@NTNU

Norwegian University of
Science and Technology

Buildability and Assembly of the WoodSol
Concept

Ivar Hoel Monsen
Mathias Nystuen

Master of Science in Civil and Environmental Engineering
Submission date: June 2018

Supervisor: Kjell A Malo, KT

Co-supervisor:  Haris Stamatopoulos, KT

Norwegian University of Science and Technology
Department of Structural Engineering






Department of Structural Engineering ACCESSIBILITY

Faculty of Engineering Science and Technology OPEN

NTNU- Norwegian University of Science and Technology

MASTER THESIS 2018

SUBJECT AREA: DATE: NO. OF PAGES:
Structural Engineering 05.06.2018 101 + 100
TITLE:

Buildability and Assembly of the WoodSol Concept
Byggbarhet og montering av WoodSol-konseptet

BY:

Ivar Hoel Monsen

Mathias Nystuen

SUMMARY:

This master thesis is part of the research program WoodSol, and aims to check the buildability and
assembly aspects of WoodSol, as well as the economic, transportational and environmental aspect.
In this process, assumptions are made based on the previous work of the WoodSol project.

The buildability for an introduced reference building is investigated. The main areas considered in
the buildability aspect are the size and rotational stiffness of the foundations and the variation of the
different components impact on the final rotational stiffness. The obtainable rotational stiffness of
the foundation is in the range of 3315-11460 [KNm/Rad]. This is found numerically, and checked
for the serviceability limit state for the reference building. The size of the foundations are found
considering the forces acting on the columns. These forces are found both numerically and
analytically. The necessary foundation size varies with regards to the soil stiffness, but for loose
gravel and eight stories the proposed solution is a strip foundation with a width of 3300 millimeters
and height of 500 millimeters. The volume of the concrete foundation for the reference building is
found to be 30-42% lower than the foundation for an equivalent concrete building, when built on
fine sand or loose gravel.

For the assembly aspect, the cost of different cranes is compared depending on the time rented. For
the WoodSol project it is concluded that a mobile crane would be the most economic because of the
rapid erection time. Since the columns do not have capacity to stand by them self after mounting,
one deck need to connect four columns as soon as possible after the sufficient number of columns
have been erected. The erecting time of the bearing structure is only five days, after the foundations
are finished.

The saving of kg CO»-eq polluted, for the reference building built in timber compared to concrete,
are 286.082 kg, 433.087 kg, 576.008 kg, for four, six and eight stories respectively. 576.008 kg is
equivalent with driving one million new Volvo cars 4,5 kilometers. Costs of the foundations are 30-
40% less depending on the stiffness of the ground when building in timber compared to concrete.
This is based on the 44% reduction of concrete needed.

RESPONSIBLE TEACHER: Kjell Arne Malo
SUPERVISOR(S): Kjell Arne Malo, Haris Stamatopoulos
CARRIED OUT AT: Department for Structural Engineering







Preface

The present master thesis have been submitted to the Norwegian University of Science and
Technology (NTNU) as an end of a 2 year master’s degree. The thesis is written for the
Department of Structural Engineering over a period of 20 weeks, from January to June 2018
and is weighted with 30 credits per student. The thesis is part of the research project “WoodSol
— Wood frame solutions for free space design in urban building”, led by Professor Kjell Arne

Malo from the Department of Structural Engineering.

As the authors have chosen two different paths after the last semester at the university, one is
to start at a construction company and one at a consulting company, finding a thesis that could
fit both was of interest. After a meeting with Kjell Arne Malo and Haris Stamatopoulos the
authors found the present thesis to be very interesting, combining the competence from both
theory and practical work. This resulted in a wide thesis containing everything from transport
to buildability and assembly which has been very educational.

We would like to thank our supervisors, Professor Kjell Arne Malo and Postdoctoral Fellow
Haris Stamatopoulos, for granting us such an interesting and inspiring thesis. A great deal of
gratitude is given to the supervisors, as their guidance, inspiration and motivation has made
this work possible. Not to mention the great atmosphere in the meetings. We would also like
to say thank you to the workers at the different companies who spent their precious time

answering our e-mails.

Trondheim, June 5th 2018.

vy Hw&’( M o Uen /%%t/ £ /;}5’2’4’

Ivar Hoel Monsen Mathias Nystuen







Abstract

This master thesis is part of the research program WoodSol, and aims to check the buildability
and assembly aspects of WoodSol, as well as the economic, transportational and environmental
aspect. In this process, assumptions are made based on the previous work of the WoodSol

project.

The buildability for an introduced reference building is investigated. The main areas considered
in the buildability aspect are the size and rotational stiffness of the foundations and the variation
of the different components impact on the final rotational stiffness. The obtainable rotational
stiffness of the foundation is in the range of 3315-11460 [kNm/Rad]. This is found numerically,
and checked for the serviceability limit state for the reference building. The size of the
foundations are found considering the forces acting on the columns. These forces are found
both numerically and analytically. The necessary foundation size varies with regards to the soil
stiffness, but for loose gravel and eight stories the proposed solution is a strip foundation with
a width of 3300 millimeters and height of 500 millimeters. The volume of the concrete
foundation for the reference building is found to be 30-42% lower than the foundation for an

equivalent concrete building, when built on fine sand or loose gravel.

Considering the transportational aspect of the project, the deck elements used will be
transported by semi-trucks, transporting six elements simultaneously. The columns will be
transported by an extendable semi-truck, transporting 14 columns each delivery. This transport
will need a police escort and is costly. Other elements and materials have a standardized

transportation.

For the assembly aspect, the cost of different cranes is compared depending on the time rented.
For the WoodSol project it is concluded that a mobile crane would be the most economic
because of the rapid erection time. The lifting process for the different elements is discussed
and it is figured out that the columns will be lifted by the pre-installed connectors meant for
the deck elements. While the decks will need to have installed eyebolts to make it possible to
lift with an angle for easy mounting. Since the columns do not have capacity to stand by them
self after mounting, the top deck need to connect four columns as soon as possible after the
sufficient number of columns have been erected. The erecting time of the bearing structure is

only five days, after the foundations are finished.



The saving of kg CO»-eq polluted, for the reference building built in timber compared to
concrete, are 286.082 kg, 433.087 kg, 576.008 kg, for four, six and eight stories respectively.
576.008 kg is equivalent with driving one million new Volvo cars 4,5 kilometers. Costs of the
foundations are 30-40% less depending on the stiffness of the ground when building in timber

compared to concrete. This is based on the 44% reduction of concrete needed.



Sammendrag

Denne masteroppgaven er en del av forskningsprosjektet WoodSol, og har som mal a sjekke
byggbarheten og monteringsprosessen til WoodSol, sa vel som aspekter innen gkonomi,
transport og miljg. | denne prosessen gjares det antagelser som baserer seg pa tidligere arbeid

gjort i WoodSol-prosjektet.

Byggbarheten er undersgkt for et presentert referansebygg. Fokusomradene vurdert i
byggbarhetsaspektet er stgrrelsen pa, og rotasjonsstivheten i fundamentene. |1 tillegg til
innvirkningen variasjon av forskjellige komponenter i fundamentene har pa den totale
rotasjonsstivheten. Den oppnaelige rotasjonsstivheten av fundamentet spenner fra 3315-11460
[KNm/Rad]. Dette er funnet numerisk, og er sjekket for bruksgrensetilstanden for
referansebygget. Starrelsen av fundamentene er funnet basert pa kreftene som virker pa
sgylene. Disse kreftene er funnet bade numerisk og analytisk. Den ngdvendige
fundamentstarrelsen varierer med tanke pa jordstivheten, men for grus og atte etasjer er den
foreslatte lgsningen et stripefundament med bredde 3300 millimeter og hgyde 500 millimeter.

Volumet av betongfundament for referansebygget virker a veere 30-42% lavere enn

fundamentene for en tilsvarende betongbygning, nar bygget star pa fin sand eller grus.

Med tanke pa transportaspektet av prosjektet vil dekkeelementene transporteres med semi-
trailere, som kan transportere seks elementer per tur. Sgylene vil transporteres med en
uttrekkbar semi-trailer, og denne kan transportere 14 sgyler per tur. Denne transporten trenger

politieskorte og er kostbar. Andre elementer vil ha en standardisert transport.

For monteringsaspektet er kostnadene for forskjellige kraner ssmmenlignet, med tanke pa tiden
de leies. For WoodSol-prosjektet er det konkludert med at en mobilkran vil veere det mest
gkonomiske pa grunn av den raske monteringstiden. Lefteprosessen for de forskjellige
elementene er diskutert og det er funnet ut at saylene vil lgftes ved bruk av de pre-monterte
koblingspunktene ment for dekkeelementene. Mens dekkene ma fa montert gyebolter slik at
det er mulig a lgfte dekkene i vinkel for enkel montering. Pa grunn av at sgylene ikke har
kapasitet til & sta alene etter montering, ma det gverste dekket monteres for & koble 4 sgyler
sammen sa fort som mulig etter at nok sgyler er reist. Monteringstiden av baresystemet er kun

fem dager regnet fra etter at fundamentene er klare.

For referansebygget i tre sammenlignet med betong, er den mulige reduksjonen av utslipp av
COgz-ekvivalenter 286.082 kg, 433.087 kg og 576.008 kg for henholdsvis fire, seks og atte



etasjer. 576.008 kg tilsvarer & kjgre en million nye Volvo biler 4,5 kilometer. Kostnader for
fundamenter er 30-40% mindre, avhengig av jordstivheten, for referansebygget bygget i tre

sammenlignet med betong. Dette er basert pa en reduksjon pa 44% for ngdvendig betong.

Vi
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Introduction

1. Introduction

1.1. Background

This master thesis is a part of the WoodSol project. The project is carried out by the institutes

of NTNU and SINTEF in cooperation with other qualified partners.

Sustainable development is universally quoted as that which "meets the needs of the present,
without compromising the ability of future generations to meet their own needs”. Engineers
have a responsibility to contribute to the sustainability agenda by promoting sustainable
methods of construction (Mosley et al., 2012). More massive timber constructions may be a

great contributor to a more sustainable future.

For more than a century urban skylines world over have been built with the unsustainable
materials steel and concrete. These materials have outstanding structural properties and have
for a long time been the appropriate choices for multi-story buildings in urban areas.
Unfortunately, these materials do not fulfil one of the most important criteria of modern

development, the criteria of environmental sustainability.

In Norway, as in the rest of Europe, the building sector is responsible for approximately 40%
of the land-based energy consumption as well as 40% of emission of greenhouse gases
(WoodSol, 2016). For the world to have any chance on reaching the goal of a temperature
increase below 2°C relative to pre-industrial levels the energy and pollution from the building
sector need to be dramatically decreased (Skullestad, 2016). There are two ways to address
climate change. One way is to reduce the CO> and other greenhouse emissions, the other way

is to find ways to store these gasses. Wood can contribute to both (Green and Karsh, 2012).

Over the last decades the forest, especially in parts of Scandinavia, have had a rapid growth.
The number of trees has almost tripled in Norway (WoodSol, 2016) while the Swedish forest
have doubled (Green and Karsh, 2012). This have laid the ground work for more sustainable
harvest and processing of this wood to be used for buildings, replacing much of the steel and

concrete used today.

One of the reasons for replacing steel and concrete in large buildings is that timber has a so-
called zero-emission of CO- as well as other attributes which makes it highly attractive as a

structural material. Due to the environmental issues and modern technology, the development
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of timber products such as GLT, CLT, LVL and other wood composite materials have
accelerated, and the dream of modern high-rise timber buildings taking a bigger share of the
building sector seems to be within grasp. Timber structures, especially high-rise buildings have
developed a lot this decade, but there is still need for a more functional structural system in
order to be able to compete with concrete and steel buildings. Several of the high-rise timber
buildings built to date are structures with a very large story height compared to similar

buildings in steel and concrete. This is not favorable in for example housing projects.

WoodSol research project is a project to develop industrialized structural solutions based on
rigid wooden frames for use in urban high-rise buildings up to ten stories with a large
architectural flexibility. The WoodSol project started in January 2016 and is expected to be
finished with the structural system and hopefully a prototype at the ending of December 2019
(WoodSol, 2016). The structural solution is based on prefabricated timber elements for
columns, decks, and walls. This results in rapid construction, low pollution and a high degree

of safety during the construction phase.

With a highly functional prefabricated timber system that allows large open spaces and multiple
stories, the industrialized world will hopefully see an increase in multi-story timber structures.

This may be a step towards decreasing the high CO> pollution in the building sector.

1.2. Scope

The WoodSol project is built up of seven work packages, and this master thesis is a part of

work package 2 (WP2), production and assembly of structural system and components.

The authors have taken on the task to check in what degree the WoodSol concept is buildable,
and find solutions to make it more buildable. In addition to this, the authors have tried to
uncover challenges that may make the concept unbuildable. In doing so, the following aspects

have been evaluated:

e Buildability

e Transportation
e Assembly

e Environment

e Economy
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Within WP2, the authors have put the most emphasis on the erection process and the
constructional details that will be important for the concept to be doable and favorable. The
authors of this thesis have focused on the foundations of the columns, stability of the columns
during the erection process, and the final stiffness and stability of the structure. Calculations
and models are based on a reference building, made by the authors. This building is very

general and not at all complex.

Considering the WoodSol project mainly focuses on the bearing structure, this thesis will not
focus on final completion of the building or installations such as electrical systems and piping.
The groundworks are a significant part of a building project, and will demand a lot of time and
work. Therefore groundworks have not been prioritized in this thesis.

1.3. Structure of the report

Chapter 2

In this chapter the necessary theory that substantiate the thesis, and previous work on the focus

areas are presented.

Chapter 3

A brief overview of the goals, visions and build-up of the WoodSol project is presented.
Chapter 4

The reference building is introduced. Different elements of the building is dimensioned to
check if the reference building is buildable with the WoodSol concept. The rotational stiffness
in the foundations, capacity of the columns and stiffness of the entire structure and their

challenges are presented, along with proposed solutions.
Chapter 5

The transportation of the different structural elements is discussed. Different rules inflicting on
the transportation and the number of transportations needed for the different elements is shown.

The type of vehicle used to transport elements is also discussed.
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Chapter 6

The assembly of the structure is explained in detail. Everything from what cranes to be used to
how to mount the columns is discussed. Different erection methods for the structure are also

considered. An estimation of the building time for the bearing structure is shown.
Chapter 7

The environmental benefits of a timber building compared to a concrete building is discussed,
as well as the differences in pollution under transportation. The possibilities for savings of

pollution is presented.
Chapter 8

The cost of different part of the structure as well as transportation and cranes is estimated. The
cost of different solutions is compared and the influence of the dimensioning of components is

shown.
Chapter 9

A summary of the results found in earlier chapters are presented, as well as proposals for further

work.
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2. Use of timber in construction

2.1. History of timber constructions

Shelter against wind, rain, and cold is one of the three basic needs for humankind, and since
ancient times wood has been one of the most important building materials. Much has happened
to the timber structures since the ancient times and up to this date, but even 3000 years BC,
they made longhouses in Central Europe. The longhouses that have been found is estimated to
have had a length and a width of approximately 45 meters and 7 meters (Thelandersson and
Larsen, 2003).

Figure 2.1: Long house from 3000 BC (scottishheritagehub, 2017).

From the longhouses with one story, the evolution of timber developed further on to
multistoried buildings. Timber constructions have even been made with multiple stories for
centuries, as the five-story pagoda in Japan shown in Figure 2.2 from the year 730 AD shows.
The pagodas had short spans, but the architectural remarks were outstanding. What might be
even more impressive is that these padogas still stand today in a high seismic and damp

environment (Thelandersson and Larsen, 2003).
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Figure 2.2: Five story pagoda, Japan (Frech, 2011).

The maximum dimensions of solid timber sawn directly from logs is in the order of 300
millimeters or less. This makes the largest possible span of structural timber beams to about 5
— 7 meters without trusses, at least before the development of glulam in the early nineteen
hundreds. The development of glulam beams is still competitive today, and by creating curved
glulam for arch beams the possible span for timber structures increased drastically. This made
it possible for large, open spaces with the use of timber for single story buildings. As can be
seen in Figure 2.3, Stockholm railway station was made using curved glulam in 1925
(Thelandersson and Larsen, 2003).

Figure 2.3: Stockholm central railway station, built 1925 (Thelandersson and Larsen, 2003).

The use of wood in multi-story buildings, more than 2 stories, was not allowed in urban areas
in Norway in the period 1907 to 1997. This resulted in a slow development of multi-story

timber structures in that period (Thelandersson and Larsen, 2003). From 1997 to this date, the
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interest and the structural solutions have developed a lot, and modern multi-story buildings
such as "Treet" in Bergen, which has 14 stories, have been getting a lot of attention
(TekniskUkeblad, 2015). The recent decades have given the opportunity of really
revolutionizing timber buildings, but structural solutions for a more rapid erection have to be

developed for economic reasons as well as functionality during the construction phase.

Figure 2.4: «Treet» Bergen (TekniskUkeblad, 2015).
2.2. Wood as a construction material

Wood is an orthotropic material, meaning it has different properties in the three different
directions, radial, tangential and longitudinal. The stiffness is for example 10 to 15 times higher
in the longitudinal direction than in the radial direction and up to 30 times higher than in the
tangential direction (Kristian, 2009). Timber denotes wood which is suitable for building or
carpentry, and for various other engineering and construction purposes. In this thesis timber is

used to refer to any stage of the wood after the tree has been cut down.

Wood in itself is a complicated material, containing hollow cells in the longitudinal direction
capable of transporting water and nutrition. Wood contains about 50% carbon, 6 % hydrogen
and 44 % oxygen in the form of cellulose, hemicellulose and lignin (Bjerge and Kristoffersen,
2017).
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Figure 2.5:
a) Buildup of the cells b) Directions of stresses (Bjgrge and Kristoffersen, 2017).

Dissimilar to concrete and steel, timber is not composed of a man-made recipe. Timber
specimens are made in and by nature, and therefore properties of the timber specimens are
highly influenced by the environment of which the timber is collected. Everything from the
quality of the soil to the amount of wind and sunlight has an impact on the properties of the

given tree. This gives timber a high degree of variability of properties.

Compared to its weight timber has high strength and stiffness. The properties of timber result
in a low self-weight in the construction which is beneficial in urban areas as it may reduce the
size of the foundation. It may also make it easier to add stories on existing buildings (Klund et
al., 2017).

Timber materials are often referred to as being “carbon-neutral”, due to the wood’s ability to
temporary store CO». The COz> released by timber materials due to decay or incineration was
once removed from the atmosphere through photosynthesis. However, if the global biomass
stock is reduced due to timber production, the carbon concentration in the atmosphere would
increase, and thus, carbon-neutrality would not be achieved (Skullestad, 2016). Therefore, an
important prerequisite for obtaining carbon-neutrality for the timber materials, is a sustainable
harvest of wood, where new biomass is added to uphold the capacity for storing CO2. This
thesis assumes sustainable harvest when talking about the climate impact of timber as a

building material.

2.3. Wood compared to steel and concrete

Compared to its weight wood have a high strength and stiffness, and its specific stiffness E /p
is almost as high as for steel, even though the modulus of elasticity (E) is low compared to steel

and concrete.
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E p Specific stiffness
Materlal  \\ipl)  ke/m?) Elp
Steel 210000 7800 27
Concrete 35000 2400 14
Wood (C24) 11000 420 26

Table 2.1: Relative stiffness of steel, concrete and wood (Klund et al., 2017).

Wood carries several benefits in addition to its strength/weight ratio, which makes it an
excellent construction material. One such benefit is its thermal properties giving it a resistance
against high temperatures, unlike steel. Steel expands, and can even collapse in high heat.
Wood, on the other hand, dries out and becomes even stronger as the heat increases. In addition,
wood has a low heat conductivity in comparison to steel, which makes wood applicable for

wall coverings and ceilings (understandconstruction.com, 2017).

In the thesis "Hgyhus i tre som et klimatiltak™, by Skullestad (Skullestad, 2016), three different
approaches are used to assess the impact wood has on the climate as a building material,
compared to concrete and steel. In approach 3 she assumes that 90% of the timber material is
incinerated with heat recovery to replace natural gas as an energy source, after destruction of
the construction. This allows the values of climate impact from timber to be negative, when

sustainable harvest is assumed.
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Figure 2.6: On the left: Difference in kg CO2-eq/m? gross floor area for three different calculation methods for reinforced
concrete (RC) and timber (T). On the Right: The potential saving of greenhouse gasses with the three different calculation
methods (Skullestad, 2016).

The increasing urbanization have created a demand for more high-rise buildings, but the
challenges with climate change require engineers to see to more eco-friendly solutions (Klund
et al., 2017). The WoodSol project has a goal of creating a competitive solution in the
environmental aspect as well as the structural aspect. The solution is thought to be from five to
ten stories. As can be seen from Figure 2.5 there are great differences between the reinforced
concrete solution and the timber solution up to ten stories. But the differences are even greater,
and rises even more from 12 to 21 stories. This can be an incentive for future work, to create a
solution that can reach even higher. This may be a good way to ensure environmental friendly

construction of even taller buildings in the future.

Even though hollow core concrete decks have a lower cost financially, the kg CO2-eq/m? is
about three times bigger than the decks suggested by Bjgrge and Kristoffersen (Bjgrge and
Kristoffersen, 2017) (EPD-Norge, 2014). The decks suggested have continuous Kerto-Q plates
on the top and bottom, and is not the most environmental friendly model considered, with
regards to development, but Bjgrge and Kristoffersen found this to be the best alternative over
all.

10
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2.4. Prefabrication of timber

Prefabrication is in the construction business referred to as smaller or bigger parts of the
structure which is created off site, where the environment is controlled and stable. This gives
the structure elements a higher degree of preciseness. Eliminating most of the chances for
human errors and exposure to harsh environments during fabrication can help avoid moisture
problems and other errors. The fabrication off site can be ongoing as another part of the
building process is taking place on site, and therefore, contribute to a more efficient process. It
may also eliminate the area needed to store materials on the building sites. The erection time
on site is shown to be considerably shorter when prefabricated elements are used, which again
leads to a faster return on the investment. With a well-engineered prefab solution, a lot of the
ladder works and heavy lifting by personnel at site can be disregarded. This means a safer work
environment for the workers on site. One of the big goals of many contractors are to get a safer
work environment and get a lower injury rate. Prefabrication of elements of the structure can

contribute to achieve this goal (Hartley and Blagden, 2007).

With the same plans being constantly built the manufacturer has records of exactly the amount
of materials needed for a given task. According to the UK group WRAP the waste can be
reduced by up to 90% by using prefabricated elements for construction instead of everything
being built on site (Hartley and Blagden, 2007).

Now, larger timber structures are on the rise, and here as well, the preciseness and effectiveness
can benefit from prefabrication. From the 1980's the prefabrication companies made use of
technology to be able to optimize the elements and modules to the costumers wishes and needs
(Thue, 2018).

Prefabrication of elements and modules are now used in the some of the largest timber
buildings in the world. "Treet" in Bergen has a load carrying structure of glulam columns and
consists of prefabricated modules. The shafts are made of prefabricated CLT-elements and the
foundation is made of concrete. This structure was the tallest timber structure in the world when
it was completed (Abrahamsen and Malo, 2014).

11
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3. Project WoodSol

The WoodSol project is a research project financed by the Research Council of Norway and
the consortium partners. With a planned ending date 31.12.2019 and startup in 2015, the project
duration is 4 years. The WoodSol project is coordinated by NTNU, Department of Structural
Engineering, with project leader Professor Kjell Arne Malo. The Department of Structural
Engineering is the grant holder, while Sintef Byggforsk and NTNU Department of Civil and
Transport Engineering is sub-contracting partners (WoodSol, 2016). Some of the other partners
are Moelven Limtre AS, SWECO Norge AS and AF Advancia AS.

The main goal of the project is to develop industrialized structural solutions based on rigid
wooden frames for use in urban buildings up to ten stories, with large architectural flexibility.
When timber is used in taller structures, it is often because it is specified by the builder, even
though the project will be more costly and perhaps less practical. By finding a better solution
for a wood-based structural system giving larger spans and more open spaces. This may
increase the competitiveness of high-rise timber buildings, as they are not very competitive in

the Nordic countries at the moment.

In order to facilitate industrial production, the load bearing structure should primarily be based
on grids and repetitions. Architectural flexibility requires floors without too closely placed load
bearing elements. To accomplish such a structure, the WoodSol project focuses on three

substantial targets:

- The extension of the floor span length without increased story height.
- The horizontal stabilization of the building by moment resisting frames.

- The development of prefabricated couplings to allow rapid erection on site.

The project has a strong focus on the practical documentation of the developed solutions.
Hence, the erection of a demonstration building is part of the project. Several articles, master
theses and other publications are available on the project website, www.woodsol.no.

12
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The WoodSol project contains seven work packages:

- Project management

- Production and assembly
- Moment resisting frames
- Flooring systems

- Acoustics

- Prototype

- Dissemination

Within these work packages, the main subjects are; Production and assembly of structural

systems and components, moment resisting frames, flooring systems and acoustics.

As mentioned earlier, the structural system is based on grids and repetitions. This makes it
possible to place the inner walls freely and helps to achieve architectural flexibility. Therefore,

the current basis of the structural system is as shown in Figure 3.1.

Figure 3.1: The current basis of the structural system.

The flooring system is made up of decks between the columns. These decks are made by top
and bottom Kerto-Q plates, with integrated glulam beams between. This wood-box principle
gives a very high stiffness (Bjgrge and Kristoffersen, 2017). The decks are mounted to the
columns with high rotational stiffness in the connections, which reduces the need for additional

bracing. Figure 3.2 shows a simple illustration of the principle of the composite decks.

13
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kkeelement uten t n:

Figure 3.2: Principle of the composite decks.
The connections between the decks and columns uses threaded rods to accomplish the
necessary rotational stiffness. The rods work with an angle inside the decks and columns, to
the connectors, which optimizes the capacity of the joints. Figure 3.3 shows the solution of the

connections.

Figure 3.3: Connections between columns and decks.

By addressing the challenges of stiffness in the joints, effective deck elements, easy mounting
and prefabrication, hopefully a solution can be found that gives open spaces, open facades,

flexible use and longer spans with moment resisting frames.

This master thesis is a part of Work Package 2, production and assembly. Therefore, the themes
in this thesis will be buildability aspects, transportational aspects, assembly aspects,

environmental aspects and economical aspects of the WoodSol project.

14
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4. Buildability aspects

41. Reference building

The authors have made a reference building, which is used as a basis for all the calculations in
this thesis. This building is a simple structure, with two rows of 11 columns, and 8 stories. The
rows of columns are spaced with 9 meters between, and each column in a row is spaced 2,4
meters from the next one. The story height is 3,5 meters, making the total height 28 meters.
Each part of the structure is modelled from what can be expected to be used in the WoodSol
concept. The columns are GL30c 400x400 [mm], with all the corresponding material
properties. The decks between the columns, which together with the columns make up the
moment resisting frames, are modelled from the decks described in the master thesis by Bjarge
and Kristoffersen (Bjorge and Kristoffersen, 2017). Their deck is the one considered for the
WoodSol concept. The transversal direction of the building or along the length of the decks,
i.e. the moment resisting frames, is henceforth referred to as the frame direction. The

foundations used in the reference building are subject for calculations in chapter 4.3.

Figure 4.1: Reference building for this master thesis.
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4.2. Types of foundations

For the foundations of the columns there are three concepts that are considered. These three
are spot foundation for each column, strip foundation and sole foundation. All of these have
different properties and usage, and which one to use is a consideration depending on the
structure to be built. For economic and environmental reasons, one goal for the WoodSol
project is to keep the volume of the foundations to a minimum. Therefore, the hope is that the
spot or strip foundations will give sufficient stiffness and strength to be used for most

structures.

Spot foundations

Figure 4.2: Spot foundation.

The columns will be exposed to large moments as well as compression and horizontal forces.
These forces must be distributed to the ground. This will happen through the foundations. One
type of foundation that can be used is a spot foundation. A spot foundation is a smaller
foundation under each column. With the use of spot foundation the need for concrete might be
reduced. In Appendix A.1 you can see the spreadsheet used when calculating the foundations.
The results are presented in chapter 4.3. If the spot foundations under the columns become so
large that the foundations merge between the columns, a strip or sole foundation will be the

better solution.
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Strip foundation

Figure 4.3: Strip foundation.

A strip foundation is a continuous foundation under a row of columns. This can give a high
stiffness and stability in the direction of the foundation. Therefore, the optimal direction for a
strip foundation, with stiffness and stability in mind, would be in the frame direction, between
two columns. Because of the large moments and forces in the bottom of the columns, the
foundations still need a certain width. If this width is too large, the foundations will still merge
between the columns in one row. This is a challenge when laying the strip foundation in the
frame direction. Therefore, one solution may be to lay the strip foundation perpendicular to the
frame direction. The solution is presented in chapter 4.3.

17



Buildability aspects

Sole foundation

Figure 4.4: Sole foundation.

The sole foundation is a widely used foundation. It consist of a wide area of concrete that covers
the whole print of the building, giving support to all the columns and walls. In a building using
the WoodSol concept, a goal will be to reduce the need for concrete. This type of foundation

will therefore be a less attractive solution, and will try to be avoided.

4.3. Dimensioning of foundations

As mentioned earlier, the sizes of the foundations are of great importance for the CO2 emissions
and the cost of the WoodSol structures. The foundation will be the only part of the structure
containing concrete. The reduced amount of concrete and foundation works is a contributing

factor towards making timber structures more economical, see chapter 8.4.

Dimensioning process

The dimensioning of the foundations is done by the use of a spreadsheet made by Tumcivil
(Tumcivil, 2018). The calculations used are based on the structural rules from the American
concrete institute (ACI), which is a leading authority and resource for worldwide development
and distribution of standards (AmericanConcretelnstitute, 2018). The safety-factors may vary
some from the European codes, but the results achieved from the spreadsheet should be
applicable. The results have been checked analytically in Mathcad, see Appendix A.10. When
comparing the results from the spreadsheet to the results in Mathcad, the spreadsheet results in
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conservative dimensions in most cases. When comparing the safety factors used in the
spreadsheet with the safety factors for load combinations from the National Annex of Eurocode
0 Table NA.A1.2(A), it can be seen that the factors in the spreadsheet lead to a more
conservative result (CEN, 2008a).

The spreadsheet is made so that when the different parameters such as forces, concrete strength
and approximate dimensions are put in, the sheet says if the foundation is ok or not by doing
calculations according to ACI. The different forces for the different buildings are plotted into
the spreadsheet, varying the soil stiffness. Then the necessary foundation sizes are plotted into
tables, and a foundation type is chosen for each of the four different soil stiffnesses shown in
the tables below. The spreadsheet can be found in Appendix A.1.

Bearing capacity of soil

The bearing capacity of the soil is vital as this tells how much pressure the ground can withstand
per m2. The higher the bearing capacity is, the smaller the foundations can be. The soil bearing
capacity found in Table 4.1 is found in the lecture “design of shallow foundations” by NPTEL
(NPTEL, 2017).

Soil Safe bearing capacity
(KN/m?)
Rock 3240
Gravel 440
Loose gravel 245
Fine sand 100

Table 4.1: Safe bearing capacity for different soils.
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Eight story timber building

For the eight story building the forces taken by the foundation is:

Moment = 259 kNm  Axial pressure = 695 kN Shear = 57 kN
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Figure 4.5: Shear forces for reference building with eight stories.

Figure 4.6: Compression forces for reference building with eight stories.
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Figure 4.7: Max moment in column for reference building with eight stories before decks are mounted.
Plotting these forces and varying them with different safe bearing capacities in the spreadsheet,

the necessary sizes for the foundation for each column is found. The results can be seen in
Table 4.2.

Soil Safe bearing capacity Dimension of the foundation
(KN/m?) (mm x mm x mm)
Fine sand 100 2400 x 4700 x 500
Loose gravel 245 2300 x 2300 x 500
Gravel 440 1950 x 1950 x 500
Rock 3240 1250 x 1250 x 500

Table 4.2: Foundation sizes for eight story building.

As can be seen in Table 4.2 the sizes vary a lot from what safe bearing capacity is used. The
result is that strip foundation is possible for fine sand and loose gravel. Spot foundation is
possible for loose gravel, but highly unpractical because of the small gap between the
foundations. While spot foundation is possible for both gravel and solid rock. But even if spot
foundation is possible for gravel, the gap between the spot foundations will only be 450
millimeters, which might make it more economical to build it as a strip foundation, unless the

goal is to minimize CO- pollution.

21



Buildability aspects

The foundation on fine sand were first found to be 3350x3350x500 [mm], but this had to be
changed due to the width between the columns of 2400 millimeters. Since the ground area of

the foundation need to be kept constant, the dimension was changed to 2400x4700x500 [mm].

Figure 4.8: Eight story building with strip foundation.
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Six story timber building

For the six story building the forces taken by the foundation is:

Moment = 146 kNm  Axial pressure = 509 kN Shear = 41 kN

Figure 4.9: Shear forces in reference building with six stories.

Figure 4.10: Compression forces in reference building with six stories.
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Figure 4.11: Max moment in column for reference building with six stories before decks are mounted.

Plotting these forces and varying them with different safe bearing capacities in the spreadsheet
the necessary sizes for the foundation for each column can be found. The results can be seen
in Table 4.3.

Soil Safe bearing capacity Dimension of the foundation
(KN/m?) (mm X mm x mm)
Fine sand 100 2400 x 3400 x 500
Loose gravel 245 1850 x 1850 x 500
Gravel 440 1300 x 1300 x 500
Rock 3240 1000 x 1000 x 500

Table 4.3: Foundations sizes for six story building.

From Table 4.3 the foundation for every soil type except fine sand can be made as spot
foundation. For fine sand it will need to be a strip foundation.

The foundation on fine sand were first found to be 2850x2850x500 [mm], but this had to be
changed due to the width between the columns of 2400 millimeters. Since the ground area of

the foundation need to be kept constant, the dimension was changed to 2400x3400x500 [mm].
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Figure 4.12: Six story timber building with spot foundations.
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Four story timber building

Moment =71 kNm  Axial pressure = 294 kN Shear = 28 kN

For the four story building the forces taken by the foundation is:

Figure 4.13: Shear forces in reference building with four stories.
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Figure 4.14: Compression forces in reference building with four stories.

Figure 4.15: Moment in reference building with four stories.

Plotting these forces and varying them with different safe bearing capacities in the spreadsheet
the necessary sizes for the foundation for each column can be found. The results can be seen
in Table 4.4.
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Soil Safe bearing capacity Dimension of the foundation
(KN/m?) (mm x mm x mm)
Fine sand 100 2200 x 2200 x 500
Loose gravel 245 1600 x 1600 x 500
Gravel 440 1300 x 1300 x 500
Rock 3240 900 x 900 x 500

Table 4.4: Foundation sizes for four story building.

From Table 4.4 the foundation for every soil type can be made as spot foundations for a four

story building, but for fine sand the most practical would be to use strip foundation.

Figure 4.16: Four story building with spot foundation.

Eight story concrete building

For the eight story concrete building the forces taken by the foundation is:

Moment = 113 kNm  Axial pressure = 1613 kN Shear = 58 kN

27



Buildability aspects

/

v;

\ET AR ARV ARV ARV

av / v,

=

i
=4
H
58

AV AV.YAV.Y&V.VAV.7AV.7 &N

N !I-N

Figure 4.17: Moments in eight story concrete building (all the numbers were needed to show the relevant one, because the
worst moments in the columns are not in the foundation).

Figure 4.18: Compression forces in eight story concrete building.
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Figure 4.19: Shear forces in eight story concrete building (all the numbers were needed to show the relevant one, because
the worst shear forces in the columns are not in the foundation).

Plotting these forces and varying them with different safe bearing capacities in the spreadsheet
the necessary sizes for the foundation for each column can be found. The results can be seen
in Table 4.5.

Soil Safe bearing capacity Dimension of the foundation
(KN/m?) (mm x mm x mm)
Fine sand 100 2400 x 8400 x 500
Loose gravel 245 2400 x 3300 x 500
Gravel/Soft rock 440 2100 x 2100 x 500
Rock 3240 1000 x 1000 x 500

Table 4.5: Foundation sizes for eight story building.
As can be seen in Table 4.5 the sizes vary a lot from what safe bearing capacity is used. The
result is that even for the concrete building a strip foundation is useable on fine sand and loose
gravel. And spot foundations is usable for gravel/soft rock and solid rock.

The foundation on fine sand were first found to be 4500x4500x500 [mm], but this had to be
changed due to the width between the columns of 2400 millimeters. Since the ground area of

the foundation need to be kept constant, the dimension was changed to 2400x8400x500 [mm].
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Since the distance between the columns in the longitudinal direction is 9 meters and the
columns need 8,4 meters wide foundations each, the most practical would be to cast this as a

sole foundation.

For the foundation on loose gravel having the foundation size 2800x2800x500 [mm], the same
procedure as above was done. This resulted in the dimensions 2400x3300x500 [mm] and

thereby a strip foundation can be chosen.

Figure 4.20: Eight story concrete building with sole foundation.

Sources of error

The foundation sizes are calculated from a plot-in spreadsheet made by TumCivil (Tumcivil,
2018) which have used the rules from American concrete institute to dimension the
foundations. The results from the spreadsheet have been checked in Appendix A.10, and the
spreadsheet gives larger dimensions than calculated in most cases. Compared to the safety

factors in the National Annex of Eurocode 0, the spreadsheet gives a conservative result.

Results

It is concluded that a full-scale sole foundation, see chapter 3.4, will not be necessary for any
of the WoodSol buildings with eight stories or less. Using a strip foundation will be the most
practical for buildings with more than six stories, unless the ground is very stiff. While six
stories and below will be able to use spot foundations for the columns unless the ground is very
soft.
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If the ground is soft it could be beneficial to excavate and use a stiffer soil. This can reduce the
dimension size, which can be beneficial for the pollution of CO2-equivalents and the costs of

the foundations.

The use of concrete in the foundation is a lot higher in the concrete building than the timber
building for normal/soft soil conditions. For fine sand the timber building uses 42% less
concrete than the concrete building in the foundations. While for loose gravel it uses 30 % less.

Another interesting finding is that for building on solid rock the concrete building actually
needs a smaller foundation than the timber building, despite the extra compression force due
to extra weight. This is because the timber building have a higher moment combined with lesser
compression force resulting in smaller stability against overturning. This effect can probably

be countered by anchoring the foundation for the timber construction to the rock by steel bars.

The weight of the structure is significantly increased when filling the decks to achieve wanted
acoustic properties. This makes the weight differences in the timber building compared to the
concrete building less drastic. By finding another solution than adding weight to the decks to
achieve the wanted acoustic properties, the need for concrete in the foundation will be
drastically reduced. This is a proposal for further work.
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4.4. Connection of steel plate to foundation

4.4.1. Rebar steel anchors

— 800,00

I 1
3000 26.00 3000
o G

540.00

Figure 4.21: Steel plate.

Connecting the steel plates to the foundations can be done by the use of reinforcement like steel
anchors without foot as well as anchor bolts with a foot. In Appendix A.2 the necessary
diameter of the anchor rods has been calculated, and two solutions that are adequate.

If using rebar steel anchors there will be needed eight anchors with a diameter of 22 millimeters
and a length of 480 millimeters. If wanted, four anchors with a diameter of 28 millimeter with
an anchoring length of 650 millimeters can be used instead. The two anchors solutions will be
bent 90° in the middle of their length, resulting in a depth of about 250 millimeters for the 22
millimeter solution, and 340 millimeters for the 28 millimeter solution. See Figure 4.22 for

illustrations and see Appendix A.2 for calculations.
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$099

Figure 4.22:

a) Transparent view of steel anchors. b) Casted in steel anchors.
c¢) Column with steel plate is mounted and adjusted. d) Final grouting up to the underside of the steel plate.
The steel anchors are mounted in the three steps illustrated above. First the anchors are casted
in the lower part of the foundation. Then the steel plate connected to the column is mounted on
the nuts fastened on the anchors, and the plate is adjusted so that it is level. Last, the connection
is grouted up to the underside of the steel plate, resulting in the nuts under the steel plate to be
casted into the foundation.

4.4.2. Steel anchors with foot

The usage of anchors with a foot is one of the options when considering the connection of the
steel plate to the foundation. In Appendix A.3 the necessary diameter of the anchors and the

necessary anchorage depth, as well as the diameter of the foot of the anchor is calculated.

[‘Fa.ﬂﬂ

180.00

20,00
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Figure 4.23: Dimensions of the dowel with foot.
The anchors have been calculated to be sufficient for the reference building when using either
four anchors with a diameter of 28 millimeters, or eight anchors with a diameter of 22

millimeters. The necessary depth is 200 millimeters and the diameter of the anchor foot needs
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to be 50 millimeters. The diameter of the anchor of 28 millimeters can withstand the
compression and the tensile forces acting in the section, while the dowel foot of 50 millimeters
is adequate to prevent pull-out of the anchor. The depth of 200 millimeters will prevent pry-
out cracking from happening (Haga and Reiersglmoen, 2012). See annex A.3 for calculations.

4 PR

Figure 4.24:

a) Transparent view of dowels. b) Casted in dowels.

¢) Column with steel plate is mounted and adjusted. d) Final grouting up to the underside of the steel plate.

The anchors are mounted in three steps as illustrated above. First the anchor bolts are casted in
the lower part of the foundation. Then the steel plate with the column on is mounted on the nut
fastened on the anchor bolts, and the plate is adjusted so that it is level. Last the connection is
grouted up to the underside of the steel plate, resulting in the nuts under the steel plate to be
casted into the foundation.
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4.4.3. Anchor rods without steel pate

Figure 4.25: Attaching column to foundation by the use of steel rods only.
The last solution for connecting the column to the foundations is by simply removing the steel
plate, casting the extended steel rods from the column into the foundations. This solution has

not been calculated in this thesis, but this concept could be very beneficial economically.
Dimensioning of this concept could be a part of future work.

4.5. Connection of steel plate to column

Figure 4.26: Connection of columns to steel plate.

35



Buildability aspects

For the connection between the steel plate and the column, there are steel rods welded to the
plate, embedded into the column. The number of rods and their diameter will vary considering
the moments and forces acting on the column and foundation. For the reference building the
worst case scenario is when the columns stand alone, before the decks are mounted. During
this time, eight steel rods with diameter of 26 millimeters, and a length of 1200 millimeters is
sufficient. The calculations is shown in Appendix A.4. The rods will be installed with an angle
of approximately 5-10° to avoid cracking in the timber. The calculations for three rods on two
sides were made, but this led to insufficient capacity in the weakest direction. Therefore, the
two extra rods were suggested, which eliminates a weak direction. Based on the doctoral thesis
by H. Stamatopoulos (Stamatopoulos, 2016) the conclusion were made that the rods will have
sufficient withdrawal capacity, due to their large embedment length. Stamatopoulos also gave
the advice that the rods’ large embedment length and angle ensures that the distances to the

edge of the column will not be a problem. 15 millimeters were chosen as safety.

4.6. Rotational stiffness of foundation base

The stiffness of each component of the foundation assembly will have a varying significance
on the rotational stiffness for the foundations. The rotational stiffness of the assembly will only
be as good as its weakest link, so if the spring stiffness of the ground is too low, it doesn’t
matter if the rest of the assembly is very stiff. Therefore, investigations were made to find out
what rotational stiffness is needed in the foundations. And then how to theoretically obtain this
rotational stiffness. The calculations of the different stiffnesses are approximations and
simplifications to find realistic ranges for the different stiffness parameters. These parameters
were used in the modelling in ABAQUS to acquire values for the rotational stiffness of the
foundation base. This will give a reasonable base to move on to the experimental stages to

acquire the real rotational stiffness.

In chapter 4.6.1 it is concluded that for the reference building with shafts a high rotational
stiffness will not be necessary in the foundations. For other structural solutions, this may not
be the case. Therefore different solutions were in the next chapters checked numerically to find
out what range of rotational stiffnesses could be achieved.

4.6.1. Necessary stiffness of the foundations

Often in a timber structure the governing criteria will be the serviceability limit state (Malo and

Stamatopoulos, 2016). Timber is a very flexible material in comparison to the capacity, and
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therefore it gives large deformations before the material collapses. Therefore, the serviceability
limit state will limit the structure before the ultimate limit state is exceeded. A general rule for
buildings like the reference building in this thesis is that the displacement in the top should not
exceed H/300. The height of the building is 28 meters, which gives H/300=93,3 millimeters.
The displacement in the top of the building is 111,37 millimeters, with a rotational stiffness in
the foundation of 3000 [kNm/Rad]. With a rotational stiffness of 11400 [KNm/Rad] in the
foundation, the displacement in the top is 98,64 millimeters. For the reasoning behind the
rotational stiffnesses in the foundation, see chapter 4.6.2-4.6.7. These displacements are on the

reference building with only columns and decks.

Rotational stiffness
(kNm/Rad) 3000 11400
Frame direction (mm) 111,37 98,64

Table 4.6: Max displacements for the reference building without shafts for the serviceability limit state, for different
rotational stiffnesses in the foundations.

— Coast

Figure 4.27: Total displacements for the worst-case scenario in the serviceability limit state without shafts
On the left: 3000 kNm/Rad in the foundation. On the right: 11400 kNm/Rad in the foundation.
An elevator shaft is necessary in every type of an urban building for easy access. It is also

favorable for handling horizontal forces in the structure, although not able to in every structure.
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For a well-planned building it is important to place the shaft in an expedient location, with both
accessibility and handling of the forces acting in mind. The elevator shaft in the reference
building was modelled with panels with corresponding material properties as a CL28h panel.
The thickness was set to the reference thickness of a CLT-panel, which is 150 millimeters. The
shaft was made to be 2500x3000 [mm], which is well within the criteria for design with
universal accessibility. In addition to the elevator shaft, a staircase is a necessary detail in every
building. The shaft for the staircase can, as the elevator shaft, take horizontal forces. With just
the elevator shaft, a rotation in the structure will show, due to the difference in stiffness from
the shaft to the columns. With a shaft for the staircase located in a different area of the building,
the shafts are together able to take the moment caused by the wind loads. They also provide a

stiffness for the entire structure, which is crucial for the serviceability of the building.

When an elevator shaft and a shaft for a staircase is connected to the reference building, the
displacements are 19,87 millimeters for a rotational stiffness of 11400 [KNm/Rad], and 19,93
millimeters for a rotational stiffness of 3000 [kNm/Rad] (see Table 4.7). Directions of the
displacements are in accordance to the Robot Structural Analysis-model. As can be seen from
Table 4.7, the displacements vary very little from 3000 [KNm/Rad] to 11400 [KNm/Rad]. In
the longitudinal direction the stiffness remains the same, while it is changed in the frame
direction, i.e. along the decks between the two rows of columns. This, because the WoodSol
concept is based on moment resisting frames, and the goal is to achieve high stiffness in the
frame direction. The displacement in the longitudinal direction of the building will have to be
taken by shafts and/or shear walls. This direction is therefore calculated with fixed foundations
in Robot Structural Analysis. The displacements in the vertical direction of the model is so

small that they are considered negligible.

Rotational stiffness
(kNm/Rad) 3000 11400
Longitudinal direction 7.74 7.73
(mm)
Frame direction 19,51 19,45
(mm)
Total 10,93 10,87
(mm)

Table 4.7: Max displacements in the reference building with shafts for the serviceability limit state, for different rotational
stiffnesses in the foundation.

The same rotational stiffness as in the bottom of the columns were used for the foundations of
the shaft walls. As seen from both Table 4.6 and Table 4.7, the difference in displacements are

a lot greater without the shafts, not just by number of millimeters, but also the percentage
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change. This is because the shafts are a lot stiffer in the stiffest direction than the columns.
From the model with shafts, we can see that the displacements are well within the criteria for
the serviceability limit state for both 3000 [kNm/Rad] and 11400 [kNm/Rad]. This means that
for the reference building, a large rotational stiffness in the foundation of the columns and shaft
walls are not necessary. The building is almost within the comfort criteria without shafts or
shear walls with a rotational stiffness of 11400 [KNm/Rad] in the foundation. The rotational
stiffness of the foundation may be a bigger challenge in other, bigger and more complex

structures.

Sources of error

The shafts modelled for the reference building are modelled with simple solutions without
detailed calculations. They were mounted on the reference building for comparison, to see how
much stiffer a building with shafts will be. The displacements in the reference building with
shafts might therefore be inaccurate, but they give an overview of the difference with or without
the shafts. A more in depth examination and calculations of the shear walls and shafts in a
WoodSol building can be a topic for further work.

4.6.2. Stiffness of soil

As can be found in “Use and abuse of springs to model foundations” (Muccillo, 2014), the
elastic foundation modulus of the soil is in the range of 4800 [kN/m?] for soft sand up to 128000

[KN/m?] for loose gravel. This is shown in Table 4.8.

Type of soil Ks
(KN/m3)
Soft sand 4800-16000
Medium dense sand 9600-80000
Silty medium dense sand 24000-48000
Clayey medium dense sand 32000-80000
Loose gravel 64000-128000

Table 4.8: Elastic foundation modulus for different soils.

The range of the stiffness from soft to dense is very large. The use of 4,8 [MN/m?] as soil for
a building is unrealistic. Either the soil would be changed, or the building would be piled to
rock. But for analytical reasons a soil stiffness of 5 [MN/m®] is used as the lowest value in
ABAQUS just to see the effect of denser soil on the rotational stiffness. The limits of the soil

elastic foundation modulus will be in the range from 5 [MN/m?] to 100 [MN/m?®] with medium
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values of 20 [MN/m?®] representing a medium dense sand and 65 [MN/m?] representing loose
gravel. These four values are used in ABAQUS to see the effect of soil stiffness on the

rotational stiffness of the foundation base.

4.6.3. Stiffness of steel anchors

The steel anchors, hereby also referred to as bolts, attach the steel plate to the concrete
foundation. These bolts can be assumed theoretically as springs with a calculated stiffness both
axial and vertically. In ABAQUS the bolts are modelled as springs between the steel plate and

the concrete foundation in order to obtain the final rotational stiffness of the assembly.

Vertical stiffness of bolts

The vertical stiffness of the bolts is calculated by assuming the same displacement as a

cantilever beam. The vertical stiffness can then be calculated by:

12E1
e
Where E is the elasticity modulus for steel and I is the second moment of area for the bolt. The

table below shows the vertical stiffness for the same bolts as illustrated in the tables above.

S e T
(mm) (mm?) (MPa) (mm) (mm?#) (N/mm)

] o2 ] ] w*d* 12E1

64 L3

10 78,5 210000 200 490,9 155

20 314,2 210000 200 7854,0 2470

30 706,9 210000 200 39760,8 12500

40 1256,6 210000 200 125663,7 39600

Table 4.9: Vertical stiffness values for different dowel diameters and 200 millimeter length.
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ameter [ pes | msw | ROl [ Ko
(mm) (mm?) (MPa) (mm) (mm?) (N/mm)

] er? ] ] mxd? 12E1

64 L3

10 78,5 210000 300 490,9 45,8

20 314,2 210000 300 7854,0 733

30 706,9 210000 300 39760,8 3710

40 1256,6 210000 300 125663,7 11700

Table 4.10: Vertical stiffness values for different dowel diameters and 300 millimeter length.

In Figure 4.28 the graph shows the vertical stiffness for different lengths and diameters of
bolts. The vertical stiffness Ky.noit Which is plotted in the Y-direction is the vertical stiffness for

each single bolt, and not a group of bolts.

Vertical stiffness of anchorage bolts for different lengths and diameters
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Figure 4.28: Vertical stiffness of anchorage bolts for different lengths and diameters.

The stiffness values for all dimensions from 10 mm to 40 mm can be found exact in Appendix
Ab5.
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Axial stiffness of bolts
The axial spring stiffness Kaxnoit can be calculated as shown in the formula below:

AxE

K gx.boit = I
Bolt

Where the elasticity modulus is 210 [GPa] for steel and the length of the dowel is in the range
of 200 — 300 millimeter. This is a simplification which does not consider the possibility of
movement due to creep and shrinkage in the concrete. The shrinkage and creep could have an

impact on the stiffness, but the approximations should appropriate.

D'amzt;:s steel Area Esteel Length of bolt Kaxbolt
2
(mm) (mm?) (Mpa) (mm) (N/mm)
2 AxFE
- Mer - -
L
10 78,5 210000 200 82500
20 314,2 210000 200 330000
30 706,9 210000 200 742000
40 1256,6 210000 200 1320000

Table 4.11: Axial stiffness values for different bolt diameters and 200 millimeter length.

When the length of the bolts is extended, the axial stiffness will be reduced, which is because
the length is the divider in the formula for axial stiffness. As illustrated in Table 4.10, the axial

stiffness is lower for the same diameters as shown in Table 4.9.

Dlambec':ftrs steel Area Esteel Length of bolt Kaxbolt
2

(mm) (mm?) (Mpa) (mm) (N/mm)

i M i i AxE

L

10 78,5 210000 300 55000

20 314,2 210000 300 220000

30 706,9 210000 300 495000

40 1256,6 210000 300 880000

Table 4.12: Axial stiffness values for different dowel diameters and 300 millimeter length.

In Figure 4.29 the graph shows the axial stiffness for different lengths and diameters of bolts.
The axial stiffness Kax.noit, Which is plotted in the Y-direction is the axial stiffness for each bolt,

and not for a group of bolts.
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Axial stiffness of anchorage bolts for different lengths and diameters
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Figure 4.29: Axial stiffness of anchorage bolts for different lengths and diameters.

Sources of error

The bolts could get additional movement both axially and vertically because of the creep and
shrinkage in the concrete. This is not accounted for. Additional to creep and shrinkage in the
concrete, the nuts used to adjust the steel plate could have movement, mainly axially. These

factors would be minimal, but could have an influence on the results.

4.6.4. Rods connecting steel plates to columns

Axial stiffness of rods

The axial stiffness calculated for the steel rods attaching the column to the steel plate Kaxrod iS
the so-called withdrawal stiffness of the steel rods. This stiffness is calculated by a simplified
expression (A.16) found in the doctoral thesis of Haris Stamatopoulos (Stamatopoulos, 2016).

The expression used is:

Kaxroa =085%Jmxd xR, x AxE
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Where Re is a factor taking the angle of the rods into account calculated by the formula:

9,65

R, =
¢ (1,55in(a)22 + Cos(a)%?)

The rods have been decided to be installed inclined with a degree between 5-10° to avoid
splitting in the columns. The deriving and basis for these formulas can be found in the thesis

by Stamatopoulos (Stamatopoulos, 2016).

Additional to the withdrawal stiffness, the rods also have a free length from the top of the plate
to the bottom of the plate. The rods are welded to the bottom of the steel plates as illustrated in
Figure 4.30. The free length also has a stiffness which behaves like a tensile rod which is fixed
in one end and free to move elsewhere. The stiffness is calculated as:

Asteel * Esteel
Ly

Kax.o -

Where Lo is the free length illustrated in Figure 4.30.

Welded side

Figure 4.30: Illustration of free length Lo and welded side.

The stiffness used in the ABAQUS models is the combination of the stiffness of the rod and
the free length, combined by the formula:
K _ Kax.rod * Kax.O

ax.tot —
Kax.rod + Kax.O

This stiffness is a little lower when the stiffness of the free length is not considered. This can
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be seen by comparing Kax.rod and Kaxtot in Table 4.13, where Kaxtot considers the free length

and Kax.rod does not.

Diamete

r rods Area ESteeI LO Re Kax.rod Kax.O Kax.tot
(mm) (mm) | (Mpa) (mm) (N/mm) | (N/mm) (N/mm)
) e 50 See formulaon | 0,85*I1*d | A*E | Kaxroa * Kaxo
sin(80) | previouspage | *R.*A*E L Kaxroa + Kax.o
10 78,5 | 210000 51 9,66 60100 471000 53300
16 201,1 | 210000 51 9,66 122000 | 828000 106000
22 380,1 | 210000 51 9,66 196000 | 1570000 174000
28 615,8 | 210000 51 9,66 282000 | 2540000 254000

Table 4.13: Axial stiffness of steel rods for varying diameter and 50 mm steel plate.

The axial stiffness is calculated with 5° and 10° inclination and have been plotted for different

dimensions in Figure 4.31. The inclination has no impact on the axial stiffness as can be seen

in Figure 4.31 since the two lines coincide. The stiffness Kax.rod IS the stiffness of each single

rod, and not of a group of rods and will be correct for rod-lengths from 650 millimeters and

above.
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Axial stiffness for steel rods
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Figure 4.31: Axial stiffness for different diameter of steel rods.

Vertical stiffness of rods

The vertical stiffness is also calculated both for the free length and the steel rod penetrating the
wood. The free length is assumed to have the same displacement as a cantilever beam in the

vertical direction, having a vertical stiffness of:

3EI
v.0 ::'Z%r

The rods penetrating the wood will act like steel dowels in the vertical direction, therefore the
stiffness can be calculated using Formula 7.1 in Eurocode 5 (EC5) (CEN, 2008Db).

2%pp xd
Ky roa ::____Eig____

Where the formula is multiplied by a factor of 2 because of EC5 7.1 (2) (CEN, 2008b) where

it is considered a steel to timber connection.
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Diameter
rods Area ESteeI LO Kv.rod Kv.O Kv.tot
(mm) (mm) | (Mpa) (mm) (N/mm) (N/mm) (N/mm)
_ I« 2 _ : 50 2 *prlr’ls * d 3_E3‘I Kv.rod *KU.O
Sln(80) 23 Lo Kyroa + Kvo
10 78,5 | 210000 51 7750 2330 1790
16 201,1 | 210000 51 12400 15300 6850
22 380,1 | 210000 51 17100 54600 13000
28 615,8 | 210000 51 21700 143000 18900

Table 4.14: Vertical stiffness of steel rods with free length.

The vertical stiffness is also calculated with 5° and 10° incline, which gives no impact on the
vertical stiffness as can be seen in Figure 4.32 since they coincide. The stiffness Ky.rod is the
stiffness each single rod, and not of a group of rods and will be correct for rod-lengths from
650 millimeters and above.

Vertical stiffness for steel rods
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Figure 4.32: Vertical stiffness for steel rods.
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Sources of error

The formulas used for calculating the axial stiffness of the rods are simplified calculations.
These could be calculated using the full-scale calculations shown in the thesis by
Stamatopoulos (Stamatopoulos, 2016) which could give more accurate results.

4.6.5. Modelling of the reference model in ABAQUS

Dimensions of elements

First a reference model was modelled in ABAQUS. This, to have a rotational stiffness value to
compare to the values when changes are made to the assembly. This reference model is also
the model used to check the results when varying different parameters. In this chapter, the
choices of the modelling, simplifications and the sizes and values used will be presented, as

well as the results.

The first part of the modelling is choosing the sizes for each of the three parts. The three parts
are: foundation, steel plate and column. The foundation is modelled with the dimensions

2000x600x500 [mm]. Then partition cells and datum points are made in specific places, so that

the steel plate will be placed correctly and the dowels can be attached at the correct points.

.

Figure 4.33: Foundation and steel plate modelled in ABAQUS.
The steel plate has the dimensions 600x600x20 [mm]. Because of the demand for edge
distances and spacing according to EC3-1-8 table 3.3 (CEN, 2005), the steel plate will need to
be about 600x600 [mm] for dowels between 20-40 millimeters. This gives room between the

nuts and the column to tighten the nuts.

The column is modelled with the dimensions 400x400x10000 [mm]. It is modelled as rigid

since it is only the rotation of the foundation, not the curvature of the column that is relevant.
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The steel plate and the concrete foundations is modelled with the elasticity modulus of 210
[GPa] for steel and 30 [GPa] for concrete.

Modelling of springs

The next parameters for the reference model is the bolts and the rods. The bolts and the rods
are modelled as four springs each and then assigned connector sections. Since it is only
modelled four springs, the stiffness value of the rods and bolts, if for example eight bolts are
used, must be divided by four and then assigned to the four modelled springs representing the
bolts and rods. For eight bolts with a diameter of 32 millimeters the stiffness value would be
844000 [N/mm] for each bolt. This results in a total stiffness of 8 x 844000 [N/mm] which
equals to 6752000 [N/mm] total, which again will be divided by the four springs modelled,
resulting in 1688000 [N/mm]. The same is done for the vertical stiffness resulting in a stiffness
value of 32400 N/mm. The values are plotted into the Edit Connector Section as illustrated in
Figure 4.34.

S EditC

Name: Concrete/Steel
Type: Cartesian /7
Available CORM: U1, U2, U3 Constrained CORM: None
Connection type diagram: Q"
Behavior Options ~ Table Options

Behavior Options

+
¥
Elasticity

Definition: @ Linear O Nonlinear O Rigid
Force/Moment: F1 F2 F3
Coupling: ® Uncoupled O Coupled

[] Use frequency-dependent data
[[] Use temperature-dependent data

Number of field variables: 03 ¥
Data
D11 D22 D33
1 32400 32400 1688000
OK Cancel

Figure 4.34: Values plotted into the Edit connector section in ABAQUS.
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For the steel rods, the same procedure is done as for the bolts. The only difference is that the
springs for the rods are modelled with an inclination of 10°. For the reference model six rods
with a diameter of 22 millimeters is used, resulting in an axial stiffness of 261000 [N/mm] and
a vertical stiffness of 19500 [N/mm] being plotted in the connector section for the springs

attaching the column to the steel plate.

Modelling of soil

When modelling the soil as springs in ABAQUS, the value of each spring depends on the mesh
size used. In the reference model, the mesh size is cubic with the dimension 50x50x50 [mm].
With this mesh and a soil stiffness for the reference model of 20 [MN/m?] the spring stiffness

for each node-spring will be:

N
Ksoiy = 20 ¥ 107 ——= * 50 mm * 50 mm = 50 —
mm mm

This value is plotted as a spring attaching the nodes beneath the foundation to the ground, as

illustrated in Figure 4.35.

& Global Seeds % Edit Springs/Dashpots

Sizing Controls

Mame: Springs/Dashpots-1

Approximate global size: | 50 Type:  Connect points to ground (Standard)

Curvature control Region: Set-1 k
Maximum deviation factor (0.0 < h/L < 1.003: | 0.1 X i
(Approximate number of elements per circle: 8) Direction

Degree of freedom: | 3 d

Minimum size contral

(®) By fraction of global size (0.0 < min < 1.0) 0.1 Orientation: {Globall [p L

O By absclute value (0.0 < min < global size) 5
Property

0K Apply Defaults Cancel Spring stiffness:

[] Dashpot coefficient:

QK

Figure 4.35: Illustration of modelling of mesh size and soil springs in ABAQUS.
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Forces and restraints

The model is applied a force of 1 [kN] at the top of the column to achieve a moment which can
be used to calculate the rotational stiffness. The foundation is restrained in the X and Y
direction, only allowing it to rotate and be pushed down into the springs modelled for the soil.
The top of the column is restrained in the Y direction, not allowing it to move out of the X-Z

plane. Both the force and the restrains can be seen in Figure 4.36.

Figure 4.36: ABAQUS model with forces and restrains.

Sources of error

The first source of error in the modelling is the dimension of the foundation. This is just an
assumption, which means both the length and width could have a larger necessary size. If the
foundation is found to be larger it would result in a larger area connected to the soil, and
therefore resulting in a stiffer foundation and a higher rotational stiffness, in other words, the

assumption of size is conservative.

The next source of error is the modelling of the springs. It would be more correct to model

eight springs if eight rods or bolts are used. The authors of this thesis found that to be too time
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consuming and therefore chose to divide the stiffnesses of the bolts and rods to four springs

thinking it would be an adequate assumption.

4.6.6. Final rotational stiffness of foundations

The final rotational stiffness is calculated by dividing the moment in the foundation by the

rotation of the foundation:

_ Moment (kNm)
™ Rotation (Rad)

The moment is easily calculated to 10,5 [KNm] by multiplying the force of 1 [kN] at the top of
the column multiplied by the height of the assembly of 10,5 meters. While the rotation is

calculated by formula below, using the displacement in the top of the column:

Displacement (mm)

Rotation = Arctan(

10500 (mm)
Reference model Sizes and numbers
Soil stiffness (kN/m2) 20
Plate thickness (mm) 20
Diameter dowel (mm) 32
Length of dowel (mm) 200
Number of dowels 8
Diameter rods (mm) 22
Number of rods 6
Top displacement (mm) 33,24
Rotation (Rad) 0,00317
Rotational stiffness (kNm/Rad) 3315,80

Table 4.15: Parameters and stiffness of reference model.
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Figure 4.37: Displacement at the top of the column for the reference model.
By having a reference model, each parameter can now be varied, making it possible to figure
out which parameters have the biggest influence on the rotational stiffness of the foundation
base. Different combinations can also be made trying to achieve the highest possible rotational
stiffness. This has been done in chapter 4.6.7 and the results have been plotted into graphs,

comparing the results to the stiffness of the reference model.
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4.6.7. Effect of different parameters

Effect of the soil stiffness

Rotational stiffness of reference model when varying soil
stiffness

6500,00
6000,00
5500,00
5000,00
4500,00

4000,00 . T
—@— Varying soil stiffness

Ke (kNm/Rad)

3500,00 —@— Reference model
3000,00
2500,00
2000,00

1500,00
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Soil stiffness (kN/m”3)

Figure 4.38: Effect of varying soil stiffness.

Figure 4.38 shows the impact of the soil stiffness on the total rotational stiffness for the
foundation base. All parameters are as for the reference model in Table 4.15, but the soil
stiffness is varied from 5 [kN/m®] to 100 [KN/m®]. The graph shows that the soil stiffness has
a high impact on the total rotational stiffness of the foundation. This implies that to achieve a
high rotational stiffness the soil needs to be stiff, even if all other parameters are maximized.

When reaching about 60 [KN/m®] the graph flattens. By increasing the soil stiffness from 60
[KN/m?] to 100 [kN/m?®] the change in rotational stiffness is 250 [kN/m®] and using soil stiffness
above 100 [kN/m?] have almost no impact on the rotational stiffness. By using 200 [KN/mq]
instead of 100 [kN/m?®] the rotational stiffness only increases by about 100 [KNm/Rad].
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Effect of the steel plate thickness

Rotational stiffness of reference model when varying plate thickness
6500,00

6000,00 o— ®
5500,00
5000,00
4500,00
4000,00
—@— Varying plate

3500,00 thickness

—@— Reference
model

K& (kNm/Rad)

3000,00
2500,00
2000,00

1500,00
10 20 30 40 50 60 70 80 90 100

Plate thickness (mm)

Figure 4.39: Effect of varying plate thickness.
The influence the thickness of the steel plate has on the rotational stiffness is interestingly high.
The graph shows high increase of rotational stiffness when increasing the thickness up to about
50 millimeters. Increasing the thickness above 50 millimeters will have almost zero impact on

the rotational stiffness.

The thickness of the steel plate has an even greater impact on the rotational stiffness than the

impact of the soil stiffness.
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Effect of the number and sizes of bolts

Rotational stiffness of reference model when varying number and

6500,00 diameter of bolts

6000,00
5500,00
5000,00
4500,00

—@— 4 Steel Anchors

4000,00
—@— 8 steel anchors

KO (kNm/Rad)

12 Steel Anchors
3500,00

3000,00 %

2500,00

¥ 16 Steel Anchors

2000,00

1500,00
12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
Bolt diameter (mm)

Figure 4.40: Effect of varying diameter and number of bolts.

Figure 4.40 shows the impact on the rotational stiffness of the foundation base by the diameter
of the bolts, and the number of bolts used to connect the steel plate to the foundation. As can
be seen, both the diameter and the number of bolts have a very small influence on the total
rotational stiffness. The difference between using four 12 millimeters bolts and sixteen 40

millimeters bolts is only 340 [kNm/Rad], which is very low.

With this graph it is concluded that the use of eight bolts with a diameter of 20 millimeters,
which is relatively small, is stiff enough to be able to contribute to a high rotational stiffness.
The bolts will still need to be dimensioned to be able to withstand the forces acting on the
connection, but increasing the diameter above 20 millimeters will not contribute significantly

to a stiffer foundation.
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Effect of the number and diameter of rods

Rotational stiffness of reference model when varying number and diameter
of rods

6500,00
6000,00
5500,00
5000,00
4500,00
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—— —3

3000,00 0——"""/'/0/
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1500,00
14 16 18 20 22 24 26

Diameter of rods

Figure 4.41: Effect of varying the diameter of the rods.
Figure 4.41 shows the effect of varying the diameter and number of steel rods on the rotational
stiffness. The graph shows that the difference between using ten 26 millimeter steel rods and
four 14 millimeter steel rods is about 800 [KNm/Rad] which is a considerable impact. But the

difference between using six or eight rods instead of ten is rather low.

When trying to maximize the rotational stiffness for the foundation base the number and sizes
of rods is significant. The diameter should be considered to be between 18 and 26 millimeters

and the number of rods should be six or above, if the rotational stiffness is required to be high.

Maximum obtainable rotational stiffness

By analyzing and comparing the influence of the different parameters in this chapter, new
numerical tests have been made in ABAQUS. This, to try to find the maximum rotational

stiffness achievable using realistic assumptions for the different parameters. The parameters
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used for the different solutions A, B, C, D and E can be seen in Table 4.16 and Figure 4.42

with the final rotational stiffness of each solution.

Maximal
expected A B C D E
stiffness
Soil stiffness
(kN/m?) % 0 ® ” >
Plate thickness 40 40 45 50 100
(mm)
Diameter bolt 22 32 32 32 32
(mm)
Number of
bolts 8 8 8 8 8
Length of bolts 200 200 200 200 200
(mm)
Diameter rods 22 24 24 24 24
(mm)
Number of 8 8 8 8 8
rods
Rotational
stiffness 6142 6377 9351 11069 11460
(kNm/Rad)

Table 4.16: Parameters for final rotational stiffness.
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Rotational stiffness of foundation base alternatives
12000,00
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=)
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Figure 4.42: Rotational stiffness of foundation base alternatives.

From Table 4.16 and Figure 4.42 we can see that the rotational stiffness for the foundation

base with realistic assumptions can reach up to 11460 [kKNm/Rad].

From solution A to B it is shown that only increasing the diameter of the rods and the bolts
have an insignificant impact on the rotational stiffness. From B to C you see the influence of
increasing the plate thickness and using denser soil, and as can be seen the influence is very
large. From B to C there is a slight increase in both plate thickness and soil stiffness, resulting
in an even higher rotational stiffness than for alternative C. While from D to E the plate
thickness is increased above 50 millimeters and the soil thickness above 65 [kN/m*] which have

only a small influence on the rotational stiffness.

From this chapter it is concluded that a rotational stiffness of 11460 [kNm/Rad] is obtainable
for the foundation base. The factors having the largest impact on the rotational stiffness is the
thickness of the steel plate and the soil stiffness. The rods and anchorage bolts have an impact,

but the impact is nowhere near the impact of the plate or the soil.

The next step for the rotational stiffness would be to do experiments to check if these numerical

results are achievable in practice.
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4.7. Modelling of decks

The modelling of the decks is done in Robot as a simplification based on the deck described in
the thesis by Klund, Skovdahl and Torp (Klund et al., 2017) and the thesis by Bjgrge and
Kristoffersen (Bjerge and Kristoffersen, 2017) (henceforth referred to as the reference deck).
As concluded by Bjgrge and Kristoffersen, the decks will have a self-weight of approximately
200 [kg/m?], when they are made to meet the requirements for acoustics. This gives the decks
a total weight of 4320 kg. The decks are modelled to give a realistic representation of the
reactions from wind, snow, self-weight and live loads on the structures in Robot. Therefore,
the weight of the decks are important. Also, the weight has a big influence on the acoustic
properties of the decks, but this will not be investigated further in this thesis. The decks are
modelled as solid decks for simplification, with the same material properties as the reference
deck. The elasticity module is 15000 [MPa] in the lateral direction, and 300 [MPa] in the

transversal direction.

WoodSol is developed for high-rise buildings in urban areas. A typical use for the buildings
can be offices, apartments, schools, gyms etc. With this in mind, the live load that is selected
for the structure is 4,0 [KN/m?]. This load covers the categories of use NS-1991-1-1 (6.1.1)
(CEN, 2008b). The snow load chosen for the structure is 3,5 [KN/m?], which is the decided
load for downtown Trondheim found in NS-EN 1991-1-3, NA.4.1 (901) (CEN, 2008b).

The FE simulations made by H. Stamatopoulos and K. A. Malo (Malo and Stamatopoulos,
2016) gave the minimum rotational stiffness of the connections between the decks and the
columns of 10 000 - 11 000 [kNm/Rad]. This, to satisfy the criteria of a maximum horizontal
displacement in the top of the building of H/300. The height of the building used in the
simulations were 30 meters. The decks modelled in Robot for this thesis are therefore given a
rotational stiffness in the connections to the columns of 11 000 [kNm/Rad].
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BH

e

= H/300 iy

K8 = ® (rigid connections) = |

0
0 5000 10000 15000 20000 25000 30000 1 ,
k, (kNm/rad) J l I

Figure 4.43: Calculations of rotational stiffness in connections to satisfy SLS requirements.

The wind load acting on the structure will vary with regards to were the building is placed. In
the simulations by Stamatopoulos and Malo, a structure in an urban environment was
evaluated. This will also be the case for WoodSol, when the concept is meant for buildings in

an urban environment.

4.8. Stability of columns during erection

The concept of WoodSol is based on moment resisting frames. During the erection of the
structure, the columns may have to stand alone for a short period of time, thus not being
moment resisting before the structure is complete. This may cause problems, since the stiffness
will be considerably lower when the decks are not present. Here the only forces acting is gravity
and wind. In this chapter the process of assembly will be looked at. This will reveal whether or
not a bracing during the erection is necessary.

According to NS-EN 1991-1-5 table NA.4(901.1) (CEN, 2008c) the dimensioning wind load
in Trondheim is 26 [m/s]. This complies with a force of approximately 422 Pa. This multiplied
with the exposure factor Ce from NS-EN 1991-1-4 4.5 (4.8) results in a wind speed force qp

equal to 1056 Pa. The calculations are shown in Appendix A.6.

The use of a wind speed of 26 [m/s] is very conservative for the construction phases. Due to
the lifting process by crane the wind speed during the construction phase should be
considerably lower, due to both effectiveness and safety. The columns are checked with NS-
EN 1995-1-1 (CEN, 2008b) and all calculations for stability and design checks are shown in
Appendix A.6.
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When both the dead loads and wind loads were combined on the columns, the safety factors
from Eurocode 0 (CEN, 2008a) is used, which gives a conservative result. The factors used for
the combination of the forces are found in NS-EN 1990-1-1 NA.6.4.3.2 (CEN, 2008a). These
calculation gives a displacement in the top of the column of over 8 meters. The moment in the
bottom of the columns are 259 [KNm], the shear force is 18,5 [kN], and the compression force

is 23,1 [KN]. For calculations see Appendix A.6.

o [as0] o

Figure 4.44:

a) Moments from wind load. b) Shear force from wind load. c¢) Compression force from dead load.

This means that the columns will not be able to stand by them self in the worst-case scenario,
which is with wind speeds up to 26 [m/s]. As mentioned earlier, lifting of the columns in wind

speeds up to 26 [m/s] is not favorable considering both the preciseness and safety.

For the reference building the columns needed is calculated in Appendix A.6. The dimensions
400x400 [mm] was sufficient for the columns when the wind speed is beneath 26 [m/s] as well

as for the building after assembly.

The maximum wind speed calculated to be resisted by the columns standing alone is 25 [m/s],
see Appendix A.6. This means that the columns can stand by themselves if the wind is expected
to be low until the decks are fastened, but for safety reasons the decks should be fastened as
fast as possible after the erection of the columns.
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5. Transportational aspects

The transport of elements, be it concrete, steel or timber, is a crucial part of the building
process. Transportation of the elements to the building site have an impact on the
environmental and the economic aspect of the project. The largest dimensions that can be
transported in Norway depends on the roads that needs to be used. The passing of cross roads,

roundabouts and the radius of the turns will influence the size of the allowed dimensions.

5.1. Transport of reinforcement and formwork

For the buildings built with the WoodSol concept there will not be need for much
reinforcement. But the foundations will need a certain amount depending on the foundation
size. For the reference building built on loose gravel, there will be need for about 1,22 m® of
reinforcement if assuming 2% of the 61 m® of concrete is reinforced. The density of steel is
7850 kg/m3, resulting in a total need of 9577 kg of reinforcement. This can be transported by
one delivery with a semi-truck (YNDTransportAS, 2018). If a tower crane is used additional

concrete and reinforcement is needed for the foundation of the crane.

The materials for the formwork will also only need one delivery since it will need less than 2
m? of formwork panels and other timber materials. This volume is taken from the AutoCAD
drawing shown in Figure 5.1 assuming 20 millimeter thick and 500 millimeter tall formwork
panels. The delivery of formwork will be the first delivery of material on site after all the

groundworks are finished.

Figure 5.1: Formwork for strip foundations.

If assumed that the building is built in Trondheim the reinforcement can be bought from Celsa,

which provides the most CO; efficient reinforcement in Europe (Celsa, 2018). Celsa also has
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a storage of reinforcement in Trondheim providing a short delivery distance for the
reinforcement as well. The cost of this delivery by a semi-truck will be 1025 [NOK/hour] by
using the prices from YND transport AS in Norway (YNDTransportAS, 2018). While materials
can be bought from Optimera, which also provides transportation of the materials.

5.2. Transport of concrete

The concrete for the foundations will be bought from the nearest ready-mixed concrete factory.
There is a factory near every major, and a lot of the minor cities in Norway, resulting in a short

transportation process for the concrete.

The delivery of concrete on site will come after the formworks are finished with the

reinforcement installed.

The amount of concrete for the foundations for the reference building built on loose gravel is
61 m®. With every concrete truck delivering 7,5 m® which is an obtainable delivery volume if

there is no overly steep roads to the delivery spot, this will result in 8 deliveries.

Betong @st, one of the main suppliers of ready-mix concrete in Norway takes 142 [NOK/m?]

for transporting concrete 5 km (Betong@st, 2018).

5.3. Transport of decks

The largest WoodSol deck elements have the dimensions 9000x2400x550 [mm]. Thus, the
transportation of these elements is within the rules concerning size for a semi-truck. The rules
for transport varies, depending on what kind of vehicle you use, but the dimensions are
approximately 18000x2600x4000 [mm] for an extendable semi-truck. This means that the
WoodSol-deck elements are within the boundaries (vegvesen, 2017).
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Figure 5.2: Transportation of decks

a) Not allowed. b) Allowed.

Unfortunately, the dimensions of 18000x2600x4000 [mm] is only allowed for solid coherent
parts using near the full length of the loading plane. Therefore, the decks cannot be transported
with two stacks as illustrated in Figure 5.2 a). The decks will have to be transported on normal
semi-trucks with a length of the loading plane of 13,6 meters stacking 6 elements on only one
stack as illustrated in Figure 5.2 b). The loading is limited by 6 elements, since the maximal
weight allowed is 27 tons and each deck weights approximately 4,3 tons resulting in 25,8 tons.
This means that for the reference building all the decks could be transported with 14 truck

deliveries as concluded by the chief of transportation at Moelven, see Appendix B.1.

The cost of transporting the decks on a semi-truck will be 1025 [NOK/hour] by using YND
transport AS in Norway (YNDTransportAS, 2018).

5.4. Transport of columns

To transport elements larger than 18000x2600x4000 [mm] an application have to be sent to
Statens Vegvesen in Norway to get special dispensation for the specified cargo. This will need
to be done when transporting the columns because of their length of 28000 millimeters. The
columns will have to be transported on an extendable semi-truck which is capable of
transporting elements above 30000 millimeters with a weight of 27 tons. Hence, an extendable
semi-truck is capable of transporting 14 columns at once, resulting in two trucks being
necessary for the reference building. Dispensation for additional loading beyond the 27 tons
can only be given when the truck is loaded with one single heavy element, and will not be

possible for the transportation of the columns.
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Since the total length of the transport will be over 30000 millimeters with a loading plane of
28000 millimeters there will be need for two accompanying cars and a police escort. This
transport will also need to be done during the night (vegvesen, 2017). The maximal length of
a member transported for Moelven Glulam in Norway is 33 meters (RingerriketBlad, 2008).

Figure 5.3: Extendable semi-truck loaded with a 33 meter long glulam element (RingerriketBlad, 2008).

66



Assembly aspects

6. Assembly aspects

6.1. Cranes

Due to a high level of prefabrication of elements, there will be need for a crane of some sort at
the construction site. In Norway there is three types of cranes that is normally used and easily
available. These three are normal tower cranes, self-erecting tower cranes and mobile cranes.
The choice for which crane to use will depend on the size and height of the building, building
time and the surroundings of the construction site. For very rapid construction the mobile crane
may have the upper hand, due to the cost of the erecting of the tower cranes, and the foundations
needed. The concrete foundations needed for the tower cranes will also inflict the building
time, cost and the CO- pollution. The mobile crane may need a greater ground area than the
tower cranes, and the lifting process is a little less efficient than the process with the towers.

For the reference building, which has a foot print of 216 m?, a tall mobile crane LTM 1100-4.1
(Liebherr, 2018) delivered from Roar Wilhelmsen should be sufficient. This mobile crane have
a cost of approximately 1450 [NOK/hour] (NorskPrisbok, 2018).
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Figure 6.1: Setup of crane.

This mobile crane will give a lifting capacity of 2 tons with a radius of 42 meters and a height
of 27 meters and 6,2 tons with a radius of 26 meters and a height of 44 meters. As illustrated
above this should be sufficient for the reference building if there is free space around the

construction site.
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If the construction is to be built in a tight urban area a tower crane might be necessary due to
lack of space. For the reference building a Turmdrehkran 132 EC-H tower crane delivered by
E.D.Knutsen should be sufficient, having a lifting height of 55 meters and a capability of 3,3
tons at a 40-meter radius. The tower crane needs a foundation of 5000x5000 [mm] while the
mobile crane needs 13000x7500 [mm]. This means the tower crane needs % of the ground area
compared to the mobile crane. A self-erecting tower crane could also be a good solution. The
Potain 1go T 130 delivered by Kranor has almost the same lifting capacity as the Tormdrehkran

132 EC-H, but has a faster and cheaper erecting phase, see chapter 8.2.

6.2. Lifting of columns

The columns need to be checked for stability under the construction phases. The first check is
for the self-weight when lifting them from the truck to attach them to the foundations. In this
thesis, four different attachment points are calculated, one attachment in the middle of the
column, one with an eye bolt screwed in at the top, one with a drilled hole and one with a

shackle fastened in the preexisting connectors.

6.2.1. Webbing slings

Figure 6.2: Webbing slings attached to the middle of the column.

This solution involves fastening two webbing slings to the middle of the column for a stable
and rapid lift to move the columns for temporarily storage if needed until the final lift to connect
them to the foundation. The columns will withstand this type of lift easily. The calculations is
shown in Appendix A.7. This placement of the slings will not be practical when the columns
is to be fastened to the foundations since placing them vertically with these anchor points would
be difficult.
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6.2.2. Eyebolt

Figure 6.3: Column with screwed in eyebolt.
One idea was connecting the webbing slings to an eyebolt screwed down in the top of the
columns. The conclusion was made that the length of the threaded part will probably be
unpractically long, and therefore the screw may collide with the screws for the deck connectors.
Also, the eyebolt is useless after the lifting process, resulting in an unnecessary usage of

expensive, pollutant steel and a more complex prefabrication of the columns.

6.2.3. Drilled hole

Figure 6.4: Column with drilled hole.

The third solution calculated is a solution with a drilled hole with a diameter of 60 millimeters,
placed about 500 millimeters from the top of the column depending on the screws from the
deck connections. A hole in itself is not optimal for the cross section, but being placed at the
top of the column, where the least forces are working, makes it a doable idea. The connection
can withstand being lifted by ropes, which is calculated in Appendix A.7, but it's still a

suboptimal solution.
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6.2.4. Use of shackle in connectors

* 130mem o

A—— B2mm ——o- 43mm

Figure 6.5:

a) Connections in columns (WoodSol, 2016). b) Connector (WoodSol, 2016). c) Shackle (Liftingsafety, 2018).

The best solution when lifting the columns is to use a shackle attached to the holes in the
preexisting connectors in the columns. The shackle will need a capacity of about three tons
which is easily obtainable while the connector is already dimensioned with a capacity of five
tons. This solution will make it possible to lift the columns vertically making the attachment
of the columns to the foundation simple.

6.3. Lifting of decks

6.3.1. Two webbing slings around deck

Lifting of decks can be done with two webbing slings attached with a spacing of 2-3 meters
centered on the longitudinal side of the decks as illustrated above. This will result in a stable
and controlled lifting process enabling the stability needed to lower the connections of the
decks straight down into the connections of the columns. However, this may cause problems
when the margins are very small. The risk of colliding with, and damaging the columns on the
way down to the connections are high. With a perfect lift, a straight lowering should be
possible, but this is highly improbable to accomplish. The decks should be lifted at a slight
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angle, not to collide with the columns on the way down. Therefore, the lifting equipment needs

to be able to attach to the deck in a way that allows lifting with an angle.

Figure 6.6: Two webbing slings around deck.

6.3.2. Webbing slings attached to eyebolts

One solution to this problem would be to add an additional attachment mechanism to the decks
with a hole, which the lifting equipment can be attached to. This mechanism could be an eye
bolt or something similar. This allows the deck to safely be lifted at an angle and lowered into
the connections on the columns. Here they will be placed on a dowel or some sort of preexisting
ledge, so the crane can release the deck and start getting a new one. By doing this, the erection

process will be more efficient.

Figure 6.7: Screwed in eyebolts in the deck.
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6.4. Erection method

6.4.1. All columns first

A simple way to assemble the structure would be to raise all the columns in their intended
places before mounting any decks. For the reference building this would mean that the columns
would be placed in two straight lines, with 9 meters between the two lines, and 2,4 meters

between the columns in the same line.

[

Figure 6.8: Assembly method with all columns raised before mounting decks.

Based on the calculations shown in Appendix A.6, this solution has challenges. The load
combination of wind and dead load on the columns results in a moment in the base of the
columns bigger than the capacity. The columns are not going to be able to stand by them self
(in the worst-case scenario) before at least one story of decks is mounted. Calculations done in
Robot Structural Analysis and Mathcad, shown in Appendix A.8, shows that the columns will
be able to stand when the first story of decks is mounted. The assembly solution is possible
without any further bracing, as long as the decks are connected within a relatively short time.
It will be possible to tell how much wind can be expected within a relatively short time frame,
and therefore, the assembly can be planned to happen when the workers have time to connect

at least one story of decks to the columns, when the wind is acceptable.

6.4.2. Columns section-by-section

Bottom deck first

Considering that the columns are potentially exposed to the largest moment before the decks

are mounted, a solution would be to mount a deck for every "section" erected. First, four
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columns will be risen, and a deck mounted on the first connections to these four columns. Next,
two more columns will be risen next to the existing four, and a new deck will be connected,

making a new "section", and so on.

|

Figure 6.9: Assembly method with only the necessary number of columns raised before mounting decks.

This method will reduce and almost eliminate the time the columns need to stand alone without
a deck connected. Based on the calculations shown in Appendix A.8 the columns are within
the criteria when one story of decks is mounted. The deformation in the top of the columns are
still high, approximately 1,5 meters. This is not necessarily a problem, when this is during

erection of the structure. Therefore, the serviceability limit state is not as limiting.

This method of erection can also have some challenges. When the columns and decks are to be
mounted more simultaneously, both need to be available on site when the erection process is
ongoing. This may cause problems when the storage opportunities in an urban area might be
limited.
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Top deck first

An alternative method to the above erection method is to place the top deck first, to make the
columns able to stand safely (henceforth referred to as top-method). The approach of mounting
would be the same as shown in Figure 6.10. This method will have both upsides and downsides
with regards to the method above, with mounting the bottom decks first. Like described above,
this method significantly reduces the time the columns must stand alone, where they are the
most vulnerable. In addition, the erection method gives lower loads in the columns during

erection, as shown in Figure 6.10.
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Figure 6.10: Differences in forces acting on the columns with only top deck or only bottom deck attached.

a) Compression. b) Shear in x-direction.
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c) Shear in y-direction. d) Moment in x-direction.

e) Moment in y-direction.
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Figure 6.11: Difference in deformations for only top or bottom deck attached.

With these differences in forces and moments in mind, the top-method is a better solution. The
top-method also has the advantage that the workers will have a roof over their head as they
work inside the construction. This is favorable both for the workers, and for the materials
underneath the roof. In a timber structure, moisture is a challenge, and every measure to reduce
the risk of this is highly wanted. On the basis of these arguments, the top-method is a solution
with many positive sides that the bottom-method does not have. But a challenge the top-method
will have is that the erection requires the elements after the top element to be hoisted in from
the side. This may cause problems or difficulties with the erection that the bottom-method will
not present. Also, with this comes the need for a mobile crane. In an urban area with limited

storage space, this can be a challenge, especially if a tower crane is necessary as well.

When the columns stand alone, without decks, they are subjected to the most moment. With
this in mind the method with section-by-section seems like the better solution. And the two
different possibilities within this solution, the top-method and bottom-method, both have
upsides and challenges. But with the forces acting on the columns in mind, the top-method is
the best solution. With this method, the columns are subjected to smaller forces and moments

than for the bottom-method.
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6.5. Decks

6.5.1. Connection of decks to columns

When connecting the decks to the columns, the decks are first hoisted into the connectors on
the columns. The connector of the columns have pins that are capable of holding the decks
until they are connected. This results in the crane being able to release one deck, then go get

another while the deck is being fastened.

The decks are connected to the columns by the use of two bolts for each corner of the decks,
as illustrated in Figure 6.12. This results in a rapid and uncomplicated procedure when

connecting the decks.

Figure 6.12: Connection between deck and column (WoodSol, 2016).

For the workers to be able to get to the same height as the decks to mount the bolts they will
need some kind of scaffolding or a lift. This will be needed early in the assembly process since

the first floor of decks are three and a half meter above ground level.

Mobile lift

Mobile lifts are a good solution when only considering the mounting of the bolts for the deck-
to-column connection. When considering the whole construction phase, some sort of
scaffolding will be needed either to be used as stairs or as safety measures. Therefore the use
of mobile lift for connection of decks should only be considered if the plan is to mount some
sort of scaffolding after all the decks are connected.
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One idea could be to use a mobile lift to connect the first floor of decks so that the columns are

stable and stiff, and then mount scaffolding to connect the rest of the decks.

Scaffolding

Scaffolds will probably be necessary regardless when building in these heights. Scaffolds are
easy to mount even though it will take up a lot of time to mount them. Since the WoodSol
concept is to be applicable in urban areas, the scaffolds will need to be covered in fall safety
nets. These will take a lot of time to attach as well.

6.6. Building time

The high degree of prefabrication that the WoodSol concept uses will contribute to a short
building process, making it possible to have a building closed within a few weeks after the

foundations is done.

Groundworks

The time usage of groundworks will depend a lot on the soil at the construction site and the
size of the building. Because of this, and the fact that the authors have very little experience

with time consumption of groundworks, this will not be investigated further.

Foundations

If considering the reference building built on loose gravel the foundation sizes needed is
2300x2300x500 [mm], resulting in a 2300x26300x500 [mm] strip foundation under each row
of columns. The formwork for these two foundations are estimated to take about 3 days each,
using three workers, resulting in 6 days total. By the use of six workers, working three and

three on each foundation it will take 3 days total.

After the formwork is done, the reinforcement will need to be installed. The foundations will
contain about 2 % reinforcement resulting in 4750 kg of reinforcement each foundation. An
approximation of time consumption is about 117 kg/hour resulting in a total time usage of 3
and a half days using three concrete workers (Forsythe, 2017). At the same time as the
reinforcement is placed, the steel anchors which the steel plate will be mounted on will also
have to be installed. The mounting of steel anchors is included in the three and a half days

necessary for the reinforcement to be placed.
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When the formwork is finished and the reinforcement is placed, only the pouring of the
concrete remains. The two foundations contains a total volume of 61 m?, this will take 8 truck
deliveries. The total casting time will be about three hours, and the forms will only be filled
2/3 to the top, allowing the steel plate to be adjusted later in the process. After the first casting,

the foundations will need to harden for about seven days, unless any form of hardener is added.

The total time for the foundations then results in 10 days using three concrete workers, plus

seven days of hardening until the columns can be placed.

Column and decks

In chapter 6.4 it was concluded that the building process for the columns and decks would be
to mount four columns and then connect them by one deck. This is to obtain necessary strength
and stiffness. After all the columns are mounted with one row of decks, the rest of the decks

for the other floors and the roof will be installed.

To mount the columns, the steel plate and column will be mounted on the steel anchors after
they have been partly casted into the foundations, as illustrated in Figure 4.24. The process of
lifting the columns on top of the anchors and adjusting the nuts is not very time consuming. A
reasonable estimation is that this process will take somewhere around 20 minutes of effective
working time per column. After four columns are mounted a deck will need to be connected to
the columns. This process is estimated to take about 15 minutes, where 5 minutes is for the

lifting process and 10 minutes is for attaching the deck to the four columns.

This results in 1,5 hours to mount four columns connected by one deck, then the next assembly
of two columns and one deck can be mounted. After all the columns and decks for the first
floor is assembled, the foundations will need to be grouted up to the underside of the steel
plates. This step only needs a simple formwork which can be made in about 15 minutes per
column, then the foundations are ready for the final grouting. The final grouting have an

estimated time of 1,5 hours since only the last third of the formwork will need to be filled.

These assumptions estimate that each assembly of four columns and one deck will take a total
of about 2,5 hours of working time. This results in a total time of 14 hours, or two days of

effective work for the reference building to get the first floor up and stable.

The next step then is assembly of the rest of the decks. After the first floor is mounted for the
reference building 70 decks still remain. Assuming a mounting time of 15 minutes per deck,

this step will take about 17,5 hours of effective work.
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Adding the time consumption of mounting the columns and decks to the time used for the

foundations, the final time usage is 31,5 hours or 4,5 days of effective work.

Figure 6.13: Reference building after final decks are mounted.

Scaffold

If scaffolding is used, which is very likely, the mounting time of these will be significant.
Assuming scaffolds around the entire building up to the eight floor it is expected a mounting
time of about three days. The mounting of the scaffolds will start immediately after the support

system is closed.

Total time

As pointed out earlier the time usage estimated above is effective work time and only includes

the construction of the support system for the reference building.

The total time estimated from the formwork for the foundations starts until the support system
is closed is 22 days. Only five days is used for mounting of the decks and columns and is
dependent on the use of a crane. While seven of the 22 days is waiting for the concrete to
harden. After the support system is closed the mounting of scaffolds will take additional three
days. Then the mounting of inner and outer walls, ventilation, pipes, electric system and indoor

completion remains. The time usage of these phases will not be investigated further.
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Source of error

The time usage estimated above is based upon earlier experience of the authors and educated
guesses. Work on site is not always as efficient as might be expected or hoped for, but with the
right incentives and the right preparations and training the time usage stated earlier should be
achievable, maybe even conservative. Especially when knowing that the 10-story building
Instacon in India was erected in 48 hours using prefabricated steel and concrete elements
(HuffingtonPost, 2012).
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/. Environmental aspects

7.1. Transport

Concrete

The emission of CO from transporting concrete is estimated to an average of 11,4 kg/m®
concrete (Norbetong, 2018). This includes emission of the concrete pump which is used for

about 60% of the concrete used on construction sites.

For the reference building, if assumed the building is built on loose gravel, the necessary
concrete for the foundations is 61 m*. The transport of this concrete will pollute 695 kg of CO;-
eq. For a corresponding concrete building, the necessary amount of concrete, including
foundation and structure, would be somewhere around 660 m?2. This results in 7524 kg of CO»-

eq for the transportation.

Decks and columns

The decks will be transported by semi-trucks, which have an average emission of CO-eq of
0,7 kg/km if transported by environmental friendly trucks (Hagman and Amundsen, 2013). The
pollution will in other words depend on where the decks are delivered from. Assuming they
are transported from Moelven to Trondheim which is 390 km, the emission for the decks will
be 276 kg CO2-eq per delivery and a total of 3312 kg CO2-eq for the necessary twelve

deliveries.

The authors were not able to find any information regarding the emissions of the transport of
the columns, since the transportation is very special for this case. But it is safe to say the
emission will be higher per kilometer than the transportation of the decks.

7.2. Materials

In the tables below, the global warming potential (GWP) are listed with the unit kg CO3-
equivalent/m? produced. The GWP takes everything into account, from cradle to grave. The
numbers are gathered from the EPD (Environmental Product Declaration) (EPD-Norge, 2017)
of the products or from Norsk Prisbok (NorskPrisbok, 2018). In Norsk Prisbok, the numbers
are sometimes given for an exact example. In these cases the authors of this thesis calculated

the corresponding number for the unit given in the tables. The steel in Table 7.1 are for the
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steel in the timber structure. Almost all of the steel used in the WoodSol project are used in a
new way. This makes it hard to find values of the GWP. Therefore, the GWP has been

calculated as an approximation from several other steel GWPs. Hence, the number is general.

Material kg COz-eq/m?
Standard Glulam beam/column - 864.,8
Kerto-plate -653,0
Steel (timber structure) 12000,0
Concrete foundations 508,6
Concrete columns 621,1
Concrete decks 423,3

Table 7.1: GWP for different parts of the reference building made with timber or concrete.

Material Necessary m® Total kg CO2-eq
Standard Glulam Beam 255,4 -220869,9
Kerto-plate 186,6 -121849,8
Steel (timber structure) 2,9 34 800,0
Concrete foundations 58,2 29 600,5
Total - - 278 319,2

Table 7.2: Necessary volume for parts, and total kg CO2-eq. for timber reference building with eight stories.

As seen in Table 7.1, the kg COz-eq/m? for Standard Glulam beam/column and Kerto-plates
has a negative value. This is because wood has the ability to store CO, when in use, and can be
used as an energy source after the lifetime of the building is over. This can reduce the use of
fossil fuels as an energy source. The GWP for Standard Glulam beam/column (EPD-Norge,
2015a), Kerto-plate (EPD-Norge, 2015a) and steel (EPD-Norge, 2015b) were found in the
products EDP. The GWP for concrete foundations, columns and decks were found in Norsk
Prisbok (NorskPrisbok, 2018). The calculations for the necessary m? for each part can be found

in Appendix A.9.

Material Necessary m® Total kg CO-eq
Concrete foundations 86,2 43 841,3
Concrete columns 55,4 34 408,9
Concrete decks 518,4 219 438,7
Total - 297 688,9

Table 7.3: Necessary volume for parts, and total kg CO2-eq. for concrete reference building with eight stories.

Table 7.2 and Table 7.3 show that the GWP for a concrete building with the same lay-out as

the reference building in timber, is significantly higher. If the reference building were to be
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built with concrete, the lay-out would probably be a little different, making the numbers in the
tables slightly inaccurate. For example, the number of columns might be reduced. Still, the
vastness of differences in the GWP is remarkable. The numbers for the foundations are
calculated on the basis of loose gravel in the soil. For the concrete foundations, columns and

decks the reinforcement is included in the GWP.

Table 7.4 shows the total kg CO»-eq for eight, six and four story buildings. The results for six
and four stories are calculated in the same way as for eight stories. For more detail see
Appendix A.9.

Building Total kg CO.-eq
Eight story timber building - 278 319,2
Eight story concrete building 297 688,9
Six story timber building -210458,1
Six story concrete building 222 629,3
Four story timber building - 136 767,4
Four story concrete building 149 314,7

Table 7.4: Total GWP for timber or concrete reference building with varying number of stories.

As seen from Table 7.4, the GWP difference is larger the taller you build. This confirms the
results found by Skullestad (Skullestad, 2016), which were presented in chapter 2.4. As
mentioned in chapter 2.4, the negative value of the GWP for timber elements is only valid when
assuming sustainable harvest. For the negative GWP to be valid, incineration with heat
recovery after destruction of the structure must also be assumed. The timber is then used as a
replacement for natural gas as an energy source. For a more detailed analysis with more

variation in stories, see Figure 2.5 (Skullestad, 2016).

Number of stories Difference in total GWP [kg COz-eq]
Four 286 082,1
Six 433 087,4
Eight 576 008,1

Table 7.5: Differences in GWP for timber and concrete reference building.

The difference in GWP increases steadily between each increase in number of stories. This
complies with what Skullestad submitted in her thesis and what is shown in Figure 2.5.
Skullestad takes this further, and looks at structures up to 21 stories. The savings seem to be
larger the taller you build after 12 stories. The saving of 576.008 kg CO;-eq is equal to driving

one million new Volvo V90 cars 4,5 kilometers (Marcussen, 2016).
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7.3. Sources of error

The different values for the kg CO2-eq polluted, are not all gathered from the same source. This
can lead to errors. The used sources are Norsk Prisbok, EPD’s and the provider of the products.
Each of the sources should be trustable by itself, but may vary from each other, when the base

of the calculations might vary.
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8. Economical aspects

For the WoodSol concept to be chosen instead of traditional concrete and steel buildings the
concept will have to be comparable economical. This chapter focuses on the costs for the
different main parts needed when building with the WoodSol concept. All prices listed is w/o
VAT.

8.1. Transport

Concrete

The price for transport of concrete per m? transported is listed in the table below. The prices is

taken from the list of prices from Betong @st (Betong@st, 2018).

Km Price Km Price km Price
(NOK/m3) (NOK/m3) (NOK/m?3)
1 135 8 158 15 202
2 135 9 165 16 209
3 135 10 172 17 215
4 135 11 174 18 222
5 142 12 181 19 228
6 142 13 188 20 234
7 149 14 195 21 240

Table 8.1: Prices for transport of concrete per m2.

Assuming an eight story timber building built on loose gravel, the total volume of concrete
needed for the reference building will be about 61 m®. This will need 8 concrete deliveries. By
then assuming a transport distance of 4 km for the concrete, the final cost for the transport of
concrete is about 7.965 NOK. This is a small cost compared to other elements in this chapter.
If the concrete has to be transported 20 km the final price will be 13.806 NOK.

This price assumes that the emptying of the concrete cars happens effective. With strategic

planning by concrete workers this should not be a problem at all.

Decks

The cost of transporting the decks on a semi-truck will be 1.025 NOK/hour by using YND
transport AS in Norway (YNDTransportAS, 2018). Where the decks will be delivered from is
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still not determined. If assumed the decks are delivered from Moelven the cost can be estimated
to 6.000 NOK per delivery, and a total of 84.000 NOK for the reference building. By having

the decks made by a nearby company, this cost can be reduced by a lot.

Columns

One extendable semi-truck can be loaded with 27 tons. For an eight story building this results
in 14 columns at the same time. This will be a special transport, and the price for this
transportation from Moelven to Trondheim is calculated to 52.000 NOK. This calculation is
done by the chief of transportation at Moelven Limtre, see Appendix B.2. For the reference
building, having 22 columns there will be need for two transports. This will have a cost of
104.000 NOK. Dividing the cost by the number of kilometers a price is estimated to 133
NOK/km for this special transport.

The total cost of transportation for the support system of the reference building will be
approximately 196.000 NOK.

8.2. Cranes

Tower crane

The price for rigging a 132 EC-H tower crane is approximately 240.000 NOK, and the rent is
40.000 NOK/month, see Appendix B.3. Addition to the renting of the crane, there is need for
a concrete foundation to erect the crane upon. This foundation is typical about 5000x5000x800
[mm] (EDKnutsen, 2018) and will have a cost of approximately 210.000 NOK assuming 2 %
reinforcement and a formwork price of 10.000 NOK. This results in a starting price of 450.000

NOK for the tower crane before any rent is paid.

Self-erecting tower crane

For a self-erecting tower crane, delivered from KRANOR the price of mounting is 80.000 NOK
while the rent per month is 55.000 NOK. While the foundation cost will be the same as for the
tower crane, 210.000 NOK. The starting price for this crane is 290.000 NOK before any rent
is paid.
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Mobile crane

The renting of a mobile crane is approximately 1.450 NOK/hour for the size needed for an
eight story building (NorskPrisbok, 2018).

Prices of cranes

2500000
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800000

700000

600000

500000 o —o—*7¢
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100000
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o 1 2 3 4 5 6 7 8 9 10 11 12 13
Months rented

Figure 8.1: Price of cranes.

In figure 8.1 the prices of using a tower crane compared to a mobile crane and a self-erecting
crane is plotted depending on the number of months rented. As can be seen, the mobile crane
is cheapest up to about 2 months, then the self-erecting crane starts becoming the most
economic choice. If building time is over one year, then the tower crane is the cheapest choice.
These prices are without the cost of a crane driver, but this cost will be equal for the three
cranes. For the building time estimated for the reference building a mobile crane would be the

cheapest solution, but this does not consider the phases after the support system is completed.

8.3. Scaffolding

Scaffolding

The price of rigging for the scaffold is 34 NOK/m? while the rent is 39 NOK/m?/month. The
down rigging is 13 NOK/m?.
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Additional there will be needed a stair tower which has a cost of 1.213 NOK/m? for rigging
and a price for down rigging of 778 NOK/m?. The rent is the same as for normal scaffolding,
39 NOK/m?/month.

The total area necessary for the reference building will be:
A=24%28+9x28=1928m?

Where 56 m? of the 928 m? will be consisting of a stair tower. Total price for the scaffolding
varying by the renting time is shown in table 8.2.

Area_ P_r IC? of P”C? Of_ down Rent/Month | Total price
Months | (Scaffold + Stair tower) | rigging rigging (NOK) (NOK)
(m?) (NOK) (NOK)
0 872 + 56 97576 54904 36192 152480
2 872 + 56 97576 54904 36192 224864
4 872 + 56 97576 54904 36192 297248
6 872 + 56 97576 54904 36192 369632
8 872 + 56 97576 54904 36192 442016
10 872 + 56 97576 54904 36192 514400
12 872 + 56 97576 54904 36192 586784

Table 8.2: Prices of scaffolds.

The sum of the prices for rigging and down rigging is 152.480 NOK, this is the price before
any rent has been paid. For the reference building the rent per month is estimated to 36.192
NOK.

The rent of scaffolding can, depending on the time needed, have a significant impact on the
final price of the construction. Having a short building time of about 2 months will reduce the
cost of the scaffolding by about 360.000 NOK or 60% compared to renting the scaffolds one
year.
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8.4. Elements

Steel rods

The price for the steel rods connecting the steel plate to the column have an assumed price of
100 NOK/rod which shouldn’t be too far off, see Appendix B.6.

Price/Rod Total price
Rods per column base | Number of columns
(NOK) (NOK)
4 22 100 8800
6 22 100 13200
8 22 100 17600
10 22 100 22000

Table 8.3: Price of steel rods for the column/steel plate connection.

Additional to the rods connecting the column to the steel plate, there will also be rods where
the connection from the columns to the decks are. Assuming two rods going into the slabs and
four rods entering the column per connector, this results in a total of six rods per connector.
With four connectors each deck element, this sums up to 2052 rods being needed for the
connectors in the reference building, or an average 96 rods/column including the rods in the

slabs for an eight story building.

In the table below it is assumed eight rods in each column base additional to the rods for the

deck connectors in the columns and the decks.

Stories Number of Rods/column Price/rod Total price
columns (NOK)
4 22 50 100 110000
6 22 73 100 160200
8 22 96 100 210200
10 22 120 100 264000

Table 8.4: Prices of steel rods for the column/deck connection.

The rods will be installed in the column and decks in the prefabrication stage. But the prices in
this part chapter is to show the significance the number of rods in the dimensioning phase have

on the economical aspect.
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Steel plates with anchors

Smith Stal has estimated the cost of a steel plate with the dimensions 600x600x50 [mm] to
7.500 NOK each plate, se Appendix B.4. This results in a price of 53 NOK/kg steel. This price
per kg is used to estimate the price for the plate dimensions shown in the table below.

Dimensions Price
(mm X mm x mm) (NOK)
600x600x10 1500
600x600%20 3000
600x600%30 4500
600x600x40 6000
600x600x50 7500

Table 8.5: Estimation of prices per steel plate.

Additional to this there is need for about four $28 anchors with a 200 millimeter length,
estimated to a price of about 100 NOK each. This results in an additional price of 400 NOK
per plate. The table below shows the difference of the total price for steel plates and anchors
for the reference building for different plate thicknesses. Choosing to use eight ¢22 anchors

instead of four $28 will add approximately 400 NOK to each steel plate.

Number of steel Dimension Price/Steel plate Total price
plates (mm x mm x mm) (NOK) (NOK)
22 600x600x10 1900 31680
22 600x600x20 3400 54560
22 600x600x30 4900 77440
22 600x600x40 6400 100320
22 600x600x50 7900 127600

Table 8.6: Price of different steel plates.

From Table 8.6 it can be seen that using 10 millimeter steel plates is 95.920 NOK cheaper than
using 50 millimeter steel plates. Here it is a consideration of what rotational stiffness is needed
in the foundations. If it is necessary with a high rotational stiffness, the 50 millimeter thick
plates should be used. If rotational stiffness can be low, thinner plates should be used for

economic reasons.

Decks

The material price for the timber-part of the decks is estimated to 1.200 NOK/m? (Bjgrge and
Kristoffersen, 2017). This does not include the production cost or the cost of the steel
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connectors installed in the decks. The final cost of the decks may be somewhere around 30.100
NOK/element. In this price the four connectors in the deck is assumed a price of 300
NOK/connector and the price of production is estimated to 3.000 NOK/element. The final price
per area is then 1.393 NOK/m?. The price of a HD265 hollow core elements is 839 NOK/m? in

comparison.

For the reference building this would result in a price of 2.408.000 NOK for the 80 deck
elements needed. The use of hollow core elements would result in a price of about 1.449.792
NOK in comparison. The deck elements is estimated to be the most expensive part of the

reference building, this is where most could be saved by lower prices.

Columns

The price per cubic of glulam is approximately 11.000 NOK/m?, see Appendix B.5. This does

not include the price of the steel rods for the deck connectors or the foundation base.

For an eight story building, needing columns with dimensions 28000x400x400 [mm] the price
is 49.280 NOK per column. For the reference building, needing 22 columns, the total price for

the columns is 1.084.160 NOK.

Stories Length of column Price/m? Price per column
(m) (NOK) (NOK)
10 35 11000 61600
8 28 11000 49280
6 21 11000 36960
4 14 11000 24640

Table 8.7: Price of columns.

Foundations

Price for reinforcement is approximately 20 NOK/kg, while the price of installing the
reinforcement is 19 NOK/kg (NorskPrisbok, 2018).

The price for concrete is 1.900 NOK/m® which includes the price of transport
(YNDTransportAS, 2018). This price may vary a lot from one construction company to
another, where some may pay as little as 1.300 NOK/m?®. This is a decrease of about 30 %

having a significant impact on the foundation prices.
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The price for the finished formwork is 6.000 NOK/formwork for the dimensions

2000x2000x600 [mm]. Assuming 2% of the concrete as reinforced the price can be calculated

for different foundations.

Foundation Price Total
. Concrete | Steel | Price/formwork . foundation
Soil (mm x mm x 3 /foundation .
mm) (m?) (Kg) (NOK) (NOK) price
(NOK)
Finesand | 2400x4700x500 5,64 885 8000 53000 1166000
Loose
2300x2300x500 2,65 416 6300 27560 606320
gravel
Gravel 1950x1950x500 1,90 298 6000 21232 467104
Solid rock | 1250x1250x500 0,78 123 4500 10800 237600
Table 8.8: Prices of foundations for eight story timber building.
. . Total
Soil (Ir?;nfﬁ;[:gnx Concrete | Steel | Price/formwork /fouPnré;iion foundation
mm) (m?®) (Kg) (NOK) (NOK) price
(NOK)
Fine sand | 2400x8400x500 10,08 1590 10000 91260 2008820
Loose
2400x3300x500 3,92 615 8000 39433 867526
gravel
Gravel 2100x2100x500 2,2 345 6000 23635 520000
Solid rock | 1000x1000x500 0,5 79 4000 8040 176682

Table 8.9: Prices of foundations for eight story concrete building.

As can be seen from the tables above, the price of the foundation on fine sand is 42% lower for

the timber building than for the concrete building, while for loose gravel there can be saved

30%. These prices does not include groundworks where additional savings could be made by

choosing a timber building instead of a concrete building, this can be a part of further work.

On the next page the foundation prices for a six and a four story timber building is calculated.
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Foundation Price Total
. Concrete Steel | Price/formwork . foundation
Soil (mm x mm x 3 /foundation .
mm) (m?) (Kog) (NOK) (NOK) price
(NOK)
Fine sand | 2850x2850x500 4,06 637 8000 40557 892254
;‘;‘ffeel 1850x1850x500 | 1,71 269 5500 19240 423280
Gra;’oec'fo“ 1300x1300x500 | 0,85 133 4500 11302 248644
Solid rock | 1000x1000x500 0,5 79 4000 8031 176682
Table 8.10: Prices of foundations for six story timber building.
. . Total
Soil (lr:ﬁ;n)??;'rgnx Concrete Steel | Price/formwork /fouPnroII(;iion foundation
mm) (md) (Kg) (NOK) (NOK) price
(NOK)
Fine sand | 2200x2200x500 2,42 380 6200 25618 563596
Loose
1600x1600x500 1,28 201 5000 15271 335962
gravel
Gravel/Soft
. 1300x1300x500 0,85 133 4500 11302 248644
roc
Solid rock | 900 x 900 x 500 0,40 63 4000 7217 158774

Table 8.11: Prices of foundations for four story timber building.

From the tables it can be concluded that building eight instead of six stories increases the costs
of the foundations by approximately 60% if built on fine sand, while loose gravel increases the

cost of the foundation by 26%.

8.5. Installations and groundworks

Compared to concrete, the installations (el, ventilation etc.) should be easier and less time
consuming when mounted in a timber building. This, because it is easier to fasten installations

to timber than to concrete, plus drilling of holes is less problematic in timber.

The groundworks should also be of a smaller scale when building in timber instead of concrete,
because of the weight. This can partly be seen in chapter 4.3 where it is shown that the reference

building in timber need a smaller foundation than when built with concrete.

The cost of installations and groundworks have not been investigated further in this thesis as
the authors have very little experience in these fields. To get information about these costs also

seemed to be a difficult task. This could be a suggestion for further work.
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8.6. Sources of error

The prices of materials, tools and resources may have great variations from project to project,
and from the deals done by companies with providers. These calculations are therefore

approximations done on the basis of information gathered from different providers and contacts
in the industry.
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9. Summary

9.1. Conclusive remarks

For this thesis, a reference building is considered. The buildability and assembly aspects are
investigated. This is done by, amongst other things, varying the sizes and numbers of
components in the foundations, while still maintaining a sufficient stability and capacity of the
structure. The capacity of the columns are checked during lifting, when standing without deck
elements attached and when the whole bearing structure is complete. Different lifting methods
are considered, as well as assembly methods of the bearing structure. Educated guesses are
made to estimate the time consumption of the assembly process. The transportational,
environmental and economic aspects are also investigated. The reference building is compared
to a similar building made in concrete, and the differences in costs and pollution are mapped,
varying the number of stories. The components in the foundations are varied in size and
number, to see what is decisive for the economical aspect. The transportation of decks,
columns, concrete and materials are looked at, with solutions and prices gathered from contacts

in the industry.

After the work done in this thesis, the authors see no reasons why the concept should not be
buildable. Every dimension needed for the different parts is reasonable when considering the
economical aspect, transportational aspect and the buildability aspect. The assembly of the
WoodSol concept for the reference building seem to be fast and simple. Considering the
investigations done in the environmental aspect, the WoodSol concept seems to be a more eco-

friendly solution compared to the traditional steel and concrete buildings.
The main outcome of these investigations are as follows:

e For a six-to-eight story timber building built with the WoodSol concept, a strip
foundation for the columns will be the better solution. This, unless the ground is very
stiff and bearing, then spot foundations might be considered. For a four story building,
assuming the ground is not particularly soft, spot foundations are sufficient.

e The thickness of the steel plate and the stiffness of the soil are the most important
contributors to the rotational stiffness of the foundations.

e The obtainable rotational stiffness of the foundation base is in the range of 3315-11460
[KNm/Rad].
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The columns cannot stand by themselves during erection, and one deck element must
therefore be mounted as soon as possible to connect the columns together. The best
solution for this is to connect the top deck element first.

It is possible to have the bearing structure for the reference building erected in five days
after the foundations are finished.

The saving of kg CO2-eq polluted, for the reference building built in timber compared
to concrete, are 286.082 kg, 433.087 kg, 576.008 kg, for four, six and eight stories
respectively.

The costs of the foundations are 30-42% less for the reference building in timber
compared to concrete, while the amount of concrete is reduced by 33-44%, depending
on the stiffness of the ground.

The most costly parts for the reference building built on fine sand is:

Deck elements 2.408.000 NOK.

Foundation 1.166.000 NOK.

Columns 1.084.160 NOK.

9.2. Suggestions for future work

In this thesis there have been some challenges in areas the authors have not focused on. For

further development of the WoodSol concept, some of these areas should be reviewed. On the

basis of this thesis, the following recommendations for future work are proposed:

Steel rods straight from column to concrete foundation: As can be seen from chapter
8.4, the steel plates can have a significant impact on the economic aspect of a building.
The plates play a big role in the variation of the rotational stiffness in the foundations
as well. By eliminating the need for a steel plate, both the economic aspect and
rotational stiffness could benefit.

Shear walls and shafts in a WoodSol building: The differences in displacements in
the reference building with or without shafts are large. A more detailed calculation and
modeling of shafts or shear walls may be important. The placement, production,
assembly and capacity of shafts and shear walls in a WoodSol building, may be
something the project can benefit from.

The economic cost of groundwork and installations: An in-depth examination of the

entirety of groundworks as well as installations in a WoodSol building will be
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important. This information can add to and correct some of the results and findings
done in this thesis. For every building project, the economic aspect is very important,
and the groundwork for the structure, as well as the installations going into the building
will have a big impact on the economy.

e Total building time: For the calculations on building time done in this thesis, the work
on the actual bearing structure are the only thing accounted for. The groundworks and
completion, both external and internal, are not calculated. This can be interesting to see,
especially in comparison to the completion of a concrete building.

e Dividing the columns: In chapter 5.4, the transportation of the columns present a
challenge. The length of the transport makes it necessary to use a police escort. By
dividing the columns, this may be avoided. Therefore, the possibility for assembly of
the two column parts on site could be reviewed, as well as the best way to divide the
columns.

e The decks’ added weights influence on the foundation: The difference in weight of
the structure for a timber building and concrete building is reduced when filling the
decks to achieve acoustic properties. By finding another solution than adding weight to
the decks, the foundations of the building can be drastically reduced. This will be

beneficial to both the environmental and economic aspects.
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A

Al

Calculations

Spreadsheets for foundation calculations

. " Issue: Desi Fa
Isolated Foundation Calculation (ACI) |5 == =
Project: WoadSol eight stary timber building 100 SBC el = i
roject: Wioodsol eight story timber building b=l Checked b‘!’ Test
Input Data
Loads {kN) Mz Concrete Strength Foundation Properties
P Py | (kM.m) o (Nimm2) =] 276 H [mm) 540Th (mm) | 0
Diead 57 B35 239 Steel tews {rmim) 1] (=] [ 1
Live 0 0 1] fy (Mimm2) =] 414 Pedestal Dimension
Wind 0 i 0 Allowable Soil Pressure x{mm) [ S500y(mm) | 500
E 0 0 [ o (kMim2) =] 100
Sum 57 605 250 Base Soil angle of internal friction | 20 |
Ultimate Loads (AC] 9.2.) _
Load Case 0.00+1.3W 1.4D=17L 0.75(1.4D+1.7L+1.7W) 0.75(14D+1.7L+1.87E)
Factors 03 | 13 14 | 17 | 105 [ 1275 | 1.215 | 1,05 [ 1275 | 12025
Pux (kM) = 5.3 788 50,85 50,85
Fuy (kM) = 6255 o973 T20.15 728,75
Muz [kMm) = 7331 W6 771,05 77185
CHECKING:
Contact Pressure  [gmax = [ 121,5]kN/m2 [gmin = | 28 99|kNim2
Qe+ (Qross pressure) (kNm2) = { 3gmax + qmin ) /4
0ge= | 98,36(kN/m2 <qa= 100 YES
Stability against Owertuming moment 263,78/ kN.m
Overturning | Stablizing moment 1414, 22|kN.m
Stabih =ivg moment
- .- 48 > 15 YES
Chrerturnug moment
Stability against Fy o tan &
Sliding .F— = 5,341 » 1,5 YES
Check Wide Beam Ve (kM) max Vu (kN) Load Case
Shear 1261.205 440,710 2
max Vu / 0.85Ve = 0,411 < 1,00 YES
Check Punching [ Ve (kM) | maxVu(kM) | LoadCase |
Shear | 2801204 | eeAD12 | 2 |
max Vu / 0.85Ve= 0,377 < 1,00 YES
Results:
Base Dimensions
B= 3350 mm d= 430 mm
L= 3350 mm (D= 500 mm
Reinforcment
¥ - Direcfion Z - Direction
Bottom Reinforcement Top Reinforcement Bottorn Reinforcement
As (cm2) = 28,75971985 0 25,929
p= 0,00199651 0 0,0018
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- - [ 3 Diesi Pa
Isolated Foundation Calculation (ACl)  [E5= =5 =
|Froject: WoodSol eight story fimber building 245 SEC Tere by = il
oy - VD000 2ght Story Tmber DUNQing 290 o Cheched t@l’ e
Input Data
Loads (kN) Mz Concrete Strength Foundation Properties
Px Py {kMm) T (Wimm2) =] 27,6 H {mm) 340 |k {mmi) 0
Dead a7 B33 239 Steel Strength Feew {rmm) njL'B 1
Live [ 1] 1] iy (Mimm) =[ 414 Pedestal Dimension
Wind 0 0 0 Allowable Soil Pressure cfmm} [ S00]yimm) [ 500
E 0 1] 1] qa (kNimZ) =] 245
Sum 57 685 250 Base Soil angle of internal friction [ 20 |
Ultimate Loads (ACI 9.2.) _
Load Case 0.90+1.3W 1.4D=1.7L 0.75{1.4D+1.7L+1.7W) 0.75{1.4D+1.7L+1.87E)
Faciors 03 | 13 14 | 1.7 | 105 | 1275 | 1.275 | 105 | 1275 | 1.4025
Pux (kM) = 513 70,8 50,85 50,85
Fuy (kM) = 6255 [TE] 720,75 72075
Muz (kN.m) = 2331 226 7.5 271,85
CHECKING:
Contact Pressure  [gmax = | 287 6]kNim2 [qmin = | 1,788]|kNim2
Qee (gross pressure) (kN/m2) = { 3gmax + gmin ) /4
|fls.= = [ 2161 IkH.fm.'Z <qga= 245 YES
Stability against COwerturming moment 280,78 kM.m
Overturning | Stabiizing moment BBD,216|kMN.m
Stabilizire moment
—— = | 3038 > 15 YES
Chverturnirg msoment
Stability against Fv w tan &
Sliding F— = 4,887 = 1,5 YES
Check Wide Beam Vi (KN} max Vu [kN) Load Case
Shear 505,003 370,004 2
max Vu / 0.85Ve = 0,604 < 1,00 XYES
Check Punching Ve (kM) max WV [kN) Load Case
Shear 2801,204 B13.817 2
max Yu /0.85Vec= 0,342 < 1,00 YES
Eesulis;
Base Dimensions
B= 2300 mm d= 430 mim
L= 2300 mm o 500 mim
Reinforcment
% - Direction | z - Direction
Bottom Reinforcement Top Reinforcement Bottomn Reinforcement
As (cm2) = 19,63486862 17,802 17,802
p= 0,001985325 0,0018 0,0018
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- - =R Deslgn F
Isolated Foundation Calculation (ACl) | = =
- - Revised oy, Testl forz
|Project WoodSol eight story timber bulldng 420 S5C —
|eneckea by esiz
Input Data
Loads (kN} Mz Concreta Strangth Foundation Propertiss
Fx Py | M) | 7.8 H {mm) 540[h fmm) [}
Dead 57 £35 253 Stael Strangth Tai (mm) ofus 1
Live 0 0 0 fy (Nimm2) =] 414 Padaztal Himenslcn
Wind 0 0 0 Allywable S0l Pressurs xjmm) | So0[y(mm) | 500
E 0 0 0 03 (KNm2) =] 440
Sum 57 EHEE Bage S0l angls of Intarnal frictlon [ = ]
Ultimate Loads (ACI9.2.) _ _
Load Case 0.30+1.3W 1.4D41.7L 0.75(1.40+1.7L+1.7W) 0.75{1.40+1.7L+1.E7E)
Factors 03 [ 13 14 | 17 1,05 [ 1275 [ 1,275 | 105 [ 1275 [ 14025
Pux [KN) = 51,3 78,3 59,E5 53,35
Puy (EN) = 625,5 373 729,75 725,75
Muz (kM.m) = 233,1 3626 271,95 271,35
CHECKING:
Contact Pressure  |[gmax = | 430.8]kMimz [qmin = [ -38.4|kMimz
Qgr (gross pressure) (kN/m2) = 2R ii3(L2-e)B)
|3e== | 434.7/kN/m2 <=ga= 440  YES
Stability against Owertieming moment 258,78|kM.m
Owerturning Stablilzing moment 726,983 | kM.m
Stabilizire moment
- . = | 2509 = 1,5
o - s s YES
Stability against Fv o= tan &
Sliding —_—= 4761 = 15 YES
Check Wide Beam Ve (kM) max Vu (kM) Load Case
Shear 734,185 307,472 2
max Vu/ 0.85Vec= 0,493 = 1,00 YES
Check Punching | Vi (kM) max Vi (kM) Load Case
Shear [ 2801204 751,686 2
max Yu/ 0.85¥c= 0,316 <= 1,00 YES
Results:
Base Dimensions
B= 1950 mm d 430 mm
L= 1950 mm o= 500 mm
Reinforcmemnt
% - Direction ] Z - Direction
Bottomn Reinforcement| Top Reinforcement Bottom Reinforcement|
As (cm2) = 16,3645649 15,093 15,093
p= 0,001351648 0,0018 0,0018




APPENDICES

- - |EELe: Deslon =
Isolated Foundation Calculation (ACl) | = -
REviGed Oy Testl forz
|Projact WiondSol elgnt story concrete bullding 100 SBGC —
|eneckea by 25z
Input Data
Loads (kN} Mz Concreta Strangth Foundation Propertiss
Fx Py | (eN.mj) T (Nmmz2) =] I H {mim) 540[h (mmj 0
Dead s8] 1813 13 Steel Strangth T ) o|us 1
Live 0 0 0 fy (Mimmz2) =[ 414 Pedastal Dimension
Wind 0 0 0 Allpwable 30l Pressurs ajmm) [ Se0fy(mm) [ 500
E 0 0 0 qa (kNimZ) = 100
SUm 58] 1613 113 Baza Soll angle of Intsrnal friction I
Ultimate Loads (ACI9.2.) _ _
Load Cass 0.30+1.3W 1.4041.7L 0.75(1.4D+1.7L+1.9W) 0.75(1.80+1.7L+1.67E)
Factors 0.3 | 13 [ EE 105 | 1275 | 1,275 | 105 | 1275 [ 1.4025
PL [kN) = 52,2 1.2 60,9 60,5
Puy [EN) = 1351,7 2255,2 1653,65 1633,65
MUz (kN.m) = 101,7 158,2 118,65 118,55
CHECKING:
Contact Pressure  |gmax = | 1025 kMNim2 [gmin = [ 23.45]kMimz
Qge (gross pressure) (kMN/'m2) = [ 3gmax + gmin } /4
|3e== [ 97.71|kMim2 <qa= 100 YES
Stability against Oweriming moment 144,32 |kN.m
Owerturning Stabillzing moment 4235,34 [kMN.m
Stabiliziry moment
- .= | 23,35 = 1,5
Orverturmity moment ' ! YES
Stability against Fv o= tan &
Sliding —= |1181 > 15 YES
Check Wide Beam Ve KN} max Vi (kM) Load Case
Shear 1694,276 549,059 2
max Vu/ 0L.B5Ve = 053 < 1,00 YES
Check Punching [ Vi [N max Wi (kM) Load Case
Shear [ =601.204 261,750 2

max Wu/0.85Vc= 0308 <= 1,00 YES
Results:

Base Dimensions

B = 4500 mm d= 430 mim
L= 4500 mm D= 500 mm
Reinforcment
% - Direction ] Z - Direction
Bottorn Reinforcement| Top Reinforcement Bottom Reinforcement|
Az [em2) = 70,14430509 1] 64 54195404
p= 000362506 0 0,003335502




APPENDICES

Ultimate Loads (ACIS.2.)

Qge (gross pressure) (kM/m2) =

Load Case 0.90+1.23W 1.40+1.7L [L75[1.A0+1.7L+1.7W) 0.75(1.40%1.7L+1.BIE}
Factors 08 | 13 14 | 17 1,05 [ 1275 [ 1275 | 105 [ 1.275 [ 1.4025
Pux (BN} = 52,2 51,2 £0,9 0.5
Puy (k) = 14517 22562 1603,65 1693,65
Muz (KM.m) = 01,7 158,2 118,65 11E,65
CHECKING:
Contact Pressure  |gmax = | 472.6|kNim2 |gmin = | 285.6|kMimz

[ 3gmax + gmin } /4

|3e== | 425.8/kN/m2 <=ga= 440 YES
Stability against Owerfeming moment 144,32 |kM.m
Owerturning Stabillzing momest 1755.29|kMN.m
Stabilizire moment
-~ | 12146 = 15
p— : 5 YES
Stability against Fv o= tan &
Sliding —_— = 10,49 = 15 YES
Check Wide Beam Ve (KN] max Vu (k) Load Case
Shear 70,662 481,684 2
max Yu ! 0.85Ve = 0,717 < 1,00 XYES
Check Punching [ VG [KN] max Vu (kM) Load Case
Shear [ 2801,204 1815318 2
max Yu/0B5Ve= 0762 = 1,00 YES
Results:
Base Dimensions
B= 2100 mim d 430 mm
L= 2100 mm (&} 500 mm
Reinforcment
% - Direction ] Z - Direction
Bottom Reinforcement| Top Reinforcement Bottom Reinforcement)
Az (em2) = 26,24657059 0 21,34811058
B= 0002306537 0 0002430577

Isolated Foundation Calculation (ACl) |om o Fe
- Revised oy, Testl torz
|Project ‘WoodZol elght story concrete bullding 245 SBC —
|eneckea by ests
Input Data
Loads (kN) Mz Concreta Strangth Foundation Propertiss
F Fy | M.} rc (Hmmz) =] 7.5 H jmm) s40[n (mm) 0
Dead s8] 1513 113 Stasl Strangth b [mim) [ 1
Live 0 0 0 7y emma2) =[ 414 Padastal Dimenslion
Wind 0 i 0 Allgwable 5ol Preasurs wymm) [ Se0[y(mm) [ 500
E 0 0 0 g3 (k) = 440
Sum 58] 1613 113 Bage Soll angle of Internal friction [ 20 |

VI
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Isolated Foundation Calculation (ACl) = S reE
R e faorz
|Project ‘WoodSol elght story concrete bulding.  SBC |Cne-:l:ed oy ——
Input Data
Loads (KN} Mz Concreta Strangth Foundation Properties
Fx Py | (Nm) Tic (Hmmz2) =] 7.8 H (mm) 540[h {mm) 0
Dead s8] 1513 113 Steel Strangth v {mm) o|us 1
Live 0 0 0 f (Mmm2) =[ 414 Peoastal Dimenalon
Wind 0 0 0 Allvwable Sodl Pressure wimm) [ Se0]yimm) [ 500
E 0 0 0 qa (kimz) =] 4410
Sum s8] 1613 113 Bage Soll angle of Inbarnal friction | IET

Ultimate Loads (ACI9.2.) _ _
Load Cass 030+1.3W 1404171 0,751 A0+1 7L+1.7W) 0.75(1.40+1.7L+1.E7E}
Factors 0.8 | 13 1.4 | 17 1,05 | 1275 | 1,275 | 108 | 1,275 | 14025
i (kM) = 52,2 51,2 £0,9 505
Py (KN = 14517 2255,2 1653,65 168365
MUz (kN.m) = 101,7 1562 118,65 116,65
CHECKING:
Contact Pressure  [gmax = [ 472 8]kNim2 [gmin = [ 285 8]kMim2
Qge (gross pressure) (kM/m2) = [ 3gmax + gmin } 4
|3e== | 425.8/kNim2 <ga= 440  YES
Stability against Owarilaming momeant 144,32 |kN.m
Crwerturning Siabilldng momert 1755.29|kN.m
Stabilizirg moment
it —— -
P - 12,16 1,5 YES
Stability against F=tan &
Sliding —_— = 1043 = 15 YES
Check Wide Beam Vi (kM) max Vu (kM) Load Case
Shear 790,662 451,664 2
max Vu /! 0.85Ve= 0717 < 1,00 YES
Check Punching [ Wiz (kM) may Vu (kM) Load Case
Shear [ =601,204 1815,316 2

max Vu/0.85Ve= 0762 = 1,00 YES
Results:

Base Dimensions

B = 2100 mm d= 430 mim
L= 2100 mm D= 500 mirm
Reinforcment
x - Direction ] z - Direction
Bottom Reinforcement Top Reinforcement Bottom Reinforcement|
Az [cm2) = 26, 24657059 o 21,94811058
p= 0,002306597 0 0, 002430577

VI
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A2 Dimensioning of anchor rods

Dimensioning of rebar anchors for the steelplate, starting with 8 rods S500 ©22
before slabs are mounted

fy=500 N .
mm
N .
fene=3.0 . Assuming C45/50
c;=50 mm Coverage
@:=22 mm Diameter of anchor
a

r=—=11 mum
2

Adowel = T = {33“1 E 1U_J} m’

Yaroi=1.05 NS-EN 1993-1-1 NA.6.1
~ar = 1.05 NS-EN 1993-1-1 NA.6.1
=125 NS-EN 1993-1-1 NA.6.1
~ =15 NS-EN 1993-1-1 NA.2.4.2.4
vi=1.15 NS-EN 1993-1-1 NA.2.4.2.4

VIl
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Forces acting at in the foundation:

M, =259 EN-m

2.3

M
1 Ed::—EN=(].238hN' N
8 N
~NA

39 N2
Ved==_ kN

8

| 1

e:=490 mm

M 4

e

+N,_,=176.478 KN

N tensian ™=

M
N, “ _N,,=175.903 kN
e

2 O PTEASTON =

NS-EN 1993-1-1 6.2.3 - Tension

A e
Nt_ﬂd:M: 181.016 kN

Yo

Nl.trznaim: <1.0

Ny rd

N i
Ltension _ 975 Ok

‘NTLRd




APPENDICES

Ay .;'f
N, pyi=—— ¥ =181.016 kN
Taro

N. .
2T pTEssion <1.0

NeRrd

Nmepmqsim =0.972

‘Nrr: Jd

NS-EN 1993-1-1 6.2.6 - Shear

m

Q'Adowe! .[ fy

Yaso

Vr:.Rd N

1%
“ o 0.073

Using eight @22 anchors will be ok.

VvV Rd = V{E] =66.533 kN

Ok

Ok
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NS-EN 1992-1-1 8.4.2 - Ultimate bond stress for finding anchoring dept of the rods

m = 1.0

e 132 mm—0)
100 mmn

N

mm

fen=3.0

Assuming C45/50

N

mm’
e

N

-

=2
mimn~

Sera=3.0

N

mm’

Frai=2.251, 1y fpg=1.95 NS-EN 1992-1-1 (8.2)

NS-EN 1992-1-1 8.4.3 - Basic anchoring length

N
=500 PP _ 434783 N
Vs mm-
a Tsd
lb.rga™= [—] . = 483.092 mm NS-EN 1992-1-1 (8.3)
1)\ T

XI
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NS-EN 1992-1-1 8.4.4 - Design anchoring length
Tension

o, =0.7 N5-EN 1992-1-1 Table 8.2

oy =0.7

0 i=1-0.04-3.0=0.88

lnd tension = 01 = Otz = O3 = Oy = Qg+ 1y gy = 168.541 mim NS-EN 1992-1-1 (8.3)
Compression

=10 NS-EN 1992-1-1 Table 8.2

it compression = @ * Qg * Qg+ @+ Qg+ 4 = 338,164 mm NS-EN 1992-1-1 (8.3)

Using the anchoring length needed for compression in both tension and compression.

lbd_afterbend = 10 - 8= 220 mm NS-EN 1992-1-1 8.5 (2)

Xl
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Dimensioning of rebar anchors for the steelplate, starting with 4 rods S500 §28
before slabs are mounted

N 3000 aea.pe
_fy =500 . a0 J/xm.n - | 20,00
Assuming C45/50

N

fern=3.0 —

mm-
cy= 50 mm Coverage

"o
=28 mm
)":=£= 14 mmn
2
Agper=m1" =(6.158-107") m’ O
G 30,00

Yps0:=1.05 NS-EN 1993-1-1 NA.6.1
Yp =105 NS-EN 1993-1-1 NA.6.1
Ypgo:=1-25 NS-EN 1993-1-1 NA.6.1
~¥.:=15 NS-EN 1993-1-1 NA.2.4.2.4
=115 NS-EN 1993-1-1 NA.2.4.2.4

X1
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Forces acting at in the foundation:
M, ;=259 kN -m

2.3
1 Ed:zT W:].lﬁ m

'ﬂ"frd
N tension ™= 5 .; +N,_,=265.436 kN
My
J'V-Q_mmmﬂ.m =

o~ Neu=263.136 kN
[ =

NS-EN 1993-1-1 6.2.3 - Tension

Ajoei" f,
N, pyi=—— ¥ =293.215 kN

Yam

Nl.tenai'm: <1.0

Nigd

N .
_‘ltension 0 gq5

‘wt.Rd
NS-EN 1993-1-1 6.2.4 - Compression

"q‘drm.l !'-f
N, pgi=— "¥ —993.215 kN
Taso

Nz.mupm_smlm <1.0
Ni.‘.ﬂd -

Nz.mupmm —(.897

Ni.‘.ﬂd

Ok

Ok

XV
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NS-EN 1993-1-1 6.2.6 - Shear

Q'Admue! . fy
m

Vq] =107.772 kN

Yaso

1%
e —0.181 Ok

Using four @28 anchors will be ok.

NS-EN 1992-1-1 8.4.2 - Ultimate bond stress for finding anchoring dept of the rods

n,=1.0
i 32 MM—0) o
100 mm
fee=3.0 N - Assuming C55/60
mm
N
2
Jag=13.0 mm =2 N
Te mm-
r N
Foa=2.25+1 N fepa=4.68 —— NS-EN 1992-1-1 (8.2)
mm

XV
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NS-EN 1992-1-1 8.4.3 - Basic anchoring length

N
=500 M _ 434783 NV
Vs mm-
o
b rgd ™= [i]. 2| Z650.316 mm
4) \ foa

NS-EN 1992-1-1 8.4.4 - Design anchoring length

Tension
ay =0.7

(ca9)

api=1—0.15——=10.882
a8

ag:=1.0

oy =0.7

api=1-0.04-3.0=0.88

Ui tension 3= Q¥ = Oty » Oy » g » O » Ly 10y =247.367 mm

Compression

bel.compression *— (6 * Qg * Qg = Oy » iy » Ib.rqd=455'221 mm

NS-EN 1992-1-1 (8.3)

NS-EN 1992-1-1 Table 8.2

NS-EN 1992-1-1 (8.3)

N5S-EN 1992-1-1 Table 8.2

NS-EN 1992-1-1 (8.3)

Using the anchoring length needed for compression in both tension and compression.

lpd_afterbend =10 +-8=280 mm

NS-EN 1992-1-1 8.5 (2)

XVI
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A3 Dimensioning of anchor bolts

Dimensioning of steel bolts for the steelplate, starting with 8 rods 5500 ©22
before slabs are mounted

fg,r =500 N -
mm
N .
fee=3.0 . Assuming C45/50
N

fc.l.'.::ube =45 2
@:=22 mm Diameter of anchors

a
Ti=—

2

Adawﬁ!:= ﬂ__r?.' = (33(]1 Ll lﬂ_i) mz

ni==8 Mumber of anchors
“Taroi=1.05 NS-EN 1993-1-1 NA.6.1
“ar = 1.05 MS-EN 1993-1-1 NA.6.1
Yarzi=1.25 MNS-EN 1993-1-1 NA.6.1
~.:=1.5 MNS-EN 1993-1-1 NA.2.4.2.4
~rei=1.15 MNS-EN 1993-1-1 NA.2.4.2.4

XVII
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Forces acting at in the foundation before decks are mounted:

M, =259 kN -m ~A
Noy=22 kN =0.288 kN / N

n N

29 N N2
Vogi=— kN

T

v
e:=490 mm — M
M.,

N tengion™=

4 N =175.903 kN
e

M,
‘Vﬁ.mmpremﬁ:n = .]_+Ngd'= 176.478 RN
O 8

NS-EN 1993-1-1 6.2.3 - Tension

Adame! .f-y

Nippgi= =181.016 kN

o

N .
1 tension <1.0

N gra

N .
__Ltension _ h.972 Ok
"\rt.ﬁd

NS-EN 1993-1-1 6.2.4 - Compression
-’q-dnwe! 'fy

Tao

=181.016 kN

Nepd ™=

Nmepﬂm.aim <1.0

*Mc.Rd

%ﬂzn_gﬁ, Ok
Negd

XVII
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NS-EN 1993-1-1 6.2.6 - Shear

Q'Admmzf ‘[ fy ]
m 3
Vega= V{_ =66.533 kN
Faso
V
“<1.0
Vr:.Rri
v
“ —0.073 Ok
cdid

It is necessary with eight anchor bolts with a diameter of 22 millimeters

Using a depth of 4,5 times the diameter of the dowels Pry out crackings will not occur,
using 5 times the diameter should be a somewhat realistic and semi conservative approach
with the use of a diameter of 40 mm. [Kapasitet til stalinnstepningsdetaljer i betong]

!mmhm'==5'ﬂ= 110 mm

To assure that the dowel wont be pulled out the foot of the size of the dowel foot needs to
be calculated. This can be done using CEN/TS 2-4-2 (6.2.4) [Kapasitet til
stalinnsta@pningsdetaljer | betong]

dy, =40 mm d,, is the diameter of the dowels foot.
A= {1] -(d,* —0”) =876.504 mm’

Wy = 1.4

6
= Ah '-fr:k.r:ubﬁ " ww’:ri‘.’ =220.879 kNN

[

N p

N )
ZLiension _ 1y 706 ok
;'\'rﬁd_!-_,

XIX
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‘FZ.DO

180.00

| 20,00
- 40.00

Using a eight anchor bolts with a diameter of 22 mm, a depth of 200 mm and a foot of 40
mm with a height of the foot of approximatly 20 mm should be sufficient.

XX
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Dimensioning of dowels for the steelplate, using 4 rods S500 @28

N

2

mm’~

£,7=500

Assuming C45/50

N

Ferr=3.0

N
fck.cube =45 2

c =50 mm

0:=28 mm

Adowel =1+ r’= (6.158 . 10-4) m’

Yaro=1.05

Yan =105

Yarz=1.25

Y =1.5

¥s:=1.15

—30.00

$00.00

O

20,00 00
r

NS-EN 1993-1-1 NA.6.1

NS-EN 1993-1-1 NA.6.1

NS-EN 1993-1-1 NA.6.1

NS-EN 1993-1-1 NA.2.4.2.4

NS-EN 1993-1-1 NA.2.4.2.4

XXI1
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Forces acting at in the foundation before slabs:

M,_ ;=259 kN -m A |
Noy= 23 kN =0.575 kN / N

4 N

20 NA N2
Vog=— kN

4

AY4
e:=490 mm — —
M,y

N1 tension ™=

2 _N,_,=263.711 kN
e

M
N. AN, =264.861 kN
&

DO TEASIOn = 2

NS-EN 1993-1-1 6.2.3 - Tension

Admue{ '-fgr

Ny ga= =203.215 kN

T

Nl_temﬁm: <1.0

Nigd

N N
__Ltension _ . 899 Ok
*'\rt_Rd

NS-EN 1993-1-1 6.2.4 - Compression

-’q-dnwe!'fy

Ynso

N gai= =293.215 kN

Nmepm_qsion <1.0
N, pi -

M:[}_gﬂ;} Ok

NeRd

XXII
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NS-EN 1993-1-1 6.2.6 - Shear

Q'Admmz! '[ -fy ]
" 3
v,,_m:—"’(_: 107.772 kN
Yan
Vv
“ 210
Vc.Rd
“ .00 Ok
o fid

It is necessary with four anchor bolts with a diameter of 28 millimeters

Using a depth of 4,5 times the diameter of the dowels Pry out crackings will not occur,
using 5 times the diameter should be a somewhat realistic and semi conservative approach
with the use of a diameter of 40 mm. [Kapasitet til stalinnstepningsdetaljer i betong]

!mmhm::ﬁrﬂz 140 mm

To assure that the dowel wont be pulled out the foot of the size of the dowel foot needs to
be calculated. This can be done using CEN/TS 2-4-2 (6.2.4) [Kapasitet til
stalinnstgpningsdetaljer i betong]

d;, =50 mm d,, is the diameter of the dowels foot.
@ is the diameter of the dowels rod.

Tbﬂﬂ_"'-':= 1.4

i
Ngdp ’=7—' A Febcube* Yuer n=339.631 KN

c

N )
2 Ltension _ o 776 ok
NRri.p

XX
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I—EB.UO

180.00

20,00
WS
'50.00"

Using four anchor bolts with a diameter of 28 mm, a depth of 200 mm and a foot of 50
mm with a height of the foot of approximatly 20 mm should be sufficient.

XXIV
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Dimensioning of dowels for the steelplate, starting with 8 rods S500 @22 after
slabs are mounted

Calculations of dowels will be only a fast approximation to get a length that is somewhat
realistic.

N
fy=500 —

mm

N

Je=3.0 2

Assuming C45/50

N

fc].'.t:ubfr =45 2

{.’d = 5“ mm

@:=22 mm

Agower=T-7> =(3.801-107") m?

Yary=1.05 NS-EN 1993-1-1 NA.6.1
Yan =1.05 NS-EN 1993-1-1 NA.6.1
Yar=1.25 NS-EN 1993-1-1 NA.6.1
Ye=1.5 NS-EN 1993-1-1 NA.2.4.2.4
v,=1.15 NS-EN 1993-1-1 NA.2.4.2.4

XXV
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Forces acting at in the foundation before slabs:

M, ;=102 kN-m N

695 N
N,g=— kN =86.875 kN /

8 N

i~ ~NA N2
Ved==_ kN

8

%
o = 400
[ mm —
M,y

N tension =

—N,,=—17.487 kN
e

My

‘Vﬁ.mmpremmn = W"'N,_d: 156.263 kN

NS-EN 1993-1-1 6.2.3 - Tension

A .
ﬂrt_ﬂd:=M=181.ﬂlﬁ kN

o

Nl.tﬂmﬂ'ﬂu <1.0

‘Nrt.Rd

N .
_ Uension _ _ 5.097 Ok
Ny rd

NS-EN 1993-1-1 6.2.4 - Compression
-'q-dnumi 'fy

TYato

N ga= =181.016 kN

N )
oo pression <1.0

N, pa

%ﬂzn_gﬁ‘g Ok

Pvrc d
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NS-EN 1993-1-1 6.2.6 - Shear

2'Adowel .( fy ]
™
3
Vi ==—\/_=66.533 kN
Yaro
Ve
2.<1:0
Vc.Rd
V.
e —0.109 Ok
c.Rd

eight anchor bolts with a diameter of 22 millimeters is no problem

Using a depth of 4,5 times the diameter of the dowels Pry out crackings will not occur,
using 5 times the diameter should be a somewhat realistic and semi conservative approach
with the use of a diameter of 40 mm. [Kapasitet til stdlinnstepningsdetaljer i betong]

lmmhm:=5-a= 110 mm

To assure that the dowel wont be pulled out the foot of the size of the dowel foot needs to
be calculated. This can be done using CEN/TS 2-4-2 (6.2.4) [Kapasitet til
stdlinnstgpningsdetaljer i betong]

d;,:=40 mm d, is the diameter of the dowels foot.

A= (%) -(d)* —0%) =876.504 mm’

¢ucr’\r =1.4

6
NRd.p = 7_' Ah 'fck.cube 2 d’ucr.)\' =220.879 kN

C

l.tension __

=-0.079 ok
NRd.p
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’—fﬂ.ﬂﬂ

180.00

| 20.00
'50.00"

Using a eight anchor bolts with a diameter of 22 mm, a depth of 200 mm and a foot of 40
mm with a height of the foot of approximatly 20 mm should be sufficient.
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A4 Dimensioning of steel rods

Capacity of the rods from foundation into timber columns

d:=26 mm [:=1200 mm _fg::EUDL‘: f, =490 NI
mm’ mm’
dl? .
A:::r-(E] =530.929 mm”  v,,,:=1.05 n:=6 n=n""=5.016
Mg, =259 kN -m
Tension of rods in frame direction:
Mg,
N = =T00 kN
T 3T m
N
Ny £d perrod ™= — = 233.333 kN
n Ok
N pa=A- f‘" =252.823 kN NS-EN 1993-1-1 6.2.3
Yo
Tension of rods in other direction:
z=370 mm z,:=206 mm z,1=222 mm
Mgy The fractions of M add up to M
Nl_Ed':: 2 =35“ kN Not DK
)
Mgy
NZ_Ed':: =29166T m Not DK
g
Mgy
N.'i_Ed' = == 194444 m DK
I3
N, pa=A- Ty =252.823 kN MS-EN 1993-1-1 6.2.3
Yoo
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A5

Spreadsheet for stiffnesses

Axial stiffness of
steel anchors
Diameter of
anchors
{mm)
10
12
14
16
18
20
22
24
28
28
30
32
34
36
38
4

Axial stiffness of
steel anchors
Diameter of
anchors
{mm}
10
12
14
16
18
20
22
24
26
28
30
32
34
36
38
40

Axial stiffness of
steel anchors
Diameter of
anchors
{mm)
10
12
14
16
18
20
22
24
26
28
30
32
34
36
38
40

Length of

Area (mm*2) E-steel (MPa) dowel (mm)

BEEEEEEEEEEEREEE

Length af

Area (mmt2) E-steel (MPa) dowel (mm)

BEUEUEEEEEEEEEEE

Length of

Area (mmt2) E-steel (MPa) dowel (mm)

gEgEgEEaEEEREaEE

1 {mm~a)

(P1*dra)/ea

490,9
10179
18857
32170
51530
78540

114595.0
16286,0
22431.8
30171.9
39780,8
514719
B5597,2
B2448.0
1023539
1256637

1 {mm~a)

(P1*dra)/ea

490,9
10179
18857
32170
51530
78540

11499.0
162860
224318
301719
397e0,8
514719
B5597,2
BI448.0
1023539
1256637

1 {mm~a)

(P1*d~a)/6a

490,9
10179
18857
32170
51530
78540

114%99.0
16286.0
224318
301719
397e0,8
514719
B5597,2
BI448.00
1023539
1256637

Suxial
stiffnessfanchor
Kax. bolt

{Mfmm])
AEfL

B,25E+D4
119E+05
1,62E+05
2,11E+05
2,67E+053
3,30E+05
3,99E+05%
4, 75E+05%
5,57E+05%
6,47E+05
TA42E+05
B,44E+05%
9,53E+05%
1,07E+D&
1,19E+D&
1,32E+D6

Suxial
stiffnessfanchor
Kan. balt

(Mfmm)
AEfL

6,60E+04
9,50€+04
1,209E+05
1,69E+05
2,14E+05
2,64E+05
3,19E+05
3,B0E+05
AAGE+05
5,17E+05
5,04E+05
6,76E+05
7,63E+05
BSSE+05
9,53E+05
1,06E+D6

PAuial
stiffnessanchor
Kax. bolt
(Mfmm)

AEfL

5,50E+04
7.92E+D4
1,08E+05
141E+05
1, 78E+05
2,20E+05
2,66E+05%
3 17E+05
3,72E+05
4,31E+05%
4,95E+05
5,63E+05
6,36E+05
7A3E+05%
7,94E+05
B,BOE+053
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Vertical stiffness

of steel anchors Area (mm*2) E-steel [MPa) dowel [mm)

Diameter of
anchors
{mem)
10
12
14
16
18
20
22
24
26
28
30
32
34
36
38
40

Vertical stiffness

of steel anchors Area (mm*2) E-steel (MPa) dowel [mm)

Diameter of
anchors
{mm)
10
12
14
16
18
20
22
24
268
28
30
32
34
36
38
40

vertical stiffness

of steel anchors Area (mm*2) E-steel [MPa) dowel [mm)

Diameter of
anchors
{mim)
10
12
14
16
18
0
22
24
26
28
30
32
34
3G

PI*r2

78,5
1131
153,9
2011
1545
314,2
380,1
4524
530,9
15,8
706,9
B04,2
907.9
10178
11341
12566

PI*r2

75
1131
153,9
01,1
54,5
314,2
380,1
4524
530,9
15,8
706,9
B04,2
907.9
10178
11341
12566

PI*r2

78,5
113,1
1539
201,1
2545
314,2
380,1
as2,4
530,9
615,8
T06,9
04,2
807,9
1017,9

2,10E+05
2, 10E+D5
2, 10E+05
2,10E+05
2, 10E+D5
2, 10E+05
2,10E+05
2, 10E+D5
2, 10E+05
2,10E+05
2, 10E+D5
2, 10E+05
2,10E+05
2, 10E+05
2, 10E+05
2, 10E+05

2, 10E+05
2, 10E+05
2, 10E+05
2, 10E+05
2, 10E+05
2, 10E+05
2, 10E+05
2, 10E+05
2, 10E+05
2, 10E+05
2, 10E+05
2, 10E+05
2, 10E+05
2, 10E+05
2, 10E+05
2, 10E+D05

2, 10E+05
2,10E+05
2, 10E+D05
2, 10E+05
2, 10E+05
2, 10E+05
2, 10E+05
2, 10E+05
2, 10E+D05
2, 10E+05
2,10E+05
2, 10E+D05
2, 10E+05
2,10E+05

Length of

EEEEEEEEEEEEEEEE

Length of

BEEEEEEEEEEEEREE

Length of

BEEEEEEE 8.

I {mm~4)

(PI*dra)/ed

490,9
10179
1885,7
32170
51530
78540
11454,0
16:286,0
224318
30171,9
397608
514719
B5597,2
822480
1023539
125663,7

I {mm®~4)

(PI*dra)/e4

490,9
10179
1885,7
32170
51530
78540
11454,0
16:286,0
224318
30171,9
397608
514719
B5597,2
B1448.00
1023539
1256637

I {mm®~4)

(PI*dra)/ed

490,9
1017.3
1885,7
7o
51530
TES4,0
11499.0
16286,0
224318
301719
397608
514719
65597,2
824480

Vertical
stiffness/anchor
Kw.anchar

{Mfmim)
1ZEIfLAS

1,35E+02
3,21E+02
5,94E+02
1L01E+D3
1,62E+03
2ATE+D3
3,62E+03
5,13E+03
7,07E+03
9,50E+03
1,25E+D4
1,62E+04
2,07TE+D4
2,60E+D4
3,22E+D4
3,96E+04

Wertical
stiffness/anchor
Kw.anchar

{Wjmm)
12E1L~3

7,92E+01
1,64E+02
3,04E+02
5,19E+02
B, 31E+02
127E+03
1BSE+D3
2,63E+03
3,62E+03
4. BTE+D3
6 41E+03
B30E+03
1,06E+D4
1,33E+04
1,65E+04
2,03E+04

Vertical
stiffness/anchor
Kv.anchor

{M/mm]
1ZEIfL3

4,58E+01
9,50E+01
1,76E+02
3,00E+02
4,B1E+02
7,33E+02
1,07E+03
1,52E+03
2,09E+03
2,82E+03
3,71E+03
4, EBDE+D3
b, 12E+03
7,70E+D3
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stiffness without the free length Axial stiffness of

in the steel plate.

Axial stiffness of steel rods 5
degrees incline

Diameter of threaded rods
L]
10
12
14
16
1B
20
22
4
2B
2B
30
32
34
36
3B
40

Axial stiffmess of steel rods 10
degrees incline

Diameter of threaded rods
{mem)
10
12
14
16
1B
20
a2
24
26
28
30

stes] rods.
Diameter of
threaded rods
{mem}
10
12
14
16
13
20
22
24
26
28
30
32
34
36
33
40

Area  (mm*Z)

PI*r*2

78,5
1131
1539
2011
2545
3142
380,1
4524
5309
15,8
708,9
BO04,2
907,9
1017,9
1134,1
1256,6

Area  (mm*2)

PI*rn2

785
1131
1539
01,1
254,5
3142
3801
452.4
5309
6158
706,39

Area
{mm*2)

Pl*ra2

TES
13,1
1539
01,1
2545
3142
80,1
52,4
530,9
6158
06,9
&04,2
o079

1017,9

1134,1

1256,6

E-steel
{MPa)

2,10E+05
2,10€+05
2,10E+05
2,10E+05
2,10E+05
2,10E+05
2,10€+05
2,10E+05
2,10E+05
2,10E+05
2,10E+05
2,10E+05
2,10€+05
2,10E+05
2,10E+05
2,10E+05

E-stesl
{MPa)

2,10E+05
2,10E+05
2, 10E+05
2, 10E+05
2,10E+03
2,10E+05
2,10E+05
2,10E+05
2, 10E+05
2, 10E+05
2,10E+03

E-steel  Length of rod 1 Re
[MPa) {mm] [ ®4) a=10
9.65/11,55in{a)"
(PIraralies 5 roslar22)
2,10E+05 1200 490,9 9,66
2,10E+05 1200 10179 9,66
2,10e+05 1200 18857 0,66
2,10E+05 1200 32170 9,66
2,10E+05 1200 51530 9,66
2,10E+05 1200 FE54.0 9,66
2,10E+05 1200 11499,0 9,66
2,10e+05 1200 16286,0 0,66
2,10E+05 1200 224318 9,66
2,10E+05 1200 301719 9,66
2,10E+05 1200 39760,8 9,66
2, 10E+05 1200 51471,9 966
2,10E+05 1200 B5597,2 9,66
2,10e+05 1200 BE44E0 0,66
2,10E+05 1200 102353,9 9,66
2,10E+05 1200 1256637 9,66
Length of rod 1 Re Axlal stiffnes/rod
{mm) {mm®d) a=5 Kawrod (Nfmm)
(P1od~a)fBa 9.65/{1,55in(a) "2 0,85*{Pi[}*d*Re*
2sCosfa)*2.2) A*E
1200 430,93 9,663 &,01E+04
1200 1017.9 9,663 7.90E+04
1200 1E85,7 0,663 9,95E+04
1200 32170 9,663 1,22E+05%
1200 51530 9,663 1 ASE+DS
1200 TES,0 9,663 1,70E+0%
1200 114990 9,663 1,96E+05
1200 16286,0 0,663 2,24E+05
1200 224318 9,663 2,52E+05
1200 30171,9 0663  2B2E+0S
1200 397608 9,663 3,12E+05
1200 514719 9,663 344E+05
1200 65597,2 9,663 3,7TE+D5
1200 824480 0,663 4,11E+05
1200 102353,9 9,663 4,45E+05
1200 125663,7 9,663 4,B1E+05
Length of rod 1 Re Axlal stiffnes/rod
{mim] {mim®d) a=10 Kax.rod (Mfmm)
(PIedna)/sa 9.65/(1,55n{2)~2 0,85*(Pi[)*d*Re*
2aCos(a)r2.2) A*E
1200 490,9 9,662 &,01E+04
1200 1017,9 9,662 7.90E+04
1200 1EB5,7 0,662 9,96E+04
1200 3217.0 0,662 1,27E+05
1200 51530 0662 LASE+O5
1200 TES4,0 9,662 1,70E+0%
1200 11493.0 9,662 1,96E+0%
1200 16286,0 0662  2I4E+05
1200 224318 9,662 2,52E+05
1200 30171,9 9,662 2,BIE+05
1200 397608 0662 3,12E+05

Audal
stiffnesrod
Kaxrod
M/ mem)

0,85*(Pi[)*d*
Re*A*E

&,01E+04
7,90E+04
9,96E +04
1,22E405
145E405
1,70E+05
1,96E+05
2,24E+05
2,52E+05
2,BIE+05
3,12E+05
3,44E+05
3,7TE+05
4,11E+05
4,45E+05
4,B1E+05

Auxlal stiffmess
free length
Kax.0
{Mfmm)

AESLO
4,71E+05
4,66E+05
6,34E405
B,28E+05
1,05E+06
1,29E+06
1,57E+06
1,86E406
2,196+06
2548406
2,91E+06
3,31E+06
3,74E+06
4,196406
4,67E+06
5,17E+06

Aulal stiffness
free length
Kax.0
{Hfmm)

AEfLO
4,71E+05
4,558 +05
B,34E 405
B, 2BE+05
1,05E406
1,298 406
1,57E+06
1,85 406
2,196 406
2548406
2,91E406

Tatal
stiffness
(W fmm]

Kax.tot=Kax.r
od* Kax.0/Kax
rod+Kan.0
5,33E+04
6, TBRE+04
B BLE+04
1,0BE+05
1,2BE+05
1,50E+05
1,74E+05
2,00E+05
2,2BE+05
2, 54E+05
2,BIE+O5
3,12E+05
3, 42E+05
3, TAE+05
4 OTE+O5
4, A0E+05

Tatal
stiffness
(N/fmm)

Kax.tot=Kax.r
od* Kax.0)Kax
rod+Kax0
5, 33E+04
6, 7RE+04
B BL1E+04
1,06E+05
1,2BE+05
1,50E+05
1,74E+05
Z,00E+05
2,2BE+05
2,54E+05
2,BIE+05
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32 B04.2 2,10E+05 1200 514719 0,662 3.44E+D5 3,31E+406 3,12E+05
34 8079 2,10E+05 1200 B85597.2 9,662 3,7TE+D5 3,74E406 3 AZE+D5
36 10179 2,10E+05 1200 824430 9,662 4,11E+D5 4,19€406 3,74E+D5
3B 1134,1 2,10E+05 1200 102353.9 9,662 4 ASE+D5 4,67E406 4,07E+D5
40 1256,6 2,10E+05 1200 125663,7 9,662 4. B1E+D5 5,17E406 4 4DE+D5
wertical
Vertical stiffness free Total
Vertical stiffness of steel rods 5 E-steel Length of rod 1 Re stiffnes/rod length Kv.0 stiffness
degrees incline Area  (mm*2) {MFa) {mm) {mm~d) a=5 Kv.rod (Mfmm] M/ (Mfmm)
Kv.tot=Kv.rod
Diameter of threaded rods PI*r*2 (PI*d»4) /64 9-2—‘:.?;?:;:;3]1;2 2{33*Pm*LS *Kw.0fKv.rod
(rrirm) ’ ’ IENLDAE K0
10 78,5 2,10E+05 1200 4909 9,663 7,75E+03 2,33E+03 1,79E+D3
12 1131 2,10E+05 1200 10179 8,663 9,30E+03 4,83E403 3,1BE+D3
14 1539 2,10E+05 1200 18857 8,663 1,09E+D4 E,96E+03 4,91E+03
16 01,1 2,10E+05 1200 31170 8,663 1,Z4E+D4 1,53E+04 6, ESE+D3
18 254.5 2,10E+05 1200 51530 0,663 140E+D4 2,45E+04 & ESE+D3
0 314,2 2,10E+05 1200 TE54,0 0,663 1,55E+D4 3,73E+04 1L1DE+D4
a3 3E01 2,10€+05 1200 114990 9,663 1,71E+D4 5,46E+04 1, 30E+D4
24 4524 2,10€+05 1200 16286,0 9,663 1 BBE+D4 7, 73E+04 1,50E+D4
P 5309 2,10E+05 1200 224318 9,663 2,0ZE+D4 1,07E405 1, 7DE+D4
B B15.8 2,10E+05 1200 301719 9,663 2,1TE+D4 1,43E405 1,B9E+D4
30 706,9 2,10E+05 1200 39760,8 9,663 2,33E+D4 1,89E405 2,07E+D4
32 BO4,2 2,10€+05 1200 514719 0,663 2,4BE+D4 2,44E405 2,25E+04
34 2079 2,10E+05 1200 B5597,.2 9,663 2,64E+Da 3,12E405 2,43E+04
36 10179 2,10E+05 1200 824480 9,663 2, T9E+Da 3,92E405 2,61E+D4
38 11341 2,10E+05 1200 102353.9 9,663 2,95E+04 4, 86E405 2,7BE+D4
40 1256,6 2,10E+05 1200 125663,7 8,663 3,10E+D4 5,97E405 2,95E+D4
Vertical
Vertical stiffness free Tatal
Vertical stiffness of steel rods 10 E-steel Length of rod 1 Re stiffnes/rod length Kv.0 stiffness
degrees incline Area  (mm*2) {MFa) {mm) {mm~d) a=10 Kv.rod (Mfmm] M/ (Mfmm)
Kv.tot=Kv.rod
Diameter of threaded rods PI*rs2 (PI*d~a)f6a g'ﬁ':::;ial;z 2{33*PmnLS *Ke.0/Kv.rod
{rm) : . 3IEI/LOME +Kn.0
10 78,5 2,10E+05 1200 4909 0,662 7,75E+03 2,33E+403 1,79E+03
12 1131 2,10€+05 1200 1017,9 9,662 9,30E+03 4,B3E+03 3,1BE+03
14 1539 2,10€+05 1200 1857 9,662 1,09E+D4 B,96E+03 4,91E+03
16 2011 2,10E+05 1200 32170 9,662 1,24E+D4 1,53E+04 6,B5E+03
1B 2545 2,10E+05 1200 51530 9,662 1 40E+D4 2,45E404 B.B9E+03
20 3142 2,10€+05 1200 7RS40 0,662 1,55E+D4 3,73E404 1, 1DE+D4
a3 3E01 2,10€+05 1200 114990 0,662 1,71E+D4 5,46E404 1, 30E+D4
24 4524 2,10E+05 1200 16285,0 8,662 1,BGE+D4 7,73E+04 1,50E+D4
26 5309 2,10E+05 1200 224318 9,662 2,02E+D4 1,07E+05 1,70E+D4
B 6158 2,10E+05 1200 301719 9,662 2ATE+DA 1,43E405 1,B9E+D4
30 7069 2,10E+05 1200 39760,8 8,662 2,33E+04 1,89E405 Z2,07E+D4
31 B04,2 2,10E+05 1200 514719 8,662 2ABE+D4 2,44E405 ZISE+D4
34 8079 2,10E+05 1200 65597.2 8,662 2,64E+D4 3,12E+05 ZAZE+D4
36 1079 2,10E+05 1200 B2448.0 8,662 2,T9E+D4 3,92E+05 2,61E+D4
3B 1134,1 2,10E+05 1200 102353.9 9,662 2,95E+D4 4,86E+405 2,TEE+D4
40 1256,6 2,10E+05 1200 125663,7 9,662 3,10E+D4 5,97E+05 2,95E+D4
ABAQUS Referance Referance model
model sizes sizes
Soil stiffness (kM/m"3) 20
Flate thickness {mm) 20
Diameter doweal (mm) 32
Mumber of dowels B
Length of dowels [mm} 200
Diameter rods [mm) 22
Humber of rods [
Top deflection [mm) 33,25
Degrees (Rad) 0,00317
Rotational stiffness (kim/Rad) 3315,80
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ABACILS varying
sodl stiffness
Soil stiffness (kMN/m"3)
Plate thicknass {mm)
Diameter dowel (mm)
Mumber of dowels
Length of dowels [mm}
Diameter rods [mm)
Number of rods
Top deflection [mm)
Degrees (Rad)
Rotational stiffness (kim/Rad)

ABAOUS
plate thickness
Soll stiffness (kifm~3)
Plate thickness {mm)
Diameter dowel (mm]
Mumber of dowels
Length of dewels (mm)
Diameter rods (mm)
Number of rods
Top deflection (mm)
Degrees (Rad)
Rotational stiffness (khm,Rad)

varying

ABAQUS Dowel
diameter
Soil stiffness [kMN/m"3)
Plate thicknass {mm}j
Diameter dowel (mm)
Mumber of dowels
Length of dowels [mm}
Diameter rods [mm)
Number of rods
Top deflection (mm)
Degrees (Rad]
Rotational stiffness (khm,Rad)

ABAQUS Dowel
diameter
Soil stiffness [kMN/m"3)
Plate thicknass {mm)
Diameter dowel (mm)
Number of dowels
Length of dowels [mm}
Diameter rods (mm)
Number of rods
Top deflection [mm)
Degrees (Rad]
Rotational stiffness (kim/Rad)

ABAOUS Dowel
diameter
Soil stiffness (kMN/m"3)
Plate thicknass {mm}j
Diameter dowel (mm)
Humber of dowels
Length of dowels [mm}
Diameter rods [mm)
Number of rods
Top deflection (mm)
Degrees (Rad)
Rotational stiffness (kim/Rad)

ABAOUS Dowel
diameter
Soll stiffness (kM/m~3)
Plate thicknass {mm)
Diameter dowel (mm)
Mumber of dowels
Length of dowels [mm}

66,18
0,00630
1665,93

66,7
0,00635
165295

3E,36
0,00365
287410

307275

20

0

12

12

200
22
]
35,05

0,00334
314552

20
i}
12
16

Referance
model sizes
20 &0 100
20 20 20
32 32 32
B B B
200 200 200
22 22 22
[ [ [
33,35 25,92 24,45
000317 0,00247 000233
331580 4153,48 4509,21
Referance
model sizes
20 20 0
20 35 S0
20 32 40
8 B B
200 200 200
22 22 22
[ [ [
33,25 321,18 18,71
000317 000212 000178
331580 494E, 39 SED2,58
Referance
rmodel sizes
20 20 0
20 20 0
20 32 an
4 4 4
200 200 200
22 22 22
[ [ [
34,98 33,75 33,24
0,00333 0,00321 0,00317
315181 3266,68 3316,80
Referance
rmodel sizes
20 0 20
20 20 20
20 32 an
B B B
200 200 200
22 22 22
[ [ [
34,13 33,25 22,75
0,00325 000317 0,00312
373031 3315,80 3366,42
Referance
rmiodel sizes
20 20 20
20 20 0
20 32 an
12 12 13
200 200 200
22 22 22
[ [ [
33,82 31,98 32,49
000322 0,00314 0,00309
3150,92 3342,95 330336
Referance
rmodel sizes
20 0 20
20 20 20
20 32 an
16 16 16
200 200 200

oRBwsEn

18,30
0,00175
5995,11

mﬁguggﬁ

18,3
000174
B024,60
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Diameter rods [mm)
Number of rods
Top deflection [mim])
Degrees (Rad)
Rotational stiffness (kMm/Rad)

ABACLIS warying
diameter of rods
Soil stiffness (kN/m"3)
Plate thickness {mm)
Diameter dowel [mm]
Mumber of dowels
Length of dowels (mm)
Diameter rods [mm)
Number of rods
Top deflection (mm)
Degrees (Rad)
Rotational stiffness (kim,/Rad)

ABACLIS Warying
diameter of rods
Soil stiffness (kN/m"3)
Plate thickness {mm)
Diameter dowel [mm]
Mumber of dowels
Length of dowels (mm)
Diameter rods [mm)
Number of rods
Top deflection (mm)
Degrees (Rad)
Rotational stiffness (kNm/Rad)

ABACLIS Warying
diameter of rods
Soil stiffness (kN/m"3)
Plate thickness {(mm)
Diameter dowel [mm]
Mumber of dowels
Length of dowels (mm)
Diameter rods [mm)
Number of rods
Top deflection [mm])
Degrees (Rad)
Rotational stiffness {kNm,/Rad

ABACLIS warying
diameter of rods
Soil stiffness (kMN/m*3)
Plate thickness (mm)
Diameter dowel [mm]
Mumber of dowels
Length of dowels (mm})
Diameter rods [mm)
Number of rods
Top deflection [mm])
Degrees (Rad)
Rotational stiffness [khm/Rad)

22
1]
34,64
000330
318,75

40,42
0,00385
2717 62

3702
0,00353
978,13

3531
0,00336
312136

10
3427
0,00326
317,11

22
1]
1364
0,00320
317736

36,7
0,00350
3004,10

0
0
3z
B
200
18
B
345
0,00329
3195,66

33,38
0,00318
3301,89

10
31,68
000311
337363

22 22
[ [}
1B 31,32
000312 000308
3361,29 3411,21
Referance
rmodel sizes
riv] 20
0 20
32 32
B B
200 200
2 26
4 4
34,86 33,74
000332 000321
3162,66 3267,65
Referance
rmodel sizes
riv] 20
0 20
32 32
B B
200 200
22 26
[ [
33,24 32,46
000317 000309
3316,80 3396,50
Referance
rmodel sizes
0 20
0 20
32 32
B B
200 200
22 26
B B
32,39 31,77
000308 000303
340384 3470,27
Referance
rmodel sizes
rio] 20
20 20
32 32
B B
200 200
22 26
10 10
31,86 31,33
000303 000298
3460,46 3519,00
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ABACIUS Maximal A o 1: b E
expectated stiffness
Soll stiffness (kM/m»3) 0 20 A0 &0 100
Plate thickness {(mm) 40 40 45 50 100
Diameter dowel [mm] 22 32 32 32 32
Mumber of dowels B B B B
Length of dowels [mm) 200 200 200 200 200
Diameter rods {mm) 22 24 24 24 24
Murmber of rods B B B B B
Top deflection [mm]) 17,95 17,29 11,79 9,96 9,62
Degrees (Rad) 000171 000165 000112 0,00095 0,00092
Rotational stiffness (kNm/Rad) 614207 B63T6,52 9351,15 11069, 28 11460,50
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A.6 Columns before and after mounting of decks

Calculations of timber columns 400 x 400 GL30c according to NS-EN-1995-1-1 when

standing alone

Properties of GL30c
N
fl:l:._q.k =30 2
mim
N
f:_n_g_m: 19.5 S
mm
N
Fioo.ga=0.5 ——
mim”

NS-EN-1995-1-1 table NA.2.3

Tm=1.15

NS-EN-1995-1-1 table 3.1

I{mnd.m!fwet'gh! =0.6

K rmod.windioad == 0.9

Design properties

fl::._q.ﬂ.' = .flill gkt
m

fz.l'!.g.d ==f!.U._q..l.' *
m

Kl:md.wi’nd!oad =23.478

I{rrmd'.wiud'!m =15.261

N

fe.‘.t].g.].- =245 ,
N

f,_-_gn..g_k =2.5 -
mim

N

mm

Eﬂ.g.mr.m: = 13000

N
mm’

k-

N
mm-

N

fr._q_].- =3.5 3

N
mm

E, 5= 10800

g=9.81 2
e
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K od windload N
Fio0gd=Fto0.qk" e =0.391 -
Ym mm
K, )
fc.ﬂ.g.d==fc.ﬂ.g_k'M= 19.174 N
Tm mm
K od windioad N
feo0.g.4=Fco0gk® e =1.957 -
Tm mm
K od windload N
fv._q.d '=ft'._q..l.- L —2.739 —
Tm mm-
N
Eﬂ.g.l:mﬂn =13000 4
mm

Dimensions

kg .
b:=400 mm h:=400 mm Pgmean =430 — L:=28m

A=b-h=0.16 M*  Mfueight ™= Pomean* L+ A=(1.926-10") kg

=(2.133-10") mm*

Compression according to NS-EN-1995-1-1 6.1.4 (1)

Teind Efc.ﬂ.g.d

'ﬁbdmd:md =1.2

XXXVII
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N ceifweight = Macifeight * 9 Vieadioad = 22.678 kN

N X
O g i=—2weight _ o 149 N
A mm’
N
fr0ga=19.174 -
mm
o
—=0d _0.007 ok
ehg.d

Windspeed in Trondheim according to NS-EN-1991-1-4 is 26 m/s.

p=1.25 k‘: NS-EN 1991-1-4 4.5

vy =26 ? NS-EN 1991-1-4 N.A.4
g,:=0.5-p-v,? =422.5 Pa NS-EN 1991-1-4 4.5 (4.10)
c,:=2.5 NS-EN 1991-1-4 4.5
dpi=c.-qy=(1.056.10") Pa NS-EN 1991-1-4 4.5 (4.8)

Bending according to NS-EN-1995-1-1 6.1.6 (1)

kN
Duind = G " b=0.423 ?

“‘f’ﬁueemd =15

LZ
M wind = Gwind* - Viivetond = 218.43 kN -m
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am.yd 1
fm.y.d
b-h?
Wy=— =(1.067-107) mm*
M,y i
O yd™ '&/‘“’"’ 23.29 NV _
9 mm
fm.q.d =23.478 =
‘ 2
a
—_mvd _.992
m.g.d
Deflection at top:
1 &y 0 Y
Twind"™ _ _ 108.993 mm

Shear according to NS-EN 1995-1-1 6.1.7 (1)

Ta Sfu.g.d

Ved*= Quind* L * Ylivetoad= 17.745 kN

k_:=0.67

b=k _-b=268 mm




3.V,
= “d__p.248
2:bypeh mm’
foga=2-739 No
) mm-
-
4 —0.001

g

Combined bendind and compression
o : T
[ c.d ] +[ m.y.d] <1
fr:_n.g_d fm.g'.d

2
T, T,
cod || Zmed | gg2
fr:.l'i._q.d fm._q.d

Stability - Buckling

3
Iy==b'12 =(2.133-10") mm*

ok

NS-EN 1995-1-1 6.19

ok

NS-EN 1995-1-1 6.3.2 (6.21)

NS-EN 1995-1-1 6.3.2 (6.29)

XLI
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ky:=0.5 (1+8,+ (A, —0.8) +A,°)=T7.426  NS-EN 1995-1-1 6.3.2 (6.27)

1

— =0.072 NS-EN 1995-1-1 6.3.2 (6.25)
ky + \/ky_ - Aﬂ:!-i.rz

[ Tead ] + [J’“—y-“]g 1 NS-EN 1995-1-1 6.3.2 (6.23)
k:.y " fc.n.g.d flu.g.d

[ Teod ] + a’“'*"“]: 1.003 Not ok
k:.y " fc.n.g.d flu.g.d

Lateral torsional buckling
!Ef =0.5-L+2-h=14.8m NS-EN 1995-1-1 6.3.2 table 6.1

For lef, we are choosing to be more conservative. Thereby using the formula beneath

instead.
!Ef =0.8:L+2:-h=23.2m NS-EN 1995-1-1 6.3.2 table 6.1
2
T crit °= m-En_m: 145.241 N MS-EN 1995-1-1 6.3.2 (6.32)
h+l mm’

Arelm ™= E\f‘ﬁ“;"""‘e 0.454 NS-EN 1995-1-1 6.3.3 (6.30)
T ncrit

XL
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k:=1.0 NS-EN 1995-1-1 6.3.3 (6.34)
am.y.d i Teo.d
( ) +( ]5 1.0 NS-EN 1995-1-1 6.3.3 (6.35)
kcn’l ’fm.y.d fc.ﬂ.g.d » kc.y
( Tmyd ) % ( Teoa ] =1.087 Not ok
kcn’t 'fm.g.d fc.()._q.d & ac.y

Lateral torsional buckling will occur.

Checking what windspeed can be withstanded:

p:=1.25 "_{ NS-EN 1991-1-4 4.5
=

m
Vg =25 1. NS-EN 1991-1-4 N.A.4

8
4y:=0.5p+ vy 0’ =390.625 Pa NS-EN 1991-1-4 4.5 (4.10)
c,=25 NS-EN 1991-1-4 4.5
Gy maz = Ce» Gy =976.563 Pa NS-EN 1991-1-4 4.5 (4.8)

Bending according to NS-EN-1995-1-1 6.1.6 (1)

-b=0.391 ﬂ

Qwind.mazx *= 9p.ma:
wind.max p.mazx m

Viliveload = 1.5

L2
A'Ied.uﬁnd *=Qyind.maz"* T ” 1t()liveload =229.688 kN -m
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fngd=23.478 MPa

Combined bendind and compression
[ Teid ]_ + [‘:"':'rt.y.r:!]_5 1
fc.fl._q.d fm.‘g'.d

i 2 T
[ c.d ] +{ m.y.d]=n.gl?
fc.ﬂ.g.d fm.g.d

Stability - Buckling

3
;}:%: (2.133-10") mm*

i

L
,\.y:: =242 487
2 I‘!J
A
2
;\My:ﬁ. Teogh _g 676
coom Eg.05
B.=0.1
kyi=0.5 (14+8,+ (A, —0.8) + A, ) =7.426

ok

NS-EN 1995-1-1 6.19

ok

NS-EN 1995-1-1 6.3.2 (6.21)

NS-EN 1995-1-1 6.3.2 (6.29)

NS-EN 1995-1-1 6.3.2 (6.27)

XLIV



APPENDICES

ke, = — ! =0.072 MNS-EN 1995-1-1 6.3.2 (6.25)
3 2 2
ky"" \'(kf,r - }‘re!-y
[ Tend ] + [””“‘”“‘ <1 NS-EN 1995-1-1 6.3.2 (6.23)
kl:.y * fr:.[r._q.d fm.g.d
[ Tend ] + U"‘“‘”“*] =0.928 ok
k::.y b fc.ﬂ.g.d fm.g.d
Lateral torsional buckling
ly:==0.5-L+2-h=148m MNS-EN 1995-1-1 6.3.2 table 6.1

For lef, we are choosing to be more conservative. Thereby using the formula beneath
instead.

l;=08-L+2-h=232m NS-EN 1995-1-1 6.3.2 table 6.1

2

=0T g _asoa Y NS-EN 1995-1-1 6.3.2 (6.32)
’ h-iﬁf : mm-

2 fm.g.k
- =0.454 NS-EN 1995-1-1 6.3.3 (6.30)

Tmerit
k=10 NS-EN 1995-1-1 6.3.3 (6.34)
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[ 2 (el
nyd + c0d  1<1.0 NS-EN 1995-1-1 6.3.3 (6.35)
km‘i't 'fm._q.d fr!_n._ql_d " ke.‘_g,r
T 2 T
[ m.y.d ] + [ c0.d ] =0.944 ok
kr:‘.r'i't -1, mg.d ! cilgd” kﬁ.y

Lateral torsional buckling will not occur.

The columns can withstand 25 m/s windspeed when assuming that the connection to the
foundations is ok.

XLVI



APPENDICES

Calculations of timber columns 400 x 400 GL30c according to NS-EN-1995-1-1
Properties of GL30c

N

mim

fl::._q.k' =30

N
= f‘,_‘_n_g.!‘. = 24.5

N

frogr=3.5 .

mm mam
N

N

mm

ft.l'!.g.k:= 19.5

2 feoogr=2.5

N

mm

- Eﬂ.ﬂ."r = IDSDD
mm’*

N N m
f:_n-ﬂ__q.k =0.5 — Ey g mean = 13000 5 g:=19.581 -
mim mm &

NS-EN-1995-1-1 table NA.2.3

Tmi=1.15

NS-EN-1995-1-1 table 3.1

I{rm?d.m:!fwr::'ght =0.6

Ko =09
Design properties

K, K,
mad —=93.478 N il N

2 fv.g_d :=ft-__q,_|_- . =2.739 ——
m mm ‘:"m

fl::._q.ﬂ.' =lmgk®

K, N N
f:.l'!.g.d :=ft.ﬂ._¢;|l..l.' " ~ =15.261 2 EI.'F._q.mmn =13000

m mm mm

Ko N Kd N
Fiooga=Fronox" S =0.391 feoga=Fengr® e =19.174

'm mm” m mm”
K, i N
fr:.ﬂn._q.d ==fc.!'ln.g.k'L= 1.957 2
m mm
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Dimensions

b:=400 mm h:=400 mm —130 ¥ L._28m

pg.l:wn

Aw=b-h=0.16 m*
_beh’

I.: =(2.133.10") mm*

Compression according to NS-EN-1995-1-1 6.1.4 (1)

o<l e0.g.d

N, b =695 EN

fc_ﬂ_q_d =19.174

Te.d

=0.227 ok
ehg.d

Bending according to NS-EN-1995-1-1 6.1.6 (1)

My oo =102 kN -m

2
W, :=%=(1.06?- 107} mm®

M,
am_w:%:g.ss:; N

v mm

N

@

mm

Finga=23A478

ir.
—mud _ 0.407 ok

g

XLV
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Shear according to NS-EN 1995-1-1 6.1.7 (1)

Td {—:fil._q.d

Vot rabot == D8 BN

k.. =0.67

br:f:= km,- b=268 mm

3.V
= cdrabet 812 N
2-bp-h mm’
foga=2.739 Nﬁ
mm-
-
1 _0.206
v

Combined bendind and compression

Trind 2+ Try.d <1
f::.n._q.d fm.y.d

fm._q.d

2
T,
+[ ""9"‘]=n.459

ok

NS-EN 1995-1-1 6.19

ok
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Stability - Buckling

Liuckling=3-5 ™

3
fy:=%={2.133-1n“) mm'

A.=0.1

k=05 (148, (A, —0.3) 44,7 ) =0.614

ke y: =0.98

1
ky + -\/kyz - "'ﬂ-!-grz

Ty <1
fm._q-.d -

2
Teod +
kﬁ.y 'fr:.n._q.d

2
Teod +
kﬁ.‘.y 'fr:.l'l.g.d

Tiny.d

=0.461
fm._q-.d

NS-EN 1995-1-1 6.3.2 (6.21)

NS-EN 1995-1-1 6.3.2 (6.29)

NS-EN 1995-1-1 6.3.2 (6.27)

NS-EN 1995-1-1 6.3.2 (6.25)

NS-EN 1995-1-1 6.3.2 (6.23)

ok




APPENDICES

Lateral torsional buckling

!Efzzﬂ.E-L+2-h= 14.8 m

For lef, we are choosing to be more conservative
instead.

!Efzzﬂ.S-L+2-h= 23.2m

0.78+b*
Tmeriti=—————*Ep 05 =145.241 N
heles mm’
AMLI:I: = K fm—qk =0.454
U T nerit
kr:r‘ii — l 0

<1.0

ﬂ.1'|rl.3,|.|'.‘|! - + Teind
kr:ﬂ't 'fm._q_d fr:_t]__q.d " kt.gr

Tmyad | [ Teod | a7
kl’!!‘ﬂ 'fm._q.d fr:.n._q.d " ke.gr

Lateral torsional buckling will not occur.

NS-EN 1995-1-1 6.3.2 table 6.1

. Thereby using the formula beneath

NS-EN 1995-1-1 6.3.2 table 6.1

NS-EN 1995-1-1 6.3.2 (6.32)

NS-EN 1995-1-1 6.3.3 (6.30)

NS-EN 1995-1-1 6.3.3 (6.34)

NS-EN 1995-1-1 6.3.3 (6.35)

Ok

LI
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A7 Lifting of columns

Dimensions

=430 —kg L:=32m

pg_ﬂ:umn " E
m

b:=400 ram h:=400 mm

@ m
A:=b-h=0.16 m" Mgl frueight :=pg_mn-L-A={2.2{)2-103) kg g:=9.81 .—2

Lifting of columns to foundation fastened in the middle

15000 mm 00 mm© 15000

Ly 5:=15000 mm

Lpp=15000 mm

Lpe-+=2000 mm

Qselfueight = Pgmean * A+ §=0.675 %

Simplified solution to the acting moments: Calculating the beam as a fixed beam from B
o A.

L..2
A _75.920 kN -m

My =4 i fueigh*

Lop®

=T75.920 kN -m

M= Qe froeight *

M, 4==My=75.929 kN -m

Vyd ™= Qeetfeight * Lap=10.124 kN

LI
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Bending according to NS-EN-1995-1-1 6.1.6 (1)
M, ;:=Mz=75.929 kN -m

2
W= b'r:‘ =(1.067-10") mm*

M
Ty = —e = 7118 Lﬁ
Wy mm”
, N
Frnga=23-478 ——
mm

if Ty = flu.g_d' =*0k"
for

else
[|“Not okc”

Shear according to NS-EN 1995-1-1 6.1.7 (1)

V™= Goctfucight * Lap=10.124 kN

Tas fil._q.d
k=067

b.p=k,-b=268 mm

3.V
Ty=——22 =0.142 N,,
2:b.5-h mm”
fu.g.4=2.7T39 N —
) mm-

if 7y<frga ="0k”
o

else
[ mot ok

LI
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Lifting of columns by a hole near the top:

When the column is lifted from the truck the following forces will be present untill the
columnt is lifted to standing position:

Assuming it can be considered as a simply supported beam.

Checking the hole for a diameter of 60 mm placed minimum 400 mm from the top of
the column.

hy =60 mm
LR
Mm==%"+’“=ss.391 kN -m
L
Ved:M‘”;—’?‘“:l{).TQQ kN

Bending according to NS-EN-1995-1-1 6.1.6 (1)

"-Tn:_y.dgl
ey
b-h? o s
W= =(1.067-107) mm
M
oy = —e = 8.099 NZ
W, mm
Fnad=23.478 Nq
: 2

if ﬂ-m.y.difm.g.d ="0k”
o

else
|| “Not ok™

LIV
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Shear according to NS-EN 1995-1-1 6.1.7 (1)
At the end with the hole, the cross-section will be reduced.

Ta < fﬂ.g.d
ko :=0.67

bq:: k.. -b=268 mm

3.V, N ) :
o= ' =0.178 If the diameter of the hole is
" 2.b,_;+(h—60 mm) 2
ef mmn mm 60 mm.
Foga=2-739 NO
’ mm”

if 7,<fyga | =“OK”
o

else
[ “Notok

Need to check the hole:
Using formulas from the appendix of Timber Constructions 2.

Regquirements for unreinforced holes:

| .2h [6.215h notlessthan 300mm | f2h2 |Pare)2035-h | as04h | hys015-

{,:=500 mm h

ifl,=h =“0k" if 14 =— = “ok”
l.:=N.A | ot ” “Okf

else
R ETS R O

=150 mm
" if h;=h-0.35 =*0k" it hy<h-0.15 =" “ok”
hd =60 mm ” 0 H “Ok™
else else
[ “Not ok Jl“Not ok

LV
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Unreinforced holes:
Fl.')ﬂ Ed
" Fraod = o1 7 = Koo froea
» -,Tllff. | ‘ 05 !'\“ h

) 1} %

l: 4 l 1 | lyso = 0.5+ (hg + h) for rectangular holes
o S]] lso = 0.353 - hy + 0.5 - h for round holes

kyoo = min{1; (450/k)*5}

Check net section bending (hole in NA): use parallel axes theorem and calculate W, = I,/ (h/2)

Forces acting at the hole:

Veahy
4-h

Fyyvea=

2

hdz
J3——_|=1.206 kN
h
Fypgpa=0
Fyoopa=Fiv pa+Fiarpa=1.206 kN

lyon=0.353-hy+ 0.5-h=221.18 mm

kygq=if 12 [&] =1.061
|
else
5
450 mm
h
Fi00.8d
T = " e .
904" 5= lwg b t90" 190,94
F,
g o0 N
0.5 = Et_m - b mz
N
ky o0+ Fronga=0.415 .
Fi 00,64
fed PR | il P =“0k"”
t.00.d 051,05 t.00"Fro0.g.4
|| llok ”n
else
[ Not ok

LVI



APPENDICES

MNeed to check the cross-section for tension forces when the column is lifted above the
ground.

‘I\rr:d.t =Ml fweight * g= 21.598 kN

Agpi=b+(h—60 mm)=(1.36.107) mm’

Trod<Srogd NS-EN 1995-1-1 6.1.2 (6.1)
N
O oai=—t =0.159 NZ
Ay mm
Froga=15.261 N .
mm-

if o 04 <froga ="OK”
o

else
” “Not ok™
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Calculations of timber columns 400 x 400 GL30c according to NS-EN-1995-1-1

Properties of GL30c
N N _ N
fmA_q,k =30 2 fc.o__q,k =245 ~ fu._q.k :=3.5
N N . N
fro.gr:=19.5 = feo0gk=2.5 = E} 05:=10800 ——
o o =
m
fl.so._q.k :=0.5 - Eo.g.mmn := 13000 - g:=9.81 =
o mm’ =
NS-EN-1995-1-1 table NA.2.3
Ym=1.15
NS-EN-1995-1-1 table 3.1
Kmod.m:lfweight =0.6
and.windload =0.9
Design properties
K "
Fngd=Ta sk S medwindoad.. o9 4mg N -
' Ym mm’
K nod.windload N
froga=Frogr ————"=15.261 ——
m mm
K 3
Jr90g4=Fro0gk* mod windload _ (.391 N -
‘ : m mm’
K inod windload N
fc,l].g.d:zfc,o.g.k'u= 19.174 —
m mm-
K nod.windload N
fc.QO.g.d = c.90.g.k"* by =1.957 =
m mm
K :
T PSR N _
Tm mm-
EO.q.ym:a_n := 13000 N
) mm’
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Need to check that the rope wont press in the wood:

Oe04<Sc0ga NS-EN 1995-1-1 6.1.4 (6.2)
Nede=Ned.t

N,
O g =—2 = 0.159 _N_z_

Aeff mm

if 0.04<fc0g4 ="OK”
“OK”

else

“Not ok”

The hole solution with a hole of 60 mm drilled a minimum of 400 mm from the top of the
column seems to be applicable.

Lifting of columns by a fastner with hole, fastened on the top:

The cross-section have already been checked that it can withstand the forces.

This solution is probably applicable, but it would result in a unpractical long screw being
drilled down at the top of the column. Therefore this solution is disregarded.

LIX



APPENDICES

A.8 One row of decks mounted

N N N
-fm.g_k:=30 — fc.ﬂ.g.k‘== 24.5 — f:-._q..l.- =3.5 -
N N mm N
ft_n.g.k =19.5 2 fc.ﬂn_g_k =2.5 5 Ey 5= 10800 S
N N mm
m
Eﬂ_g.mmn:: 13000 - 9:29.81 —
mm’ mm e

ft.FJ-ﬂ._q_k =0.5

NS-EN-1995-1-1 table NA.2.3
Ymi=1.15

NS-EN-1995-1-1 table 3.1

I{mr.rd.ae!_fwm'gm =0.6
I(ﬂwd_wt'ud!nmi =0.9

Design properties

K o windload N
fm.g.ri ::fm.g.k " u= 23.478

Tm mm’
N

K nod windload
Froga=Trogk* e =15.261

Tm mmz
N

K nod windload
fro0g.a=Froogk e =0.391 —
Fm mm-

Kumd_u'i'nd!mid' N
fc.ﬂ.g.d = gk = 19.174

Tm mm
N

Knod windioad
fes0ga™= ﬂ_!.m__q_k.u=1_!;;57

Tm mim

K :
fl‘.g.d:=ftl_g_k'M=2.739 N
Tm mm-

N
mm

Eﬂ.g_meﬂn :=13000

Dimensions

b= 400 mm hi=400 mm Pymean =430 k—‘: L:=28 m
o
A=b-h=0.16 Mm" M eian ™= Pymen L-A=(1.926-10") kg

beh? " :
wy:T:(l.ne?-m ) mm*
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When the first story of slabs are mounted (forces and moments
collected from calculations in Robot Structural Analysis):

Bending according to NS-EN-1995-1-1 6.1.6 (1)

M, ps=198.1 kN -m |

M e [
Ty = — el = 18,572 MPa
. W,
|
Fmga=23.478 MPa OK!

Tension according to NS-EN-1995-1-1

NI.UL5:= 29.5 kN

NT.ULS

Ty = =0.184 MPa

fro44=15.261 MPa OK!

Compression according to NS-EN-1995-1-1 6.1.4 (1)

NI.ULS:z 37.8 EN
N_iire
O, o0 =— = 0.549 MPa
0. N

fr0q4=19.174 MPa OK!
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A9 Necessary volume of building parts

Necessary m3 for different parts of the structure
Standard Glulam Beam
Columns:
V rotumns:=0.4 Mm+0.4 m-28 m=4.48 m*
Notumns *= 22

b —_ 3
vlol.columns v Vcolumm * Neolumns = 98.56 m

Beams in decks:

V. :=0.066 m-0.405 m-8.72 m-3=0.699 m®

internal.beams *

Vv =0.14 m-0.405 m-2.12 m-2=0.24 m’

end.beams*®

74 =0.14 m-0.405 m-9 m-2=1.021 m’

edge.beams .

3
V beamsindecks ‘= Yinternal.beams + Vend.beams T Vedgc.bccmu =196 m

Ndecks *= 80

5 3
Vlol.beanmindt:ckﬂ L Vbc.amm'nde:cks * Ngecks = 156.821 m

Total

Vlot.colmnns P V!ot.bennmt'nda‘ks =255.381 m:i

Kerto plate
V ertoindecks = (0.063 m+0.045 m)-2.4 m-9 m=2.333 m’

3
V!of.keftm'mied's = Vkertor'ndecks *Nyecks= 186.624 m
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Steel

per joint

B 0.033

0.46 m-0.13 m—0.13 m-0.1 m-2-1r-( m) ]:0.045 m’

A2 =

0.13 m-0.46 m—5-1r-[0'222 m) ):0.058 m’

V,

columns.steelinconnectionplates*

=(A,+A4,)-0.012 m= (1.236-107%) m?

Nplatesoncolumn *= 2

A;:=(0.12 m-0.46 m+0.12 m-0.46 m)=0.11 m’

0.022

A,:=|2-0.045 m-0.033 m+4-1r-(T m) ]:0.004 m’

Vdf:cks.steelifmnnsclionplattm = <Al —A2> +0.012 m= (1'271 n 10_3) m3
Nplatesondeck = 1

0.022 ,
de,.i,..oum::(vr-( : m) -0.5m]=(1.901-10-‘) m’

Myodsintowood 3= 14

0.033 ) ' L
Vcomxectorsbelweenplat&e s ( 2 m) A0 = <4'276 -10 5) m3

M onnectorrods *= 2

2

0.055 | 0.033 _\’ oy
V,,u,,,:z( ( 5 m) -n-( : m]]-0.020m=(3.041-10'°)m‘

Myt += 32
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Total per joint

=0.002 m®

olumn

| SR P " 2t VIR, ; XN
tol.y i tiony 1
3
Vtot.platmondeck . Vdecks.ateelinmnmctimtplatm * Nplatesondeck = 0.001 m

Vtol.oommctimr' tes*= Vot plat I + Vm_plﬂ‘emck= 0.004 m?

Virsotantososd ZY otustoncod  Tordantousd =003 18"

b

Vst conmechimrods =V conneclirsbiimeenplides* Meomeciorrads= (8:553+10°) m”

Viotmuts = Vuts* Myuts = (9.731:107*) m*

Vot joint = Vtot tionplates + V tot.rodsintowood + V tot torrods + V tot nuts = (7-462' 10-3) m’

njain

1o:=4+80=320

3
Vsteel.joﬁxt.s = Vtot)om! *Njoints = 2.388m

Foundations
Vateelptate = 0.6 m-0.6 m-0.05 m=0.018 m’
Mtectplate = 22
Vot steetplates =V ateelplate * Msteetpiate = 0-396 T

0.022

2
Vrodeintocobumn ==1r.( m) -1.2 m=(4.562-107") m*

Nyodsintocolumn = 6+ 22=132

V tot.rodsintocotumn ™= V¥ rodsintocolumn * Prodsintocolumn = 0-06 m’

T

2
0.032 A
Vdoumlsintocmmte = (T ) -0.2 m= <1 .608-10 ‘) m:'

Nowelsintoconcrete *= 8+ 22 =176

V tot.dowelsinconcrete = V dowelsintoconcrete * Mdowelsintoconcrete = 0-028 m’
2 2
Vo= o[ ) (52 ) |02 m= 1 00:10)

Ny i= 22.12=264
Viotnuts ™= Vnuts " Mputs = 0-011 m’
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Total steel

= — 3
VRIEPJ = Vﬁted.jninta + Vﬁ'ﬁ.atﬂﬂplﬂiﬂi + Vm.rodaiﬂtm!umn + tht.dﬂwﬁainm:mte + tht.uuta =2.883m

Concrete in timber building

Foundation:
V_fﬂ'l.llldﬂtlbﬂ - 2.3 m- 2.3 m- 0.5 m= 2.645 mﬁ
N foundation == 22

Vtat.famdatian = V_fmmdﬂtim: * N foundation = 58.19 m*

Concrete in concrete building:
Foundation
V foundation ™= 2-8 M+ 2.8 m+0.5 m=3.92 m’
M foundatoin = 22

Vtat._found,aﬁou = V_fnrr.rndﬂtim: *Nfoundation = 86.24 m:i

Columns
Veotumn=0.3 m-0.3 m-28 m=2.52 m3
M egtumn =22

Vot cotirmn = ¥ eoturmn * Meatumn = 0044 m’
Decks

Viee =24 m-9 m-0.3 m=6.48 m’

et = 80

3
Vtat.der_k = Vdad: Myeek = 518.4m

R{cmete = tht.m!umn + ant.fwndatinn + vmct_ded: =660.08 m:}
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Six stories

Necessary m3 for different parts of the structure
Standard Glulam Beam
Columns:
Votumne =04 m+0.4 m-21 m=3.36 m*
22

Rotumns *=

3
Vlot.columna =V columns * Neolumns = 73.92m

Beams in decks:
V internal beams == 0-066 m+0.405 m-8.72 m-3=0.699 m*
V end.beams = 0.14 m+0.405 m-2.12 m-2=0.24 m*
V edge beams=0.14 m+0.405 m-9 m-2=1.021 m’
V benmsindecks =Y internalbeams T ¥ end beams + Vedge beanis= 1-96 m’

Necks = 60

V'nl b indecks *— Vhrn indecks * MWdecks = 117.616 m3

Total

V!ot.column.e + th.bcnnuindecks =191.536 m3

Kerto plate
Viertoindecks = (0.063 m+0.045 m)-2.4 m-9 m=2.333 m®

3
Vtot.kertoinded‘a = VL*ertot‘ndecks * Necks= 139.968 m
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Steel
per joint
0.033 2
A;:=(0.46 m-0.13 m—0.13 m-0.1 m—2-1ro( m) J=0.045 m-
0.0 : 4
Ay:=10.13 m-0.46 m—s-w-( % m) ):0.058 m-

Vcollmﬂm.stecliﬂmnneclim:ﬂates = (Al +A2) +0.012m= (1 236+ 10_3) m’

nplaté‘mncolunm =2

A;:=(0.12 m-0.46 m+0.12 m-0.46 m)=0.11 m*
0.022

A,.2 =

2-0.045 m-0.033 m+4-1r-( m) ]:0.004 m’
Vdedm.steelimnnﬂech’onplatfm — (Al _AQ) +0.012 m= (1271 = 10—3> "n3

Nplatesondeck = 1

0.022

2
dem'nlowood ::( '( m) «0.5 M) = (1901 . 10-‘) m3

Nyodsintowood = 14

2

0.033
m) -0.05 m=(4.276-10"°) m®

Vcormmtorsbetweenplalaq = (

N onnectorrods = 2

2 2
0.055 0.033 & :
Viuts = (‘n’( : m) —1l'°( 2 m) ]-0-020 m=(3.041-107) m’

Nputs*= 32
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Total per joint
Vtat.piutemnmhmm =¥ columns.steelinconnectionplates * ﬂﬁatam!uﬂm =0.002 m3
Vtat.piﬂtemndmk = Vdeckn.ateeﬁnmnmﬁmp{ﬂtm * Mplatesondeck =0.001 ms
Vtﬂt.rmnenﬁm'lptatgs = Vint.p!ﬂtgmﬂcn{unm + Vtm.piateam.dad: =0.004 m*
V ot rodsintowsod = V rodsintowood * Prodsintowood = 0-003 m°
Vtot.rmnenian‘od.ﬁ =¥ connectorsbetweenplates * Neonnertarrods — {8553 " 10_5) mﬁ

Vot mute = Vot * Tt = (9-731-107) m*

Vtﬂﬁ!-jm’nt = Vtat.rmner:tt’,mpmteg‘l‘ th,mngm + Vintfmneciormds"‘ th!.nuia = {7462 . 1[]—3 m:i

Tjgints 7=4 60 =240

V,

steel joints =1.791 m3

tot.joint * Tioints

Foundations
Viateelplate := 0.6 m+0.6 m-0.05 m=0.018 m*
Ngteelplate = 22

= — 3
Vtot.ateeiplatea = Vatee!plate *Noteclplate = 0.396 m

2
0.022 -
V rodsintocotumn ==ar-(T m] 1.2 m=(4.562-107") m*

Nyodsintocolumn *= 6+ 22=132

= _ 3
Vtat.rndaintméurrm =V rodsintocolumn * Mrodeintocolumn = 0.06 m

0.032

2
Vdﬂwefﬁintmmmmte::ﬂ' [ m] 0.2 m:(l_ﬁﬂﬂ-lﬂ_d) ms
N dowelsintoconerete "= 8.22=176

E
Viot dowelsinconerete = V dowelsintoconcrete " Mdowelsintoconerete = 0-028 M

2 2
0.06 0.032 L
Vnuis== [ﬂ'r[ 2 m] —'ﬂ'-[ 2 m] ],D_n2 m={4mﬁ_1n }m.‘i

LXVIII



APPENDICES

Ny =22+12=264

3
Viotnuts™= Vnuts * Mputs = 0.011 m

Total steel

3
Vsted &= Vsteel.jm'nts + Vlo!.steelplales + Vtot.rodaintooolunm ot Vtot.dm:.lelsinmna'ete =+ Vtot.nu!.s =2.286 m

Concrete in timber building
Foundation:
V foundation=1.85 m+1.85 m-0.5 m=1.711 m’
N oundation ™= 22

Vlo(.foum‘lalion &= Vfomldalion B nfoundaﬁm =37.648 m3

kg CO2-eq/m3 for each part

K gtutam = —864.8 "ﬂ K sgees:= 12000.0 i;
m m
k
Kierto=—653.0 —2 Koo ntation =508 "93
m m
kg kg
koon.mlunm =621.1 3 kam.decks =423.3 S
m m

1\".‘[.’, ARy — (Vtol 1, "+Vf02-b€dmm'ﬂd€¢‘kﬁ)'kglulmn=—1.656- 105 kg
A'Ikerw = Vtot.kerlm’ndacks = kkf:rto =-9.14-10" kg

A'Isteel &= Vs!eel % kaleel = (2'743 b 10‘) kg

Alfaundntimx e Vtot.fmmdation 5 kmn.foundation = <1 915 10‘ ) kg

Mot siz timber*= AIglulam +Mierto+ Miteel +A"f¢mndation =—210458.105 kg
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Concrete in concrete building:
Found by forces in Robot put into
Foundation spreadsheet for foundations

V foundation = 2.40 m+2.40 m-0.5 m=2.88 m’

N foundatoin = 22

vlot.fm.mdalion:=vf dation * Pfoundati =63.36 m3

Columns
V eotumn=0.3 m-0.3 m-21 m=1.89 m:!
Neolumn *= 22

3
V!ol.column =V cotumn * Meolumn = 41.58 m

Decks
Vieet :=2.4 m-9 m-0.3 m=6.48 m’
Ndeck = 60

Vlot.de(:k e Vded: *Nyeck= 388.8 m3

M otumn =V 1ot cotumn * kmn.column = (2-583 -10* ) kg
Affomdatim = Vtot.foundation 2 kcon.fotmdalion — (3'222 » 10‘ ) kg

M o= Voot deck * Kcon.decks= (1.646+10° ) kg

Altol,sizﬂmmmle:
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Four stories

Necessary m3 for different parts of the structure
Standard Glulam Beam
Columns:

Vv =04m-0.4m-14 m=2.24 m"

columis

Mpimns = 22

Viot cotumns = V columns * Meolumns = 49.28 m’
Beams in decks:
Vil:tefm!.bmnm =0.066 m-0.405 m-8.72 m-3=0.699 m3

Vond beame:=0.14 m+0.405 m-2.12 m-2=0.24 m’

V edge.beams = 0.14 M+ 0.405 m-9 m-2=1.021 m’

— _ 3
memﬂt’udecks =V internal beams T Vm:d.beﬂm"' ng_qg_bmnm =196 m

M fecks =40

3
Vtot beamaindecks = V beamsindecks * Mdecks = 15411 m

Total

Vtatﬂﬂumna + Vtmt beamsindecks — 127.691 m:!

Kerto plate

Vkertindecks = 0.063 m+0.045 m)-2.4 m-9 m=2.333 m®

3
Vot kertoindecks = V kertaindecks * Mdecks = 93.312 m
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Steel
per joint
Ay:=(0.46 m-0.13 m—0.13 m-0.1 m-2-w-(0'?33 m) ]:0.045 m’
0.022 \ .
A;:=10.13 m-0.46 m—5-1r-( - m) ):0.058 m°

Vcolumvm.nteelt'nmnnmtionﬂates = (AI +A2) +0.012 m= <1°236 * 10—3) m3

nplatmoncolunm =2

A;+=(0.12 m-0.46 m+0.12 m-0.46 m)=0.11 m*
0.022

A'.Z =

2.0.045 m-0.033 m+4-1r-( m) ]:0.004 m’
Vdecks.stedirwonnec!imxplafm = (Al _A'Z) +0.012 m= (1-271 2 10_3) m3

Nplatesondeck *= 1

2

0.022 )
: m

de,,-n..,um,,::( ( -0.5 m] =(1.901-107") m’

N yodsintowood = 14

2

0.033
m) -0.05 m=(4.276-10"°) m®

Vcormectorsbetweenplatm =T (

N onnectorrods = 2

2

0.055 \ 0033 \ .
T O - A L B R

Myyyps =32
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Total per joint
3
Vot platesoncotumn := V eolumna.steelinconnectionplates * Mplatesoncotumn = 0-002 1M
3
Vtot_plutemdeck = Vdeckﬁ.ateeﬁﬁmnna:ﬁonp{atm * Nplatesondeck =0.001 m
&
Vtat.rmnenﬁmphtm = tht.p!at,gmmpmnm + Vtﬂi.piatemded_- =0.004 m
3
Vtat.rﬂdm'ntomad = desi'ntawmd' My deintowood — 0.003 m
=3 b 1
Vtot.r‘mmdnrmds = Vcanmtornﬁetumeﬂp‘atm N nmectorrods — (8553 - 10 } m
Viotmate™= Vot Tta = (9.731-107*) m°
tof nuts "= ¥ muds © Mnuds = W m
—3 3
Vtm.jm’n: = th_rmneciimpmtp_e'l' Vtot.mdm'rn:mmd + Viggfmngﬂmdﬂ+ tht.nuis = {7_462 « 10 m
“jointa i=d.40=160

V. =1.194 m*

steel jointa ™= ¥ tot joint * Tt

“joints

Foundations
Vateefpla!e =0.6 m-0.6 m-0.05 m=0.018 ms
Nsteelplate = 22

= —_ 3
Vtai.atee!platm = Vdfe!’.!plate * Neateelplate = 0.396 m

0.022

2
V rodsintocolumn "= 7T * [ m) 1.2 m=(4.562.107") m*
Myadsintocolumn = 0+ 22=132

- _ 3
Vtat.rndaintom!umn =V radsintocolumn * Mrodsintocolumn — 0.06 m

0.032

2
Vdmuefsintmommte==ﬂ'[ m] 0.2 m=(1608'10_d} m3
Ndpwelsintoconcrete *— H.22=17T6

3
Vtai.dowlninmmw‘ete = Vdamlafnimmtg * M ompel sintoconerete =0.028 m

z 2
0.06 0.032 .
Vnui.a== [?‘I’-[Tm] —',l'l,'-( 5 m] ].{)_(]2 m={4-U46-1ﬂ :} m.‘i
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Ny =22+ 12 =264

nuts

Vi

ot.nuds Vnutﬁ *TMpute = 0.011 ms

Total steel

= _ 3
Vﬁisd = Vﬁfr.d.jainta + th\t.atr:efplates + Vtrﬁ.rodafnim!u.mn + Vtat.dowefaimxmmte + Viot.lmta =1.680m

Concrete in timber building
Foundation:

V,fr:mndutmn =1.6m-1.6 m-0.5 m=128 m’
Mfoundation = 22

V!ﬂt._fnundnﬁou = Vfoundutim: * N tondation = 28.16 '|'\l'].:g

kg CO2-eq/m3 for each part

kgiutam = —864.8 LA k oeri= 12000.0 kg
m’ m’
kg kg
Eperto:=—653.0 — K con foundation = 508.6 —=
m m
K con.cotumn*=621.1 ﬁ; k con decks =423.3 i;
m m

ﬂ'fgtu!um = (Vtot.rxﬂunm+ tht.bmmaimied:a} * kg!u!nm =—1.104-10° kg
M ert0"=V tot kertoindecks* Frerto=—6-093-10" kg

M

ateel

i:zvstee!' ksteeiz {202? " lﬂ‘} kﬂ

ﬂ'ffmdation = Viot.fwndaﬁan b krm.fmndaﬁm = (1 A432- lnd ) kﬂ

A'ftot.fm.lr_ﬁmber = -p'{ghdﬂm +-ﬁ"fkerm + ﬂ'fﬁded + -p'{_fouudcrtiol: =—136767.42 kﬂ
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Concrete in concrete building:
Found by forces in Robot put into
Foundation spreadsheet for foundations

Vfounda!ion =2.0m-2.0m-0.5 m=2 fn3
Nfoundatoin *= 22

vtol.foundation = vfoundation 5 nfoundation =44 mli

Columns
Veotumn=0.3 m-0.3 m-14 m=1.26 m*’
Neotumn = 22

=27.72 m’

Vtat.cdumn =V cotumn * Meotumn

Decks
Vieek =24 m-9 m-0.3 m=6.48 m’
Nk := 40

3
Viot.deek =V deck * Meck = 259.2 m

A'Icolumn s Vtoh. [ 5 kmn.- } = (1'722 * 104) kg

A‘Ifmmdntion = Vtot.foundation * kmn.foundation = (2'238 -10* ) kg

A'Idecks = vtat.deck o kmn.d.ﬁd's = (1 097 - 105 ) kg

M

Ltot siz.concrete *

=M cgpoumn + M oundation + M gecis= 149314.652 kg
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A.10 Mathcad foundations

Dimensioning of foundations - www.Civilglobal.com

Eight story timber building:

Foudation for a 400 x 400 [mm] column with axial forces of 650 kN and a moment of 259
kNm.

D =400 mm Width of column

Foundation footing

N, =695 kN Compression force
M, =259 kN -m Moment
fo=45 N - C45 concrete

mm-
Qi =100 . Safe bearing capacity medium dense sand.

m
N,-1.5 Y .

Apg= =10.425 m~ Require ground area

agit

Bi=1\A,,, =3.229m

L:=B=3220m Square footing of 3,2 x 3,2 m

Soil reaction
1.5:-N
P,:= L=100 ﬂz M
Areq m e:=—'=372.662 mm
N,
Factor moment I
L—D 2 —=>538.129 mm
M, ::N.-B-[ ] .0.5 6

M =M, +M,=(1.391.10°) kN-m

Column depth

M
di=y|l————  =2(3.431 mm
0.138-f - L
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Foudation for a 400 x 400 [mm] column with axial forces of 650 kN and a moment of 259

Safe bearing capacity medium dense sand.

Square footingof 2,1 x 2,1 m

M,
e:=——=372.662 mm
1

%: 343.798 mm

kNm.
D:=400 mm Width of column
Foundation footing
N, :=695 kN Compression force
M,:=259 kN-m Moment
fop=45 N - C20 concrete
mm”
kN
Qait = 245 =
m
N,;-1.5 :
req=————=4.255 m Require ground area
4 sail
B:= "H'IAreq' =2.063 m
L:=B=2.063 m
Soil reaction
1.5-N
P = L _245 W
Arsq m‘!
Factor moment
2
L-D
M, ::Nl-B-[ : ) -0.5=391.283 kN -m

M =M, +M,=650.283 kN -m

Column depth

dicy|—M 995 300 mm
0.138+f,-L
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Foudation for a 400 x 400 [mm] column with axial forces of 650 kN and a moment of 259

kNm.
D:=400 mm
Foundation footing
N,:=695 kN

M,:=259 kN-m

Fnd
mm

kN
Qs0it =440 —-
m
Nl ® 1.5 5
Amq:= =2.369m"
G soit

B:= \/A,.eq =1.539m

L:=B=1.539m

Soil reaction

1.5-N
P,:= o |=440kN

req m

w

Factor moment

L-DY
AI":=N|’B°(T] «0.5

M :=M,+M,=442.68 kN -m

foundation depth

M
d:i=A|—————=322.801 mm
0.138«f,.+L

Width of column

Compression force
Moment

C20 concrete

Safe bearing capacity medium dense sand.

Require ground area
Square footing of 1,5x 1,5m

M,
e:=——=372.662 mm
N,

%: 256.543 mm
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Dimensioning of foundations - www.Civilglobal.com

Eight story concrete building:

Foudation for a 400 x 400 [mm] column with axial forces of 1613 kN and a moment of 113

kNm.

D:=400 mm Width of column

Foundation footing

N,:=1613 kN Compression force
M,=113 kN -m Moment
fop =45 N - (45 concrete

mm-
iy = 100 — Safe bearing capacity medium dense sand.

m
N,-1.5 . )

A= =24.195m" Require ground area

Feoit

B:= Arrzq’ =4.919m

L:=B=4.919m Square footing of 4,9 x 4,9 m
Soil reaction
1.5N
P, = L= 100 Mf
Arr.ql m

Factor moment
2
L-=D
M“==N.-B-[ 5 )-ﬂ.ﬁ

M =M, +M,=(6.82-10°) kN -m

Column depth

M
di=y|————  =4T72.51 mm
0.138- f .- L

M,
= —~ =T70.056 mm
1

%:819.807 mm
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Foudation for a 400 x 400 [mm] column with axial forces of 650 kN and a moment of 259

kNm.
D:=400 mm
Foundation footing
fui=45 N .
mm-
kN
Qi = 245 —
m
N,-1.5 N
Aregs= =9.876 m~
Yanit
B:=4fA,.,=3.143 m
L:=B=3.143 m
Soil reaction
1.5.-N
P, = L=245 m
Arf.q m

Factor moment

i

2
M, ::N,-B-[L_D] -0.5

Width of column

C45 concrete
Safe bearing capacity medium dense sand.

Require ground area

Square footingof 3,1 x 3,1 m

M,
e:=——="T0.056 mm
1

%: 523.755 mm

M:=M,+M,=(2.583.10°) kN -m

Column depth

M
di={|———  =363.84 mm
0.138+f4-L
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Foudation for a 400 x 400 [mm] column with axial forces of 650 kN and a moment of 259
kNm.

L):=400 ran

Foundation footing

fer=45 N.,
mm-
kN
Qooip =440 — =
m
Nl‘ " 3
regi= =5.499 m”
Qsail
B:=

Ag=2345m
L:=B=2345m

Soil reaction

1.5-N
P, = L=440 Hf

req m

Factor moment

2
L-D
.I."rf“ ==N|'B'[T) «0.5

M:=M,+M,=(1.355.10") kN-m

foundation depth

M
di=4 —— = 305.093 mm
0.138+f.- L

Width of column

C45 concrete
Safe bearing capacity medium dense sand.

Require ground area

Square footing of 2,4 x 2,4 m

ei=— L =70.056 mm
1
%:390.323 mm
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Foudation for a 400 x 400 [mm] column with axial forces of 650 kN and a moment of 259

kMm.

Di=400 mm

Foundation footing

fop=45 N
o BN
it = 3240 —
m
N,-1.5 \
reqi= =0.747T m"
Fanil

B:= "'l'l"qreq =0.864 m

L:=B=0.864 m
Soil reaction

P, = 15-N, ={3.24- 1[}3) Ej
m

req

Factor moment

2
M, ::N,-B-[L;D] -0.5
M:=M,+M,=183.76 kN -m

foundation depth

A
di={|——— = 185.048 mim
0.138+fop+ L

Width of column

C45 concrete
Safe bearing capacity medium dense sand.

Require ground area

Square footingof 1 x 1 m

M,
ei=——=T0.056 mm
1

%: 144.025 mm
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B E-mails

B.1 Transport of decks

Hei ll

27 tonn er grensen pa laste vekten.
Det kan bli gitt disp pa heyere vekt, men da skal dette vazre i 1 kolli

Du ma veere oppmerksom pé lengde.

En semi har normalt 12 6 eller 13,6 lengde pé lasteplanet.
Dette medferer at du ikke kan legge 2 lengder etter hverandre som gir total lengde utover disse lengdene.

Vis vi for limtre har en lengde pa 18 meter som kjeres pa en uttrekkbar semi, sa kan vi ikke legge 2 lengder pa 8 meter etter hverandre pa
lengden som maler 18 meater.

Vima holde oss innenfor narmal lengden for lasteplanet pa ovrige varer pa samme lasset. ..

Med vennlig hilsen

Bernt Grindvoll
Transperleder / Hovedplanlegger
Moelven Limtre AS

Telefon: +4790322811

maoelven.no/Limtre
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B.2 Transport of columns

Hei ll

Beklager sen tilbakemelding

Sterste laste vekt du kan legge pa en semitrailer med flere kolli er 27 tonn { kan i noen tilfeller sekes disp pa sterre vekt, men da kun for ett kolli )
| dette tilfellet far du pa 14 stk. som gir 26,6 tonn

Transportkostnad har jeg beregnet til kr. 52.000.-

Dette er inkl. 2 ledsagerbiler og politi eskorte..

Med lastlengde pa 28 meter blir det transportlengde over 30 meter, og dette krever politieskorte og 2 felgebiler for transporten

Her har jeg lagt kjereruta fra Moelv via Elverum til Trondheim. Dette pga. darlig fremkommelighet pa Dombas.

Med vennlig hilsen

Bernt Grindvoll
Transportleder / Hovedplanlegger
Moelven Limtre AS

Telefon: +4790522311

moelven.no/Limtre

B.3 Price of crane E.D. Knutsen

Hei

Gjennomsnittlig leie kr 40.000,- pr.mnd og rigg opp/ned : kr 240.000.-

Med vennlig hilsen

Kjetil Tettum
Wob.: +47 92851335

E.D.Knutsen | UCO

www edknutsen.no

Postboks 23, 2027 KJELLER
Besoksadresse: Branasparken 9, 2007 Kjeller
TIf.: +47 63 88 55 00

E-post: ket tettum@edknutsen.no
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B.4 Price of steel plate from Smith Stal

Hei,
Det vil blii underkant av 7500 kr eks. mva ferdig skjaart.

MNEB! Kvalitet NVE 36.

Vennlig hilsen / Best regards

Stian Jakobsen

Salgskonsulent/ Kundeansvarlig

E.A. Smith AS avd. Smith 5t3l Nord Trondheim
DF. tif +4772592340 | www.simith.no

SMITH STAL

B.5 Price Glulam Moelven

Hei
Blokklimt tverrsnitt (190 +210) x 400 mm GL 30C gran.
Pris pr m3 ab. fabrikk: ca kr 11 000,- pr m3 eks. mva.

28 meter lengdea er spesialtransport og pris pr m3 er volumavhengig. M3 kalkuleres separat.
Med vennlig hilsen

Kato Sveen

Prosjekisjef

Moelven Limtre AS

Telefon: +4720559463

moelven.no/Limtre

B.6 Price of steel rod

Prisen pa dekke-elementer har vi veldig liten info om, ma nesten se pa ravareprisene og sa adders pa produksjonskostnader,
For steel rods tror jeg 100 kr pr rod er ok pris.

Kjgll A Malo

Professar, Dr. ing.

Department of Structural Engineering, Norwegian University of Science and Technology, NTNU N 7491 Trondheim, Norway, Phone: +47 73594784, E-mail:
kjell.malo@ntnu.no
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B.7 Price of self-erecting tower crane

Hei Ivar.
Ca. pris for leie av Potain IGO T130 er kr. 55.00,- pr. mnd.
Ca. totalpris for montering og demontering av kran i Oslo kr. 30.000,-

I tillegg kommer kost for fundament til kran.

IMed vennlig hilsen / Best Regards

@yvind Frantzen

Kranor AS

Salg/ Utleie aist

Maobil: +47 41 66 44 88

www Kranor no

Adr: Eternittveien 10, 3470 Slemmestad, Norway
Sentralbord: +47 31 29 783 00
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