!d:l: Fe
wind . G H I h
umI Flow
.
a0 kow eave
T a2
N

(¢) wind direction 8= 90°
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Appendix D10
Monopitch roofs

Table 7.3a — External pressure coefficients for monopitch roofs

Zone for wind direction &= 0° Zone for wind direction &= 180°
Pitch
F G H F G H
Angle =
Czann Cpmt Cpm 10 G 1 Cm, 50 Cra.1 Cpm, 10 G, 1 G 12 [ Com 00 L, 1
-1.7 -25 -1.2 -2,0 -0 -1.2
5= -2.3 2.5 -1.3 -2.0 0.8 -1.2
+0,0 +0.0 +0.,0
0.8 =20 0.4 -1.5 -0
15° -2.5 2.8 -1.3 -2.0 0.4 -1.2
+0,2 +0.2 +02
0.5 -1.5 0.5 -1.5 -0.2
30* -1 -2,3 -0.8 -1.5 0.8
+0.7 +0.7 +0.4
0.0 0.0 -0,0
45 0.8 -1,3 -0.5 0.7
+0.7 +0.7 +0,8
go® +0.7 +0.7 +0,7 0.5 -1.0 -0.5 0.5
TE" +0.8 +0.8 +0.,8 0.5 -1,0 -0.5 0.5
Table 7.3b — External pressure coefficients for monopitch roofs
Zone for wind direction &= 90°
Pitch
Fup Fiow G H |
Angle @
Com o Cout Crmin Coa Coain Cra Coao Coat Crin Coa
5= -2.1 -28 =21 -24 -1.8 -2.0 -0.6 -1.2 0.5
15° -2.4 -2 -1 -24 -1.8 -2.5 -0.8 -1.2 0.7 -1.2
30- -2.1 -2 -1.3 =20 -1.5 -2.0 -1.0 -1.3 0.4 -1.2
457 -1.5 -24 -1.3 =20 -1.4 -2.0 -1.0 -1.3 0.4 -1.2
a0® -1.2 -2.0 -1.2 -20 -1.2 -2.0 -1.0 -1.2 0.7 -1.2
Th" -1.2 -2.0 -1.2 =20 -1.2 =20 -1.0 -1.3 0.5
MOTE 1 At #=0° (see table a)) the pressure changes rapidly between positive and negative values amsund
a pitch angle of @= +5° to +45°, so both positive and negative values are given. For those roofs, two cases
should be considered: one with all positive values, and ocne with all negative values. Mo mixing of positive and
negative values is allowed on the zame facs.
WOTE 2 Limear interpolation for intermediate pitch angles may be used between values of the same sign.
The values equal to 0.0 are given for interpolation purposes




Appendix D11
Duopitch roofs

The roof, including protruding parts, should be divided into zones as shown in Figure below.
The reference height Ze should be taken equal to h.

upwind face

upwind face

s
d ind face
O TTWIT
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wind
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H |
&d I F
fe—| /10
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(c) wind direction 8= 90°



Appendix D12
Duopitch roofs

Table 7.4a — External pressure coefficients for duopitch roofs

September 2019

Zone for wind direction 6= 0°
Pitch

F G H | J
Angle o

Cpe10 Coen Cpe.10 Cpe.1 Cpe 10 Cpe Cpe10 Cpe Cpa.10 Cpe1
-45° 0.6 0.6 0.8 0.7 -1.0 15
-30° -1.1 -2,0 0.8 -1,5 -0.8 -0.6 -0.8 -1.4
-15° -2,5 -2,8 -1.3 -2,0 -0.9 -1,2 0.5 0.7 -1.2

=02 +0.2
-5° -23 -2,5 -1,2 -2,0 -0.8 -1,2
-06 06

-1.7 -2.5 1.2 -2.0 0.6 -1.2 +0,2
5° 06

+0,0 +0,0 +0,0 0.6

-0,9 | -2,0 0.8 ‘ -1,5 0.3 -0.4 -1,0 15
15°

+0,2 +0,2 +0,2 +0,0 +0,0 +0,0

-0.5 | -1,5 -0.5 -1,5 -0.2 -0.4 0.5
30°

0.7 +0,7 +0,4 +0,0 +0.0

-0,0 0,0 -0.0 -0,2 03
45°

+0,7 +0,7 +0,6 +0,0 +0,0
60° 0,7 +0,7 +0,7 -0.2 0,3
75° +0.8 +0,8 +0,8 -0.2 0.3
NOTE1 At &=0° the pressure changes rapidly between positive and negative values on the windward
face around a pitch angle of «=-5°1to +45°, so both positive and negative values are given. For those
roofs, four cases should be considered where the largest or smallest values of all areas F, G and H are
combined with the largest or smallest values in areas | and J. No mixing of positive and negative values is
allowed on the same face.
NOTE 2 Linear interpolation for intermediate pitch angles of the same sign may be used between values
of the same sign. (Do not interpolate between o = +5° and o = -5°, but use the data for flat roofs in 7.2.3).
The values equal to 0,0 are given for interpolation purposes

Table 7.4b — External pressure coefficients for duopitch roofs

Zone for wind direction = 90°
Pitch

F G H |
angle o

Cpe.10 Cpe.1 Cpe.10 Cpe. i Cpe.10 Cpe 1 Cpe.10 Cpe.i
-45° 14 -2,0 1,2 2.0 -1,0 1,3 09 -1,2
-30° -156 -2.1 -1,2 -2.0 -1,0 13 0,9 -1,2
-15° -149 2.5 -1,2 -2.0 -0.8 1.2 0.8 -1,2
-5 -1.8 2.5 -1,2 -2.0 -0,7 1.2 0,6 -1,2
5° 1,6 2,2 -1,3 2.0 0.7 12 0.6
15° -1,3 -2,0 -1,3 -2.0 -0,6 1.2 0,5
30® -11 1.5 -1.4 -2.0 -0,8 1.2 0,5
45° 11 1.5 -1.4 -2.0 -0.8 12 0.5
60° -1.1 1.5 -1,2 -2.0 -0,8 1.0 0.5
75" 11 15 1,2 2.0 0.8 1.0 05




Appendix D13 Canopy roof

A canopy roof is defined as the roof of a structure that does not have permanent walls,
such as petrol stations, dutch barns, etc.

The degree of blockage under a canopy roof is shown in Figure 7.15. It depends on
the blockage ¢, which is the ratio of the area of feasible, actual obstructions under the canopy
divided by the cross sectional area under the canopy, both areas being normal to the wind
direction. ¢ = 0 represents an empty canopy, and ¢ = 1 represents the canopy fully blocked
with contents to the down wind eaves only (this is not a closed building).

The overall force coefficients, Cs, and net pressure coefficients Cp net, given in Tables
7.6 to 7.8 for ¢ = 0 and ¢ = 1 take account of the combined effect of wind acting on both the
upper and lower surfaces of the canopies for all wind directions. Intermediate values may be
found by linear interpolation.

i i —, -
e e « @
L B 77777777777
_ A} N T7ITITTTTTT? 77777777777,
—_— ———
— — >
i T,
7777, 777, 7777, 7. 7 e "‘:;k_
; s D) N T
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Canopy blocked to the downwind eaves by
stored goods (0 = 1)
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Appendix D14 Duopitch canopy

Duopitch canopy (Table 7.7) the centre of pressure should be taken at the centre of each
slope (Figure 7.17). In addition, a duopitch canopy should be able to support one pitch with
the maximum or minimum load, the other pitch being unloaded.

Cf>0 Cf>0 Cf>0 Cf>0
did dl4
h — — h
- d N

NSNS, NN

S

ce<0 <0 ce< 0 ce<0
h f Cs h f h f

7777777777777 777 7777777777777 777 7777777777777 777

. >0 >0 cg>0 ¢g>0
a4 al4

hl <= = h h
< d >

77777777 77777777 777777777 7777777 7777777777777 777

h cg<0 cg<0 h cg<0 h ¢e<0

I 77777777 7777777 7777777777777 777 7777777777777 777

Figure 7.17 — Arrangements of loads obtained from force coefficients for duopitch canopies



Appendix D15

Table 7.6 — cpnet and cr values for monopitch canopies

Het Pressure coefficients cpnet
ey plan
B 1
10
wind c a c B
bt ]
B i
=] 10 a0 =
a
Roof Owverall Force
Blockage ¢ Coefficicnts Lone A FZone B Zone C
angle @ or
Maximum all ¢ +0,2 + 0,56 +1,8 +1.1
e Minimum o= 0 -0.5 -0.8 -1.3 -14
Minimum =1 -1.3 -1.5 -1.8 -2.2
Maximum all ¢ +0.4 + 0.8 +2.1 +13
5" Minimum =10 -0.7 - 1.1 -1.7 -1.8
Minimum o= 1 -1.4 -1.8 -22 -25
Maximum all o +0,5 +1,2 +24 + 1,8
1g= Minimum @=0 -0.8 -1.5 -2.0 -21
Minimum g=1 -14 -2.1 -2.48 -27
Maximum all ¢ +0.7 +14 + 27 +1.8
15 Minimum @=10 -1.1 -1.8 -24 -25
Minimum g=1 -14 -1.8 -28 -30
M aximum all @ +0.8 +1.7 +28 + 2.1
200 Minimum g= 0 -1,3 -22 -248 -248
Minimum @= 1 -14 -1.8 -2.8 -3.0
Maximum all @ +1.0 +2.0 +3.1 +23
5" Minimum =10 -1.8 -28 -3.2 -3.2
Minimum o= 1 -1.4 -1.5 -25 -248
Maximum all o +12 +22 +3.2 + 2.4
Joe Minimum o= 0 -1.8 -3.0 -3.8 -38
Minimum g= 1 -14 -1.5 -2.2 -27
NOTE + values indicate a met downward acting wind action

- walues represent a net upward acting wind action

+ values indicate a net downward acting wind action;
- values represent a net upward acting wind action
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Appendix E2: Continuous beams with uniformly-distributed loads

Deflection
o gLt
deflection in midspan w=k ——
load case 100EI
k, ky ky kq
2 spans ﬁ:gg:#q 0521 0,521
A'B“C
g.i-u..%Lwh 0,912 —0,391
3 spans FTHEmTE 0,677 0,052 0,677
A'B“C”D
Jruiay i 0,990 —0,625 0,990
g -0,313 0,677 —0,313
A — 0,573 0,365 —0,208
S 0,885 — 0,313 0,104
4 spans STETESER 0,632 0,186 0,186 0,632
A — AT, 0,967 —0,558 0,744 —0,355

JE T 0,549 0,437 —0,474 0,939
s —0,223 0,409 0,409 —0,223
e 0,884 — 0,307 0,084 —0,028

A —0,307 0,660 —0,251 0,084
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