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Abstract

This Master Thesis is a development work on the roof structure used in Wartsila
power plants. Wartsila uses conceptually orientated design and focuses on developing
their products to improve their competitiveness.

The main objective was to develop a new roof element for Wartsilda power plants in
arctic climate. The roof element needs to fulfil the normal requirements of a roof
structure for a power plant in several different countries, but also be fast, easy and
cost efficient to assemble, both in the workshop and at site.

Secondary objective was to determine the maximum allowable characteristic loads for
the roof elements of two different spans. This was done for different purlin
thicknesses.

Focus was put on the structural capacity of light weight thermal steel purlins
including experimental testing, analytical analysis and FEM-design. The initial FEM-
results deviated a great deal from the experimental test results, which put focus on
the analytical analysis.

The power plant is a working environment for several people, which sets acoustical
requirements, while the arctic climate sets high thermal and moisture requirements
on the element. These things are all analysed in thesis.

Keywords Structural, Engineering, Product, Development, Cold-formed steel, Roof,
Element, Thermal, Arctic, Power plant, FEM, Distortional, Lateral, Torsional, Local,
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Latin upper case letters

Eq Dimensional load

F Point load

G dead load

K spring stiffness for displacement

M, rs bending moment capacity around y-axis
Ok Characteristic load
R Load bearing capacity

Latin lower case letters

e eccentricity

m mass

qk characteristic line load
u unit load

t thickness

Greek lower case letters

0 deflection

€ strain

o stress
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Definitions

Cassette

Dividing beams

Eurocodes

Linear tray

Thermal slots

Is a thin-walled steel section with two webs, connected by
a wide bottom flange. Also referred to as linear tray in
some literature.

Beams that are used in the experimental testing to spread
the load on the test specimen.

The Structural Eurocode programme, which consists of
several parts and are harmonized technical rules for the
structural design of construction works in the European
Union.

See cassette.

Several intermitted rows of holes that increases the
thermal resistance of a steel purlin.



1 Introduction

This Master’s Thesis focuses on a specific type of roof element used for multi-fuel
power plants, such as oil and gas engine halls with a steel frame, external roof trusses
and radiators above the roof structure. It is developed for arctic weather conditions, and
this has set specific building physical requirements on the structure. There is an existing
product that is used for similar power plants, but in tropic climate conditions, which is
not as such suitable for arctic conditions.

Since 2009 the customer Wartsild, has used prefabricated roof elements made out of
cold-formed thin-walled steel as their main type of roof structure. These roof elements
have proven to be better than the prior roof structure built on site. In arctic climates the
roof structure is still usually built on site, as the roof element for tropic climate
conditions is not suitable for arctic conditions.

The roof elements that are used in tropical climates have a perforated steel sheet on the
lower surface with insulation mainly for acoustical purpose, but for arctic climates there
is a need for a vapour barrier and more thermal insulation. There are also other types of
loads on the roof elements depending on the climate.

Wairtsild has developed roof elements to save manufacturing time and cut costs. The
product is used in several power plants over the world in tropic climates. Now they
want to have a product which can be used in arctic climates as well.

1.1 Objectives

The primary objective of this thesis is to help develop a fully functional roof element for
power plants in arctic climate conditions. This includes reassuring the structural
integrity, building physical properties that are suited for the climate and making sure the
roof element is possible to manufacture and erect.

1.2 Outline of the Thesis

The scope of this work includes technical solutions, such as support principal and other
changes needed due to the change in climate, but not other detailed design. The basic
functionality has been taken into account, so that the product will be fully functional
and all critical requirements are met. In an arctic environment both thermal conductivity
and moisture analysis are required. The acoustical environment in an engine hall is also
challenging, and is considered as well.

The main focus is put the structural part, as this is one of the most critical things. If the
structural capacity is exceeded, it may have heavy consequences. Due to the arctic
climate, the web of the section is thermally slotted, to increase thermal resistance. The
thermally slotted main purlins are very prone to local, distortional and global buckling
as the stiffness of the thin web is reduced. This is why experimental tests and thorough
analytical analysis were done. Finite element method calculations have also been used



to some degree to determine the structural capacity and primary FEM-analysis were
done to assist the experimental testing.

This thesis will not focus on any other roofs of buildings or connecting buildings that
may be present a power plant site. It is only the roof of the engine hall of the power
plant, where these specific requirements and boundary conditions are present. Material
costs are not compared, but material optimization and manufacturing aspects are
considered to provide a cost-efficient solution.

To begin with, some light will be shed on what a multi-fuel power plant may look like
and what buildings you may find on site. You will also get an understanding of why the
roof structure is done as it is today and how it has been done earlier. This you can read
about in Chapter 2. In Chapter 3 the theory behind the structural behaviour of the roof
element and the design code used is presented. The experimental studies are presented
and the results analysed in Chapter 4. The structural analysis are presented in Chapter 5.

Chapter 6 focuses on building physics presenting specific boundary conditions, which
are typical for a power plant in arctic weather conditions are presented. The thermal
properties of the roof element will be examined and also the moisture properties will be
taken into account. In power plants the acoustical environment is always challenging,
and this is also investigated in the end of this chapter. Last but not least some
conclusions are presented and a summary of what the results of this work has added up
to.



2 Background of research

In this chapter the basics of a Wirtsild power plant and the background of the roof
structure used in Wartsild power plants is explained. Both the development work, which
has been done before this thesis, as well as the development, which has continued as a
part of this thesis is all included in this chapter.

It is clear that some projects may be very different from what is described here, but we
will take a look at the common solutions and situations that can be expected of the
structure in most cases.

2.1 Wartsila power plants

Wairtsild is a supplier of multi-fuel power plants. A power plant consists of several
separate or combined buildings, each serving a purpose. These are all located near each
other on the same premises, which is referred to as a site. On a site you usually find one
or several engine halls and several other buildings. There is usually a fuel treatment
house, electrical equipment building, administration building and workshop &
warehouse besides the engine hall as shown in Figure 2-1. Sometimes there might be
other buildings as well or there might be existing facilities, which may replace some of
these buildings. (Waértsild Corporation, 2014)

What people normally think of, when talking of a power plant is the engine hall. This is
where the resource is transformed from one form of energy to another. In this case from
oil or gas to kinetic energy and then the kinetic energy is generated into electricity. The
effect of these power plants ranges from 2 MW to 700 MW and above. The effect of the
power plant depends on the amount of engines located in the engine hall and the type of
engines used.

Electrical equipment building (EEB)

Fueltreatment house (FTH)

Engine hall (EH)

3 [ Administration building
T i iy TN (AB)

Workshop and warehouse A i T T T T - 5 Social facility building
(WaW) -t (SBF)

Figure 2-1. Site layout example of a 6 x 20V46F power plant solution. (Lindgqvist, et al., 2009)
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There are four standard engine types with different size. The engine type defines the
standard module lengths, which is the spacing between the main frames, used in the
engine hall or halls. The number of engines may vary from one to several dozen and
each module contains one engine and other auxiliary equipment as shown in Figure 2-2.

Wairtsild uses standardized design to maximize efficiency and lower costs. This means
that everything that can be, should be standardized. The same types of units, parts and
equipment can be used in the same type of power plants again and again, with only
minor changes to suite the specific project and location. This saves design time and
makes it easier to serve, when the same solutions are used in several power plants.

A key concept which Wartsild has strongly implemented on many of today’s power
plants, is placing the radiators on the roof as shown in Figure 2-2. This is something
which has several advantages. The air flow to the radiators is always optimal, regardless
of wind direction and they do not require any additional support structure, as the roof
truss is modified to support the radiators at the top chord. The roof elements are
supported at the bottom chord of the roof truss. (Lindqvist, et al., 2009)

Typical spacing’s between roof trusses are 5.4 m and 7.2 m, although others are also
used in some projects. Spacing’s up to 8.2 m have also been used with the 46F-engine
type, but these types of power plants are no longer that common. This is why focus will
be put on two spacing’s: 5.4 m and 7.2 m. Table 2-1 shows the typical spans for each
engine type.

Exhaust gas module

Engine generator set

Figure 2-2. Section of one engine hall module. (Wirtsild Corporation, 2014)



Table 2-1. Typical module span of engine types.

Engine type| Spacing between trusses [mm]
32GD 5400

46GD 7200

34DF 5400

50DF 7200

46F 8200

The envelope of the engine hall consists of wall panels and roof elements. The wall
panels are light-weight sandwich panels with thin steel sheet on both sides of a mineral
wool core. The roof elements are made of cold-formed thin-walled steel sheets and are
supported by the bottom chord of the external roof truss. See Figure 2-3.

The roof elements need to adapt to the spacing of the external roof trusses, as this may
vary from project to project. The solutions should however be such that the structure
can easily be adjusted to fulfil the structural requirements without affecting any other
parts too much.

Roof truss

Roof elements

Wall panels

370 ) 17310 3]
¥ 3

N
LT
1T

I \
1% | [ 21250 | ) IFD
* 3200 ’ 4950 . 4950 M 4950

| ]
® O ® © o 0 0

Figure 2-3. Section of a Wirtsild 34DF-engine power plant (Grande Cote, Senegal).

2.1.1 Main frame

The most commonly used building frame by Wirtsild in a power plant is a braced steel
frame structure with an external roof truss supporting both the roof structure and
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radiators above the roof. Structurally it not optimal to have additional weight high up,
especially in earthquake conditions, but the advantages mentioned in the previous
section are greater than the increased material costs.

Each truss and steel frame is either braced with steel bracings in the direction of the
truss or a portal frame is used to stabilize it, depending mostly on the engine type. The
steel structure is also braced at one or several locations between the main columns in the
other direction, depending on the size of the building. There is also vertical bracing at
both gables, but none along the long sides, as every frame is rigid. Some projects might
be extended with a utility block, but these have separate steel frames. The scope of this
thesis does not include the utility block. A typical steel frame of the 34DF-engine hall
can be seen in Figure 2-4.

The bottom chord and roof beam are WQ-beams with webs that extend above the top
flange to create a sort of gutter. The truss diagonals are welded to the top flange and
holes are made in stiffeners and connection plates, so that the water can drain out. See
Figure 2-5.

l‘ Horizontal bracing = — cb o Utility block

| External roof truss
separate frame

P

, Vertical bracings

structure of a Wsiléi Power Plant (Grande Cote, Senegal).

Figure 2 3D-model of steel

TRUSS DIAGONALS
= = FLASHINGS
L L SELF-TAPPING FASTENER
FASTENING ANGLE
SELF-DRILLING FASTENER
ROOFING SHEETS
Y =,
VY = ¥
¥
& @ @
& & &
i i
\ I
> ROOF ELEMENT
BOTTOM CHORD OF TRUSS

Figure 2-5. Section detail of the tropical roof element attached to bottom chord of external truss.
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2.1.2 Roof structures for tropic climate

The main purpose of the roof structure is to protect the equipment inside from the
outside climate, but also to reduce and absorb the noise produced by the engines.
Visually it is also more pleasing to the eye if there is a roof covering all the pipes and
cables attached to the engines.

The slope of the roof on a Wirtsild power plant is in general around 6°to 8° which is
not so steep. In very windy conditions there is a risk that the water is pushed upwards
and through joints in the roofing sheets. This is why it is important to have overlapping
joints with sufficient sealing between the roofing sheets, which prevents the water from
pushing through. If there happens to be a leak somewhere, the steel sheets or membrane
on the roof elements should direct the water out another way and prevent any water
from entering the structure and creating moisture problems in the structure. (Nevander
& Elmarsson, 1994)

Earlier solutions for the roof structure

Before the radiators were placed on the roof the most commonly used roof structure in a
Wairtsild power plant consisted of a load bearing sheet, which was supported by the
main frame. The sheet was perforated to allow the 80 mm thick insulation to absorb
sound. This is critical to lower the sound intensity in the power plant. The insulation
sheets were fixed to the load bearing sheet with steel strips on top that were fastened
through the insulation to the load bearing sheet. A corrugated steel sheet was then
fastened to the steel strips. See type A in Figure 2-6. This roof structure contains several
work phases, which consume quite a lot of time. Another problem is that the roof
insulation is exposed for a long period, until the roofing sheets are installed. This
solution is still used in some cases, when there is no external roof truss.

Another roof structure that was used in the beginning when Wirtsild started placing the
radiators on the roof to achieve better efficiency of the power plant is a similar structure
as the one mentioned above, but with 10 mm thick welded steel sheet as roofing sheet.
The load bearing sheet is placed in between the flanges of the lower cord of the roof
trusses. The sheets are a bit shorter than the spacing of the roof beams or truss, so that
they can be installed after the steel frame. This also required additional steel beams to
support and provide a surface to weld to. All the sheets need to be assembled and
welded on site, and this requires a lot of welding and work on site. See type B in Figure
2-6.

There is also a third roof structure that has been used on the power plant site, but this
roof structure is not used on the engine hall. It is a structure based on thin-walled Z-
purlins that are attached to the roof truss on site.



1. 45 mm Corrugated steel sheet 1. 10 mm Steel plate, welded

2. 2 mm Steelstrips 2. 100 mm Steel beams for welding

3. 80 mm Hard mineral wool 3. 100 mm  Hard mineral wool

4. 130 mm  Perforated (3 mm [ 15%) Load bearing steel sheet 4. 130 mm  Perforated (3 mm f 15%) Load bearing steel sheat
AlB

Figure 2-6. Earlier roof structures used in tropical climate.

Roof element for tropic climate

Citec together with Wirtsild and Ruukki developed a more efficient roof structure,
which was made of roof elements, for the power plants in tropic climate conditions in
2009. The first type of roof element was built up from cold-formed lightweight steel
purlins and steel sheets. The load bearing structure consisted of eight C-purlins with a
centre to centre distance of 300, forming a 2150 mm wide element. The height of the
purlins typically varied from 150 - 200 mm and thickness of 1.2 - 2 mm, depending on
the span and the loads. See type C in Figure 2-7.

The main purlins were fastened with steel angles and self-drilling fasteners to a U-purlin
at the support. A perforated steel sheet was fastened to the bottom side of the element
and a 70 mm thick insulation sheet was placed on top of that acted as a sound absorber.
On the outside of the element a 1,2 mm thick steel sheet was fastened with self-drilling
fasteners, stiffening the element and forming a water tight surface.

Using this roof element instead of the load bearing roof structure provided several
benefits at the building site. First of all there were fewer working phases involved in the
installation. This meant easier and faster installation, which is crucial at site. After
installing the roof elements there was already a basic water ceiling even before
installing the roofing sheets or other final water sealing on top of the element. This was
also a big benefit compared to the earlier type A structure, as the load bearing direction
was perpendicular to the slope and this did not allow for the water to drain of the load
bearing sheets in the same way. When installing the insulation on the load bearing
sheets, it would also had to be protected against rain until the final roof sheets were in
place.

The roof element was further developed a couple of years later. The C-purlins and the
inner perforated steel sheet were replaced with linear trays with a perforated bottom
flange. See type D in Figure 2-7. This made manufacturing much easier and faster, as
there was no need for a special rig to set up the C-purlins and there was no longer a
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need of turning the element to fasten the steel sheets on the other side. The inner surface
was also found to be smoother without fasteners and dents in the sheet.

C|D

1. 18 mm  Corrugated steel sheet 1. 18 mm  Corrugated steel sheet

2. 12 mm  Steel sheet, galvanized 212 mm  Steel sheet, galvanized

3. 150-200 mm  C-purlins, cfc 300 3. 70-100 mm Soft mineral wool

4, 70-100 mm  Soft mineral woal 4. 150-200 mm Perforated (3 mm / 15%) casetti cic 350, =1.2 mm
5 10 mm  Perforated (3 mm / 15%) steel sheet

Figure 2-7. Earlier roof elements used in tropical climate.

The roof elements for tropic climate are fastened to the bottom chord with specific
fastening angles and self-drilling and self-tapping fasteners. The modified WQ-beam,
which is used as bottom chord for the truss allows for the elements to rest on the bottom
flange while the elements are fastened. The flange will also take the downward load that
the element is subjected to. The fastening angles will take horizontal and vertical
upwards loads.

After the elements are fastened, the roofing sheets can be installed on top of the
elements. To make all connections and joints tight flashings, sealing strips and
compounds are installed according to specific assembly details. Figure 2-5 showed a
typical detail on how the roof element is attached to the bottom chord of the external
truss.

Common equipment on the roof

When the roof structure with load bearing sheets was still used the most common
equipment on the roof was a roof monitor along the roof ridge of the engine hall. This
was a time when the radiators were usually located beside the engine hall on a separate
steel frame.

Placing the radiators on the roof brought some challenges, as to getting the roof
watertight, while having columns and bracings going through the roof. In the first
projects they solved this by placing the roof structure in between the roof truss and
beams. To the top of the flange they welded the roofing sheets. See Figure 2-6 B.

This required a lot of welding and was a relatively expensive solution, which lead to
that not very many power plants were designed with the radiators on the roof until 2009.
This was when the first power plant using the roof element for tropic climate was
designed. The detailing had been developed so that it was possible to ensure a
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watertight connection between the roof truss and the element using cover flashings,
sealing strips and compound. This was a much easier and faster way than welding.

Today the radiators are usually on the roof on an external roof truss. The truss verticals
and diagonals are welded to the bottom chord, which works as sort of a gutter. The
elements are then placed in between the bottom chords and sealed properly using
flashings, sealing strips and compound. The roof monitors had been replaced with roof
fans that are placed in the joint between two elements on the ridge or near to the ridge
allowing for watertight detailing with the corrugated roofing sheets and flashings. Other
equipment penetrating the water sealing are very uncommon but may occur in some
projects and are project specific.
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2.2 Development of a roof element for arctic climate

This thesis focuses on only a small part of the main product. The power plant may be
considered the main product. The engine hall is the core of the power plant and without
it there would not be any need for an envelope or other structures. The roof element is
only a part of the envelope of the engine hall. There are also several other buildings on
the site and the scope might also include service agreements among other things. These
can be seen more as separate products, but are usually sold together. The power plant
may sometimes also be sold without any civil scope. Increasing the efficiency and
lowering the costs of the civil work, not to mention increasing added value, will
increase the probability for Wértsild to get orders that include a wider set of products.

In product development, there are usually several stages. Usually it starts with gathering
ideas, which then are evaluated. Some ideas are discarded and some are further
developed until the decision is made to continue the development one idea into a
product. Even though the decision is made to develop an idea to a product, sometimes
the idea does not make it all the way to the market. In this thesis we experienced this
phenomenon, which is common within product development.

Although the work spent on an idea that is rejected at some point is a bit of wasted time,
some parts of the work may sometimes still be benefited from. It can give insights,
which can be further developed using another approach. The longer you have developed
the idea before it is disregarded, the more work may be wasted. With an efficient
screening process, it is possible to minimize the setback. An efficient screening process
requires experience and a variety of knowledge from manufacturing, development,
designer and customer interfaces to be able to take into account all requirements,
restrictions and expectations.

In the beginning of the development project it is impossible to know the outcome. That
is why it is good to have some milestones set up, when the work and the ideas can be
evaluated. It is important to evaluate if it is worth to continue on the path or explore
other alternatives.

This development project started with an interest from Wairtsild to optimize the
structural capacities for a linear tray roof element. They had only recently back in 2012
started using this type of roof element, as the previous one was based on a C-purlin
frame. There was not much talk about product development at this point, but as time
passed several new ideas were developed.

About a year later the project had not yet started due to lack of time, but now the linear
tray element was already implemented in some projects in tropical climates. The
problem was that the same solution was not very good in arctic climates. At this point
the development of an arctic climate roof element started, although no financial decision
was made for this thesis. Ideas started evolving and some initial discussions were held.

At this point the main idea was to develop the roof element solution for tropical climate
so that it would be suitable for the arctic climate. The main challenge was the poor
thermal resistance of steel and the structural height, which determines how thick the
thermal insulation layer can be. This has been solved in similar elements with a
thermally slotted web, which reduces the area and increases the distance, through which
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the heat flows. Another problem was that the inner sheet of the element was perforated
to provide better acoustical absorption, but this meant that there was not an air and
vapour tight layer on the inside. This could result in that humid air can condensate
mside the insulation, as the air cools down. This could lead to mould, which is a health
risk. Below the main challenges at this point are listed.

1. Thermal resistance

2. Condensation of humidity
3. Acoustical absorption

4. Structural capacity

5. Installation

It was not until a half year later when the first milestone was reached. This was a
meeting between Citec and Wirtsild, where it was agreed that one of the presented
solutions could be further developed with some minor changes. At this meeting, where
Detail 1 and Detail 2 were presented, which are shown in Figure 2-8. Detail 1 was very
much like the tropic climate element, only with additional insulation inside the linear
tray and acoustical absorber on the inside and a vapour barrier. Compare Detail 1 with
Figure 2-5. In Detail 2, the element was suspended below the bottom chord with bolts.
This was not a good solution, as it would require installation from inside the building
and this would affect the installation of other equipment inside. The outcome from this
meeting was a third solution, which was a combination of the both and is shown in
Figure 2-9. The main purlins were half-way suspended with a Z-section at the support.
This reduced the cold bridge, which was dominant in Detail 1 and still allowed for an
installation from the outside.

12



Roof element
%‘S%m
&
\l" L
18
!
|
]

Roof element

O

T
78 iR

0. ROOF BEAM (ACCORDING TO STEEL DESGIN)
1. WD-ROOF ELEMENT 12
§ ?ﬁgE:ENRG PROFILE 0. ROOF BEAM (ACCORDING TO STEEL DESGIN)
4, MINERAL WOOL 1. WD-ROOF ELEMENT M
2. FASTENING PLATE
5 VAPOUR BARRIER 3. ROOF ELEMENT FASTENING BOLT
6. COVER PLATE
4. SEALING TAPE
7. VENTIALTION GAP
5. VAPOUR BARRIER
8. ROOFING SHEETS
9. FLASHING 6. COVER PLATE
' 7. VENTIALTION SPACE
8. ROOFING SHEETS
9. FLASHING
10. MINERAL WOOL
11. FLASHING

12. FASTENER
Figure 2-8. From the left, Detail 1 and Detail 2.
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It was also agreed to do some research into the existing markets, to see if there are
existing products that can be used. Both the Finnish and the international market were
researched for already existing solutions. There are some products quite similar to the
roof element Wairtsild uses in the tropic climates that are used in arctic climate
conditions. Ruukki, for example, have a roof element solution based on thermal steel
purlins.

Most roof elements in arctic climates are anyhow wood frame products, as wood has
much smaller thermal conductivity than steel. The thermally slotted purlin is however
comparable to a wooden stud. In some countries there are regulations on combustible
materials in certain structures, which can be problematic for wooden structures. There
are also some hollow core slabs of concrete that come pre-fabricated with thermal
insulation on the inside. Some roof element products are also based on the same
principal as the light weight sandwich panels, with steel sheets on the outer and inner
surfaces and only an insulation core of either mineral wool or polyurethane in between.
Some manufacturers have even developed purlins with a mineral wool web and steel
sheet flanges glued to the web. The load bearing capacity of these insulation core
products are usually smaller than a wood or steel purlin element of the same height. The
hollow core slabs have a good load bearing capacity, but are much heavier and require
more work at site.

From a structural point of view the weight of the concrete hollow core slabs would be
problematic in earthquake areas. The cold formed steel element was found to be a good
competitor to the wood frame elements as long as the web is slotted to increase the
thermal resistance. It was also seen as beneficial to have similar roof element solutions
in both tropic and arctic climates. As a result the linear tray solution was further
developed.

Figure 2-10 shows the next step in the development process. Instead of the Z-purlin at
the support the linear trays were suspended by attaching C-purlins to the web to avoid
the multiple non-slotted purlins at the support and decrease the cold bridge. This also
had a structural benefit, as the local transverse compressive forces on the thermal slotted
main linear trays were transferred to the thicker C-sections, which are considerably
stiffer. The solution in Detail 3 would surely have required additional strengthening at
the support to avoid crippling and shear failure.
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Figure 2-10. Detail 4. Element suspended by C-sections attached to main purlins.

Laboratory bending tests were set as the next milestone. These would be carried out at
the Sheet Metal Centre at HAMK University of Applied Sciences together with the
manufacturer Ruukki. Ruukki had been involved in the development of the roof element
for tropic climate using linear trays earlier and the element was originally proposed by
them. For the development work it was important to have the feedback from the
manufacturer as well. The idea of a thermally slotted linear tray element had been
discussed with them on several occasions, and there had been some concerns on how to
avoid the contact between the slotted webs, as the contact would reduce the thermal
resistance. It was not however until the manufacturing drawings for the experimental
tests were sent to the manufacturer, when they informed that they do not have the
equipment to manufacture these thermally slotted cassettes. The problem was that the
thermal slot line is made only for a plate width up to 580 mm. The linear tray, which
was planned for the experimental test had a width of approximately 950 mm. Due to
this the frame had to be changed.

Preliminary FEM analysis done for the experimental tests showed that the effective
width of the linear trays could be increased, as the load bearing capacity was exceeding
the expected loads. In the roof element with the linear trays, there are two webs with a
359 mm interval. The possibility to cut the other web of the linear tray was assessed,
and by reducing the effective width a little, the 580 mm wide steel sheet would be
sufficient. This would still allow for the linear tray, or maybe a Z-sections with a wider
bottom flange would be a more appropriate name for the section, to be connected to
each other in a similar way as the linear trays.
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This modification was suggested to the manufacturer, but it turned out that there was
another restriction in the production line. The slotting area could only be in the middle
of the sheet. This was not the case for the Z-section, as the lower flange was
considerably wider than the upper flange making it impossible to place the slotted holes
in the middle of the sheet.

Due to these restrictions the load carrying structure changed from thermally slotted
linear trays to thermally slotted C-purlins. These C-purlins are commonly used in wall
structures. The roof structure changed to a solution much like the prefabricated roof
element solution that Ruukki offers to other customers. These roof elements differ, as
they have a plywood sheet on the cold side of the C-purlins. Most of the solutions
developed for the linear tray could still be implemented in this element, especially the
support arrangement. It is still clear that there was a big amount of work that could not
be utilized.

The development process has been quite long and several ideas were considered along
the way. Some parts of some ideas have been further developed in a new idea. The
process and how these ideas have developed and been screened out is shown in Figure
2-11.

Screening of ideas >

ARE of linear trays (I.'I;),'
no slots or perforation i

TRE of linear trays,
perforated lower
flange

ARE of LT with
perforated lower flange,
vapour barrier inside.

ARE of LT, no -’
perforation, C-purlins
and insulation below
LT.
| ARE with suspended
— | thermal C-purlins.
| =7

ARE of thermal Z-
section with a wide
bottom flange

ARE with suspended
thermal linear trays

Tropic roof element
(TRE) of C-purlins and
perforated inner sheet

ARE of LT, stiff insulation

below and perforated ARE with suspended

corrugated sheet = thermal C-purlins and
braced top flange

Arctic roof element
(ARE) of thermal C-
purlins

Z-purlins mounted on
site with insulation
and steel sheeting

Double SPA and
acoustic absorber

SP_A—mﬂf’éighent
—with light weight
steel reinforcements

Light weight sandwich
panels (SPA) for walls
and roofs

Figure 2-11. The product development process and screening of ideas.
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2.3 Design details, manufacturing, transportation and erection

When designing a new type of product there are several things that need to be
considered. If a product cannot be manufactured or does not work in the environment,
the design is not worth much.

In this section the final product is described so you get an understanding of which
components it contains. The design process is also presented, including every aspect
that has been looked at, as well as the project specific design that is needed. As already
stated the manufacturing process also plays a big part, and it is also presented in the end
of this section.

The finalized roof structure requires some work at site, but the goal is to make as much
as possible ready in the in the workshop and minimize the work at site. Figure 2-12
shows all parts and layers that the arctic roof element structure contains. The roofing
sheets and top layer of hat-profiles are installed on site, the rest are assembled in the
workshop and come as an element.

. ROOFING SHEETS

. VENTILATION GAP WITH HAT-PROFILE, H=30 mm h/"
. WEATHER RESISTIVE BARRIER W
. HAT-PROFILE H=20 mm

. STEEL STRIP BRACING t=1.0 mm

. THERMAL INSULATION, 250 mm

. LOAD BEARING THERMAL PURLIN LPAT-C250

. C-PROFILE C100x50x2 AT SUPPORT

9. L-PRIFILE FOR BOLTING ELEMENT TO SUPPORT

10. STEEL SHEET t=1.0 mm + VAPUOR BARRIER

11. CLOSURE FLASHING AT SUPPORT

12. ACCOUSTICAL ABSORBER

13. PERFORATED CORRUGATED STEEL SHEET (15% PERFORATION)

R T

Figure 2-12. Arctic roof element with roofing sheets and hat profiles attached.

2.3.1 Product description

The roof element for arctic climate consists of cold-formed thin-walled steel purlins,
insulation, steel sheets, a vapour barrier and a weather resistive barrier, which lets
humid air through. These components are assembled using self-drilling fasteners. The
web of the main purlins has slotted holes to increase the thermal resistance. The 250
mm high main purlins have a centre to centre distance of 300 and between them there
are 100 mm + 150 mm thick soft mineral wool slabs. The purlins are tied together with
a steel sheet at the bottom and hat profiles placed perpendicularly at the top with a
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spacing of 600 mm. The experimental tests showed that the hat profiles alone cannot
reliably prevent lateral-torsional buckling, so to prevent this, the top flanges are also
stiffened with a steel strip forming a diaphragm. Beneath the steel sheet there is a
vapour barrier and another layer of hard mineral wool that is 70 mm thick. This layer
acts as both a thermal insulation, an acoustical absorber and protects the load bearing
purlins from fire. The mineral wool is fastened to the purlins through a corrugated sheet
with self-drilling fasteners. The corrugated sheet has a 15 % perforation to allow for the
sound waves to pass through it and be absorbed by the mineral wool. Figure 2-13 shows
the complete roof element apart from the weather resistive barrier on top.

Thermal insulation

Hat purlins

| Steel strip diaphragm

| Main purlins, thermally slotted

) Closure flashing

| Acoustical absorber /
| insulation

Perforated corrugated sheet
Steel sheet and vapour barrier

Support C-purlin

Figure 2-13. 3D-model of a single roof element.

At the support ends of the element there are additional C-purlins in the same direction
as the main purlins. These are 100 mm high and 2.0 mm thick purlins that are attached
to the upper part of the web, below the upper flange. They are extended 70 mm out from
the main purlins. These are designed to lower the element compared to the lower cord of
the roof truss, so that it is easier to insulate the element joint at the roof truss and the
cold bridge is reduced. As the C-purlins are thicker and have a lower web than the main
purlins, they also increase the local transverse load capacity at the support. They
suspend the main purlins, creating tension instead of compression in the web,
preventing it from crushing the main purlin.

To close the element at the support, there is a 1.0 mm thick steel sheet or flashing,
which has been cold-formed to fit the profiles. It is attached to the top and bottom
flange of the 100 mm high purlins, preventing them from rotating around the length
axis. It is also attached to the bottom flange and bottom steel sheet. See Figure 2-14.
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Figure 2-14. Manufacturing detail ARE-MD-1.

2.3.2 Design process

The things, which affect the design the most is of course the boundary conditions. There
are some loads on the element, such as self-weight, snow and wind load, and it has
certain other requirements, which it needs to fulfil. The structural capacity is further
studied in Chapter 5. The acoustical, moisture and thermal design aspects are studied in

Chapter 6.

There are also manufacturing issues to be solved in details and drawings. Transportation
has to be accounted for, and this usually put some restraints on the maximum size of the
elements. The elements need to be designed in such a way that they are intact when
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arriving at site. On site the erection has to work as smoothly and without any interfering
with other disciplines. These are all things which need to be considered in the early
stages of the design, as changes to the erection method might affect the core system. In
this Thesis most of these aspects have been designed, so that the project specific
changes will not affect the main system.

The design of most Wartsild power plants is based on the engine type, which determines
the standard module width for the engine hall. The main steel frame does not vary much
from project to project if the radiators are on the roof and the engine type is the same.
The profile sizes vary depending on the external conditions, but this does not impact the
roof element design. This makes it possible to start the roof element design as soon as
the basic design of the main steel frame is ready.

The spacing of the roof trusses determines the length of the roof element and the
external loads, usually wind and snow load, determine the section and/or centre to
centre distance of the main purlins. More about structural aspects can be read in the
Chapter 5. As the structural measures are clear the modelling can start. The good thing
with elements is that the whole element can be copied and elements with the same
dimensions can be produced with the same drawing. Small changes, such as stretching,
copying or removing parts are easily done. The first element should be modelled with
care before copying, otherwise the same mistakes will be transferred everywhere. At the
eves and at the ridge, there is usually a modified element.

The manufacturing and assembly details can be used in several projects over and over
again and only project specific additions need to be done. This makes the producing
complete drawings much more efficient than making all drawings from scratch.

2.3.3 Manufacturing process

The manufacturing process is a wide concept. Basically it starts from the mines and
producing steel, but in this chapter the focus will mainly be on the part starting with
cutting the steel sheets and producing the sections and parts needed for the roof element
leading up to the finalized roof structure.

The raw material used for the roof elements comes in big coils of steel sheet. The sheets
are of a certain thickness and usually pre-coated with either a zinc coating or some type
of polyester coating depending on the corrosion resistance expected from the sheet and
the esthetical requirements. The polyester coatings come in a large variety of colours as
well. This is an important aspect to take into account, as the factory does not usually
have every material in stock. By choosing only a few materials, it is also easier for the
manufacturer to keep those materials in stock, which results in shorter delivery times, as
the material does not need to be ordered weeks upfront.

To make the purlins and other profiles, the sheets are cut to specific widths. After this
the sheets that need to be slotted are either slotted by cutting or punching out the holes.
Then the sheets are cold-formed in to the desired profile either by roll forming or press
breaking as shown in Figure 2-15. Roll forming gradually modify the sheet as it passes
through various rolls. The press breaking bends each corner of the profile to the desired
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angle one at a time. The roll forming method usually allows for making longer profiles
at a time, and is only economical when large amounts of the same profile shape is
produced, as each profile requires a new set of rolls. Press breaking is better suited for
project specific profiles, which are only produced in smaller amounts.

T -
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Roll Forming ~———_ || —— - P~
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~ o |
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1 2 3 4 5

Press Braking

J—

Figure 2-15. Cold-forming methods for thin-walled steel profiles. (Grey, 2011)

When all the profiles and parts are slotted and formed in to shape the assembling starts.
This is usually manual work, where each profile and part needs to be measured in to
place and fastened to each other. The time it takes to assemble an element is dependent
on the number of parts and connections in the element. The type of fastener and material
thickness also plays a role as well as the number of work phases involved. The
manufacturing drawing show the distances between the parts and critical measures such
as bolthole distances and cross dimensions, which need to fulfil the tolerances in order
for the element to fit in place. The centre of gravity should also be marked along with
measures so that lifting and erection of the element can be carried out safely.

The manufacturing details show distances between fasteners. It is important to
emphasize measures that are critical. This can be done by adding allowed tolerances to
the measures, so that the manufacturer understands that these need to be followed. All
measures should of course be followed, but experience shows that this is not always the
case. A good example of this was the experimental tests carried out in this Thesis. In
Appendices 4 you can find the manufacturing drawings and details for the test specimen
used in the experimental tests.

The basic idea of a pre-fabricated element is to reduce the amount of work required at
site, where the working conditions are varying and sometimes very difficult. By using
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elements produced in a workshop, most of the work can be done in a controlled
environment where the ergonomics are better. This often reduces both construction time
and total costs.

It is much easier to assemble a roof element on a turning table in a workshop, than 10
meters up in the air. In the workshop all parts may be pre-cut and ready for assembling
right next to the table, as on site some parts need to be cut and fitted in places, which are
hard to reach. It is also easier to estimate and re-use spare material in a workshop, than
it is on site.

2.3.4 Manufacturing tolerances

Manufacturing tolerances are required to achieve a product, which fulfils the design
assumptions for the structure in terms of mechanical resistance and stability, but also
functionality. These tolerances may be specified on the manufacturing drawings or
specified in a standard or guideline and referred to on the manufacturing drawing. The
tolerances specified on the drawing always replace any value given in the standard. If
no specific tolerances are given, the values specified in the standard or guideline
referred to are to be followed.

EN 1090-2 gives tolerances for the manufacturing of steel parts. It separates between
essential tolerances and functional tolerances, where the essential tolerances are stricter.
This is to satisfy the design assumptions for the structure in terms of resistance and
stability. Functional tolerances make sure that the parts are within the limits for e.g.
assembling and appearance. The Finnish manufacturers usually follow RunkoRYL
2010, and these guidelines may be used if the manufacturing is carried out in Finland.
(Rakennustieto Oy, 2010)

Another aspect which may increase the accuracy in the workshop is ergonomics. If the
person fixing the parts to each other needs to stretch or kneel to get the screw in the
right place, it might be more difficult to reach the required tolerances. Appropriate tools
and technique may save both time and money in the end, as the amount of rework is
reduced. (Karwowski, 2012).

The roof element based on linear trays had several benefits for the workshop. It had less
fasteners that were only fastened from one side and did not require so much measuring,
as the trays may be placed next to each other. These were all reasons, why this thesis
started with this principal.

However, compromises had to be done. The important thing is to ensure a certain
quality, by making sure that the manufacturing environment and quality control is at a
level, which reaches the design criteria’s. The elements used in the experimental tests
are a good example how many things can differ from the actual manufacturing
drawings, when proper quality control is not sufficient. It also shows how big difference
the deviations may have on the capacity. More about the deviations from the drawings
can be found in Section 4.3.

22



2.3.5 Transportation

Transportation is always something that needs to be considered, when building with
elements. The transportation method gives some restrictions on element size and
protection. In this case, when the project can be located on the other side of the globe, it
is even more important to plan the transportation. Wartsild usually loads all material in
containers, which are shipped over sea to the location. The containers can be loaded
with elements up to 12 m in length.

The roof element should come as pre-fabricated as possible, but not take up any
unnecessary space in the container. The roofing sheets have to be installed on site so
that they can be installed as full length sheets. The upper layer of hat-purlins are also
installed on site, even though they could be part of the element. The benefit is that the
structural height of the element is less, which will reduce the container volume. The
upper layer would also extend a bit over the element, which increases the risk for both
personal and structural injuries.

It is also important that the inner surface of the element is not injured during
transportation. Feedback from both the manufacturer, from site and from the end user is
always important to achieve a good product. It may be difficult to get the feedback if it
is not given first hand. It is not always possible to ask the end user directly, and this is
where the importance of project follow-up comes in. It is seldom that all disciplines get
feedback, but in a big project there are so many things that have been done, that it is not
reasonable to ask about every little detail. Problems tend to be presented if they are
noticed, and these should addressed as swiftly as possible. When introducing a new
product, it is suggested that feedback is gathered for that specific product during the
pilot project to allow for adjustments and improvements for the following project.

The most common feedback for the envelope is usually that some kind of injury to the
surface has occurred. For this type of elements, where the inner surface has a significant
risk for getting injured, it would be good to provide a number of perforated sheets along
with the ready elements. This allows for small repairs at site without having to wait for
the spare parts and possibly delaying the erection.

Transporting the perforated sheets separately could also be an option. They would have
to be fixed to the elements on site. This would have the benefit of take up less volume in
the container and reduce the likeliness for them to get injured during transport. It is also
possible to have the sheets assembled to the roof elements on site, while the elements
are still on the ground, before erecting the elements. This ensures a more ergonomic
working position and reduces the risk of injuring the surface of the sheets.

If the sheets and wool is attached to the roof element in the workshop and transported to
site, there should be some sort of spacers at the end, which keeps the elements apart, so
the hat-profiles does not rub against the perforated sheets, when the elements are
stacked upon each other.
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2.3.6 Site erection

The roof elements arrive on site in containers and they are well protected from weather
and wind. After the steel frame is erected, each roof element can be lifted in place from
the outside. It does not matter if the engines are already in place or if they will come
later, as the installation is done from the outside. As all roof elements are installed, they
already provide some protection against the rain and/or snow, but as soon as possible
the second layer of hat profiles and the roof sheets should be installed. If it is rainy, it is
of course better to do this quickly, as the membrane on the outside of the element is not
100 % waterproof nor are the joints, it only provides a temporary protection. When the
sheets are installed all flashings need to be fitted according to the details to get the roof
fully waterproof. Figure 2-16 shows the typical assembly detail for the arctic roof
element.
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Figure 2-16. Assembly detail 6. Final version for the arctic roof element.
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The required tolerances for assembly are always a bit hard to estimate. When
assembling steel frames, the tolerances are small, compared to in-situ concrete for
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example. 3D-design is a huge factor in achieving small tolerances. Usually all
connections are pre-fabricated and bolted with small tolerances.

However we still need to have some tolerances, as there is always some variance in
lengths, thickness, curvature and cross-dimensions. Temperature differences also affect
the length, and should be accounted for during erection. Some connections may require
sliding connections with increased tolerances in one direction, but it also means that the
connection is not able to transfer forces in that direction.

The roof elements are bolted to predrilled threaded holes in the bottom flange of the
bottom chord of the roof truss. In case the tolerances are not enough, the elements may
also be fastened with 4 self-drilling or self-tapping fasteners instead of each bolt. If
possible, one end of the roof element should always be bolted, to allow for some
movement in the connection, otherwise a slotted hole in the element should be done in
one end of the element. Both the bolts and the self-drilling fasteners should be provided
just in case.

There has been a lifting hook developed for the roof elements in tropic climate
conditions, and the same solution can be used for the arctic elements. It consists of a
steel plate with a lifting hole in one end that is bolted to the element in the other end.
The plate can be rotated around the bolt, so that it can be pushed down in the element
joint, when installed. This is a fast and easy solution, as no lifting eye bolts need to be
attached or removed.

25



3 Structural theory and design codes

This chapter covers the structural behaviour of the roof element. It is strongly based on
the Eurocodes and especially EN 1993-1-3, which is specific for cold-formed members
and sheets. There are some things, which the Eurocodes do not cover, such as the
thermally slotted purlins and how the slotted web effects the section properties of a
member. To understand how this effects the structure other literature and publications
have been used along with the experimental testing, which also support the calculations.

In order to understand how the structural capacity is calculated, a deeper understanding
of the different failure types is needed. This chapter begins with examining the typical
failure modes of cold-formed beams and how these are included in the Eurocodes. The
effects a slotted web has on a thin-walled section and how this can be accounted for is
presented in the following section.

3.1 Failure modes for thin-walled beams

For a long thin-walled cross-section the typical failure is usually some type of buckling.
Even shear failures may be some sort of local buckling of the web. It is of course
possible to have other failures as well, for example tearing, but buckling is clearly the
governing failure mode.

There are several different types of buckling modes, which may occur on a thin-walled
purlin subjected to transverse loading. These can be categorized in different ways but
are usually divided in to three main categories: a) local buckling, b) distortional or ¢)
global buckling as shown in Figure 3-1. These are characterized by the half-wave
lengths and the deformation of the cross-section.
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Global buckling

Figure 3-1. Three main buckling modes and their half-wavelengths for beams subjected to transverse
loading.

Individual plate elements in a cross-section, which are exposed to compressive stress,
may buckle independent from each other and this type of buckling is called local
buckling. Local buckling is characterized by a short half-wave length, which is not

26



longer than the largest element under compression. Local elastic buckling is very
common in thin-walled cross-sections and is not always critical as the post buckling
strength is usually much bigger than the critical local buckling stress. The Eurocode
accounts for local buckling by neglecting the parts of the cross-section which buckles
due to the compressive stress, which is usually the upper parts of the web and part of the
upper flange of simply supported beams under gravity loading. The partial gross cross-
section areas are reduction to effective partial cross-section areas and these are then
used to calculate the effective cross-section properties for the specific load case. Local
buckling may also occur under a concentrated load, but this type of local buckling has
to be checked separately and it may also be the ultimate failure mode for the structure.

Distortional buckling is also very common in cold-formed sections. It is distinguished
by a medium half-wave length and a distorted cross-section. Distortional buckling
occurs as the stiffness of the web, flanges and stiffeners is not big enough to keep the
shape of the section from deforming when under compression. The effect of distortional
buckling can be reduced by adding stiffeners that reduce the buckling length or
providing torsional restraint to the flange(s) in compression.

The effect of distortional buckling is also taken into account by reducing the effective
cross-section area of the flange stiffener. The reduction factor for distortional buckling
is based on the flexural stiffness of the web. EN 1993-1-3 gives two formulas for
calculating the spring stiffness K for a C-section, formulas (5.9) and (5.10b). Formula
(5.9), also shown in Equation 3-1, is a general formula in which the unit load is divided
by the deformation at the loading point. Formulas given in (5.10a) allows you to
calculate the deflection for an edge stiffener, but to calculate the rotation a rotational
spring stiffness coefficient Cyp is needed. Determining the rotational spring stiffness
analytically for a section with a slotted web is very complicated. Formula (5.10b) is
specific for lipped C- and Z-sections, but without a slotted web. It is also possible to
determine the spring stiffness by numerical methods. This may be done by inserting a
unit load u on the section at the distance b; and calculating the deformation according to
Figure 3-2. The unit load and deflection may then be inserted into Equation 3-1.

Equation 3-1

SIS
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Figure 3-2. Determining the flange spring stiffness of C-purlin according to EN1993-1-3 Figure 5.6.

When the whole cross-section buckles over the entire span, without the cross-section
changing shape, it is called global buckling. Global buckling can be sub-categorized and
global buckling of a beam is usually lateral-torsional buckling, if there is not any axial
loads present. There are also flexural, torsional and flexural-torsional buckling modes,
but these occur only on axially loaded members. Axially loaded members are not
covered in this Thesis. Lateral-torsional buckling can be prevented by bracing or
providing sufficient rotational restraint to the compressed flange. EN 1993-1-3 also
provides several alternatives for determining the lateral-torsional buckling capacity for
different cold-formed structures with different types of restraints or for a free
compressed flange.

Flange induced buckling is sort of a local buckling mode, as the wave length is usually
short. It is not however independent of other plate elements. As a beam member with a
thin web is subjected to a transverse load, there is also compression induced in the web.
This web supports the flange, but buckling occurs in the web, the already curved flange
will lose the transverse support in the weaker axis and may also buckle. EN 1993-1-5
gives a criterion for plated structural elements, but it assumes that the web has a
uniform thickness over the height and is not slotted. (Ivanyi & Skaloud, 2014)

Shear buckling may also occur in sections with a thin web. This usually occurs close to
the support. Continuous multiple span beams are especially prone to shear buckling. EN
1993-1-3 section 6.1.7 analyses how the thin-walled cross-section can resist local
transverse loads. It takes into account crushing, crippling and buckling of the web. It is
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not however suitable for sections with a slotted web. The additional C-section, which

has been used at the supports to suspend the main thermal purlins can be analysed with
the formulas provided in EN 1993-1-3 section 6.1.7. (EN 1993-1-3, 2009)

3.2 Failure modes of slotted member in bending

There are some failures which are specific for thermally slotted sections. The holes in
the slotted web reduce the flexural stiffness of the web. This reduces the critical stress
for distortional buckling and the maximum local transverse load the section can resist.
The slotted web also changes the shear buckling mechanism. (Kesti, 2000)

As already explained in the previous section, the occurrence of buckling does not
automatically indicate failure of the complete system. Local buckling occurs at a very
early stage, but the cross-section might be able to carry several times the critical
buckling load for local buckling. Local buckling for instance means that the local area,
which has buckled, has reached the critical stress level and the additional stress will be
distributed on to other areas in the cross section. The ultimate load bearing failure
occurs when it is no longer possible to increase the load upon the system. At this point
there might be several types of buckling occurring at different locations in the system.
One type of local failure might not be a failure of the element, but it might encourage
another type of failure and lead to an accelerated occurrence of another type of failure.
For instance if the connection between the hat purlins and the main purlins exceeds the
rotational capacity the rotation of the main purlin will accelerate and this might result in
either distortional or lateral-torsional buckling of the main purlin at a lower load, than
with an element with higher rotational capacity in this connection. (Yang & Liu, 2012)

The slotted web reduces the stress level at which buckling occurs in the web. This is due
to the fact that the bending stiffness, especially across the web is greatly reduced. Since
the shear buckling stress is low the post buckling range is large. Shear failure of a
thermally slotted purlin may also be seen as a type of plastic buckling. As the web
consists of several connected steel strips, which will take both tensile and compressive
stress. If the critical buckling force is less than the shear capacity of the part connecting
the strips the shear failure will be a form of flexural or lateral buckling failure. Figure
3-3 shows how the shear force F. creates both a bending moment on the strip along with
an axial force, which is negative on every second and positive on every other strip. The
ultimate shear failure is usually governed by yielding at the sharp ends of cut slots, as
these act as stress concentrators.

Crippling is still more common in thin-walled sections than shear failure. The
Eurocodes do not provide design rules taking into account crippling for sections with
slotted web. This is something, which can be avoided by either adding stiffeners at the
support or arranging the support so that transverse compression is avoided. (Thoyra,
2001)
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Figure 3-3. Forces acting upon the strips (cross hatched) between the slots in the web. (Thdyra, 2001)
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4 Experimental studies

4.1 Introduction

These experimental studies were done on four prototype elements, half the width of the
intended element width. The test specimen were manufactured with certain assumptions
and after the results were analysed some improvements were done to the roof element
type. What is explained below is how the test specimen were manufactured and tested.

What made this type of roof element special was that the support was different from
other types of roof elements. There a smaller non-slotted C-section out of thicker steel (t
=2.0 mm), which are placed inside the thermally slotted main section and fastened
through the web. The thicker C-section, C100x38x2.0, suspends the thinner and higher
main thermal purlin, LPT-C250x50x1.2, from the upper flange and upper part of web.
This creates tension instead of compression in the web of the main thermal purlin and
the support reactions are transferred to the thicker and stiffer C-section. Another thing,
which was special for the test specimen was that the upper flange of the thermally
slotted cold-formed sections was not directly restrained by any sheet, only by the hat-
sections at a certain interval. Only the last test specimen was modified to reduce the
buckling length of the upper flanges. Both the upper the C-sections at the support and
the lower flange of the main thermal purlins are connected by a flashing, which prevents
rotation around the length axis of the main purlins. See Figure 4-1. This arrangement is
similar to the actual support, apart from the HEA200 beam substituting the WQ-beam,
which is normally used as bottom chord on the roof truss. The HEA200 beams had a
plate welded between the flanges on the opposite side of the fixation to simulate the
double webs on the WQ-beam.

HAT PURLIN

C100x38x2.0

LPT-C250x50x1.2

2 x M12x40 + D24

HEA 200

G
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| //\ A

Figure 4-1. Support arrangement for experimental tests.
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4.1.1 Objectives

The main objective for the experimental studies was to give a realistic idea of which
failures might occur for this type of roof element. Secondary objectives were to check if
the calculated capacities and deflections received from the primary FEM-model were
close to the test results. Another secondary objective was to see if there were any
unexpected problems at the support. The test was only planned to assist the
dimensioning and not to dimension the actual elements. The snow load was considered
dimensioning, which is why the specimens only were subjected to downward loading
and not uplift loading.

4.1.2 Primary FEM-model

The initial idea was to create an FEM-model of the roof element and validate the results
with the experimental tests. A primary FEM-model was created to assist the
experimental testing and assess the maximum deflection before failure as well as the
critical load. It was also to provide an understanding on what will occur during the
testing, so that it would be easier to decide where to place gauges and help observe the
right things.

The primary FEM-models were modelled using Dlubal’s RFEM software version
4.10.1920 (hereafter referred to as RFEM). RFEM is a 3D structural engineering
program, where you can model members, surfaces and solid elements. There were two
models, one for each span. The elements were modelled with all the same structural
parts as the test specimen.

The main purlins were made out of surfaces, both rectangular and quadrangular shape,
taking into account corner radius of the cross-section. Openings were inserted, where
the thermal slots were in the web. The surfaces were connected through members with
the cross-section “Dummy Rigid”. The member type was chosen based upon if it was
only a contact point or if it represented a fastener. If it was a contact point,
“Compression” was chosen and if it was a fastener, “Beam” was chosen. No node
releases are set for either member.

All other profiles were also modelled as surfaces. This forms a small problem, as the
surfaces are very thin, the stresses at a point may get very high if a contact area is only
connected at one node. These areas are better modelled using several nodes, so that the
stresses will be distributed more evenly over the whole contact area. The mesh size can
also be smaller in these parts, and it is recommended that the surfaces are divided into
smaller parts, so that only the required areas have finer mesh size and the areas with
more uniform stress can have larger mesh size. Otherwise it will take longer for the
calculations to run.

At the supports it was clear that the stresses will be concentrated, so there several nodal
supports have been used. Most of these supports are only taking compressive vertical
forces to simulate the contact surface between the supporting beam flange and the
element. The only pinned support was where the bolts were located, which were
released in the length-axis in one end of the element.
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Vertical surface loads were applied on the hat-sections, where the dividing beams would
be placed. All surface loads were equally big, assuming the dividing beams would
distribute it equally on to the hat-sections. Only gravitational loading was applied in the
primary FEM analysis.

RFEM gives the possibility to choose the plate bending theory. The options are either
Mindlin or Kirchhoff. The difference between the two theories is that the Mindlin
theory (also known as Reissner-Mindlin theory), which is based on the Timoshenko
beam theory, takes into account the shear deformation. The Kirchhoff theory (also
known as Poisson-Kirchhoff or Kirchhoff-Love theory), which is based on the Euler-
Bernoulli theory, does not take into account the shear deformation. The Kirchhoff
theory is applicable for thin plates, as transverse shear strains are usually very small in
thin plates. The Mindlin theory is applicable for both moderately thick and thin plates.

As the structure was made of thin plates, either theory could be used. A comparison
calculation was made with the same parameters apart from the theory, and the
differences were basically not noticeable. The theory which was chosen for these
analyses was the Kirchhoff theory as it was faster. (Aalto, 2009) (Hughes, 2000).

Nonlinear calculations in RFEM are based on two methods. There is an option that
allows setting the percentage of load increments should be calculated with either
method. The first load increments, assuming the percentage is not 0, are calculated
according to the relatively strong Picard method. It helps avoiding instability problems,
but the calculations are slower.

After the chosen percentage of load increments have been calculated the calculations are
based on the Newton-Raphson method. There is no exact value or optimal percentage
for switching from Picard to Newton-Raphson, but this switching should be performed
when the first search direction for the Newton scheme is such that quadratic
convergence is soon achieved. (Bergamaschi & Putti, 1999).

There is also an add-on module in RFEM, which is named RF-Stability. This module
analyses the stability of the structure according to Eigenvalue Calculation Method. It
checks the stability modes and critical load factors of the structure. This module was not
used in the primary calculations. (Dlubal Software GmbH, 2013).

4.1.3 Primary FEM analysis and observations

The deformation results from the primary FEM analysis seemed realistic as well as the
equivalent stress distribution according to von Mises. The global deformation results
can be seen in Figure 4-2.
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Figure 4-2. Global deformation results for 5058 mm element span.

The maximum global deformation calculated for each span at the critical load is listed in
Table 4-1. The maximum deformation is vertical and the load is converted to an evenly
distributed surface load over the whole element. The surface load, which was used in
the FEM-analysis was distributed on the hat-sections.

Table 4-1. Maximum global deformation and load for given span.

Span Max. load | Max. deformation
[mm] [KN/m?] [mm]
5058 11,7 27,9
6858 7,5 48,4

According to the primary FEM analysis, concentrated stress would arise at the corners
of the slots, which would reach the yielding point. The out of plane deformation was
also relatively big at both ends of the main purlins due to this stress. The supports were
chosen as one of the main things of interest during the testing, especially for the shorter
span, due to the assumed higher shear forces.

It was also of interest to see if the failures would be brittle or ductile. Ductile failure is
preferred, as brittle failure is sudden and usually occurs without warning. Brittle failure
in this type of structure is usually caused by shear failure in fasteners, as metal is a
ductile material. The biggest risk for a brittle failure was at the support, where high
stress levels were concentrated and transferred through self-drilling fasteners.
According to the FEM-analysis, the shear forces at any given fastener near the support
did not exceed the shear capacity of the fastener.

For thin-walled cold-formed steel there are some specific areas, which are more critical,
than for hot-rolled steel cross-sections. Due to the small material thickness of the cold-
formed steel the slenderness ratios are bigger. Cross-sections, which are thin, wide and
exposed to compressive load, may buckle under fairly low loads, if they are not
stiffened in any way. The occurrence of buckling was observed and recorded both by
still pictures and video.
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4.2 Test programme

Experimental studies were carried out at the Sheet Metal Centre at HAMK University of
Applied Sciences. A series of tests were done on elements with only half the width of an
actual roof element, reducing the main purlins from seven to four. The tested elements
did not contain any non-structural part, such as insulation or vapour barriers. The hat
purlins on top of the element were also adjusted to the suit the loading arrangement and
not the realistic conditions. EN 1993-1-3 Annex A was used to provide guidelines, but
was not followed in every aspect.

The experimental studies started with two tests on elements for a 5.4 m structural
module span. The latter two tests were carried out on elements for a 7.2 m structural
module span. The structural module span is the centre to centre distance between the
roof trusses. Some modifications to the tests were done after getting the results from the
first tests.

Bending tests were performed on all in all four elements under laboratory conditions.
The load was applied by a cylinder as a point load and it was distributed using dividing
beams to simulate an evenly distributed surface load. See Figure 4-3. For the shorter
elements, 4 beams were applying load to the hat-purlins on the elements and for the
longer elements, 8 beams were applying the load. The hat-purlins were placed to match
the loading beams, but at a reasonable interval as shown in Figure 4-4 and Figure 4-5.

The length of each test took about 5-10 minutes, from applying the load through the
cylinder to failure. The speed, which the cylinder extended itself, was chosen based on
the assumed deflection before failure. At each interval of 0.5 s, the cylinder registered
the amount of force applied by the cylinder and the displacement of the cylinder.

Initial measurements were taken at each gauge, before any of the dividing beams were
placed on the element, as these also introduced a load on the element. The roof elements
were subjected to their self-weight before these measurements could be taken. The load
from the dividing beams and the load produced by the cylinder resulted in the total
external load on the element.
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4.3 Test specimens

There were two types of elements. Each type has a different structural module span, but
all elements consisted of the same parts as listed in Table 4-2, Table 4-3 and Table 4-4,
apart from the additional top flange bracing of test specimen 7.2M-B2. The steel grade
for all parts is S350GD+Z. The element span is shorter from the structural module span.
The 5.4 m structural module span equals a 5058 mm element span (referred to as 5.4M
hereafter) and 7.2 m structural module span equals a 6858 mm element span (referred to
as 7.2M hereafter). The main purlins are 70 mm shorter than the element span. The
width of each element was 950 mm. Test specimen 7.2M-B2 was braced with two
additional steel strips at the top flange.

Table 4-2. Components of test specimens 5.4M-B1 and 5.4M-B2 (without top flange lateral bracing).

Components Dimensions Amount
Main purlin Thermal purlins LPT-C250x50x1.2, 10 rows | 4 pcs
L= 4988 mm
Support profiles C-sections C100-38x2.0, L =430 8 pcs
Closure flashing 1.0, L = 950 2 pcs
Upper flange restraint | Hat purlin, h=20 mm, t=1.2 mm, 9 pcs
L=950 mm, ¢/c ~600 mm
Lower sheeting PL1.0x950x1250 c/c 1200
Self-drilling fasteners | Purlin-lower sheet 4.8x16 4 pcs/ c/c 300
Purlin-hat purlin 5.5x28 2 pcs / joint
Purlin-support profile 5.5x28 2 pes/ c/c 100

Table 4-3. Components of test specimen 7.2M-B1 (without top flange lateral bracing).

Components Dimensions Amount
Main purlin Thermal purlins LPT-C250x50x1.2, 10 rows | 4 pcs
L= 6788 mm
Support profiles C-sections C100-38x2.0, L =430 8 pcs
Closure flashing 1.0, L =950 2 pcs
Upper flange restraint | Hat purlin, h=20 mm, t=1.2 mm, 10 pcs
L=950 mm, ¢/c ~800 mm
Lower sheeting PL1.0x950x1250 c/c 1200
Self-drilling fasteners | Purlin-lower sheet 4.8x16 4 pcs/ c/c 300
Purlin-hat purlin 5.5x28 2 pcs / joint
Purlin-support profile 5.5x28 2 pes/ c/c 100
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Table 4-4. Components of test specimen 7.2M-B1 (with top flange lateral bracing).

Components Dimensions Amount
Main purlin Thermal purlins LPT-C250x50x1.2, 10 rows | 4 pcs
L= 6788 mm
Support profiles C-sections C100-38x2.0, L =430 8 pcs
Closure flashing 1.0, L =950 2 pcs
Upper flange restraint | Hat purlin, h=20 mm, t=1.2 mm, 10 pcs
L=950 mm, c/c ~800 mm
Steel strip PL50x1.0, L1140 2 pcs
Lower sheeting PL1.0x950x1250 c/c 1200
Self-drilling fasteners | Purlin-lower sheet 4.8x16 4 pes/ ¢/c 300
Purlin-hat purlin 5.5x28 2 pcs / joint
Purlin-support profile 5.5x28 2 pes/ c/c 100

The theoretical self-weight of the 5.4M elements was 138.3 kg and 178.6 kg for the
7.2M elements. This equals a line load of 0,267 kN/m for the 5.4M elements and 0,255
kN/m for the 7.2M elements.

4.3.1 Deviations and imperfections

Even though each type of element was manufactured based on the same manufacturing
drawings, (see Appendix 4) the elements were not identical and there were deviations
from the manufacturing drawings.

Test specimen 5.4M-B1 had a total length of 5139 mm, which was 9 mm longer than
specified on the erection drawing. It seemed that the C-sections and L-angles at the
support were too long and had been cut after installation, cutting the self-drilling
fastener even. See Figure 4-6.

Test specimen 5.4M-B2 had a total length of 5150 mm, which was 20 mm longer than
the specified length. The end flashing should have been 70 mm wide at the support, but
was measured to 78 mm. This resulted in that the total height was less than 253 mm and
when the element was tightened to the support it created pre-stress in the web. This
caused an initial horizontal displacement of the webs of approximately 10-20 mm at the
support. See Figure 4-7.

Both 7.2M test specimens had a total length of approximately 6940 mm, which was 10
mm longer than specified on the erection drawing. It seemed that there had been
problems with the tolerances of the end flashings and each end was 5 mm too long.

Some fasteners that were on the erection details were also missing at the support. There
should have been four fasteners through the flange of the main purlins to the C-sections,
but only 2 were present where the hat profiles were fastened and not in the other end
where they would have taken tension. Instead the moment was only transferred through
the shear resistance of the fasteners in the web.
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The C-sections at the support were also mostly missing fasteners through the end
flashing on the lower side. In one or two corners there were fasteners, but not at each
corner and without any consistency. Edge distances for fasteners were not according to
details, they were considerably less in most places.

Both 5.4M elements had only 5 out of 9 hat purlins in the correct locations. The
deviations were approximately 45 mm. The hat purlins, which were subjected to the line
load, were moved to the correct position according to Figure 4-4. This left eight old
fastener holes in the top flange of both elements. The width of the elements varied from
945-950 mm.

X N !‘-,-’
d to C-section at the support.

Figure 4-6. L-angle fastene
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Figure 4-7. Pre-stress and deformation after tightening the 5.4M-B2 element to the support. No load
applied.

On element 7.2M-B1, there was one C-section at the support that had a height of almost
10 mm less than the rest. To avoid having this interfering with the results, thin slices of
metal sheets were stacked in between the support profile and the end flashing. See
Figure 4-8.

Another notice was that test element 5.4M-B1 had the fasteners between the hat purlins
and the main purlins relatively centred on the main purlin flange according to
manufacturing details, while on test elements 5.4M-B2, 7.2M-B1 and 7.2M-B2 the
fasteners were much closer to the web. See Figure 4-9. This created a much smaller
moment capacity of the joints between the hat purlins and the main purlins. As the
results from the second and third test indicated that this had a significant impact on the
ultimate load, the top flange of the last element, 7.2M-B2, was braced to reduce the
buckling length and prevent lateral torsional buckling.

The edge distances for fasteners were also neglected in the manufacturing phase and
fasteners were placed in between the slotted holes, as shown in Figure 4-8 and Figure
4-9. According to the manufacturing details the lower row of fasteners between the
slotted web and the web of the support C-section should have been 20 mm.
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Figure 4-9. Fasteners at support. 5.4M-B1 to the left and 5.4M-B2 to the right.

After the loading of both 5.4M elements a few fasteners between the bottom flange and
steel sheet were removed and it became apparent that the sheets had been glued to the
main purlins at some locations. The glue was only spread out on small areas, and should
not have big influence on the results. The bottom sheet was made out of several sheets,
which were overlapped. See Figure 4-10.

All the deviations and imperfections are listed in Table 4-5. The ones that may have
significant impact on the structural capacity are items c, d and g. The primary FEM-
model had also a continuous metal sheet attached to the bottom flange of the main
purlins and has some impact on the results. The pre-stress at the support will affect the
stress distribution, but should not have significant impact on the ultimate capacity.
Some deviations were corrected before the tests were started. Other deviations and
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inaccuracies should have very small impact on the ultimate capacity of the test
specimen. The element length deviation is less than 0.5% on all elements

Figure 4-10. O\}-erlap of bottom sheets on 5.4M-B1.

Table 4-5. Deviations and imperfections

SR o a0 o

Total length of element

Pre-stress at support

Missing fasteners

Small or no edge distance for fasteners

Placement of hat-sections, corrected

Support C-section 10 mm to low, shim plates inserted

Hat-section to main purlin fasteners placed too close to main purlin web
Bottom steel sheet not continuous over span and glued to the main purlins
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4.4 Set-up of test apparatuses and testing procedures

Each element was bolted with grade 8.8 M12 bolts, snug tight, to a HEA200 beam at
each support. The HEA200 beams were fixed to the concrete slab, but the bolts were
placed in the centre of the oversized holes in the element, allowing for a relative
horizontal movement.

As each element was fixed between the supports the displacement transducers and strain
gauges, shown in Figure 4-11, were positioned according to Figure 4-12, Figure 4-13
and Figure 4-14. Displacement transducers measured the vertical displacement in the
middle of the span and the difference between the displacements indicated if the
element was level or not (see Figure 4-11). Transducer #3 measured the horizontal
displacement of the web at the support. This gave an indication of the stress level at the
support based on the preliminary FEM model. The global horizontal displacements of
the elements near the middle of the span were measured with a fourth transducer. The
transducer was placed on top of the hat profile for the 5.4M elements, and on a
transverse dividing beam for the 7.2M elements to reduce the effect of any local rotation
at the measurement point.

The strain gauges, #5, #6 and #7, were only placed on the first of the 5.4M elements and
on both 7.2M elements. The positions of the strain gauges were adjusted in between the
tests to get results, which were useful. On the first 5.4M element, the strain gauges were
placed close to the support as shown in Figure 4-12 and Figure 4-15. They were to give
a better indication of the stresses at the support, but due to the complexity of the slotted
web, the major axis of the stresses change within millimetres, so the results were not
conclusive. Due to this the strain gauges were shifted towards the middle of the span,
where the stresses are more evenly distributed. In test 7.2M-B1, the gauges were placed
beneath the two most centred hat-purlins as shown in Figure 4-13 and Figure 4-16. For
the last test, 7.2M-B2, two of the gauges were moved to the centre of the span, to avoid
interference from the local transverse force from the dividing beam, but the last gauge
was kept in the same location as in the previous test for comparison. See Figure 4-14
and Figure 4-17.

- . . i | y; z 7/ ) 3 - . -
Figure 4-11. Displacement transducers 1-2 to the left, 3-4 in the centre and strain gauges 5-7 to the right
on test specimen 5.4M-B1.
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Figure 4-12. The placement of displacement gauges (1-4) and strain gauges (5-7) on 5.4M elements.
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Figure 4-13. The placement of displacement gauges (1-4) and strain gauges (5-7) on element 7.2M-B1.
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Figure 4-14. The placement of displacement gauges (1-4) and strain gauges (5-7) on braced element
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Figure 4-15. Strain gauges placed below the first row of slots from the top on test specimen 5.4M-B1.
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Figure 4-16. Three strain gauges placed below the hat profiles closest to the centre of the span, two 15
mm from the upper and lower flanges on the right and one 15 mm below the upper flange on test
specimen 7 1.

Figure 4-17. Two strain gauges placed in the middle of the span, 15 mm from the upper and lower
flanges on test specimen 7.2M-B2. One strain gauge was also placed below one of the hat profiles closest
to the centre of the span 15 mm from the upper flange as on test specimen 7.2M-B1.

The self-weight were 137.3 kg for the 5.4M roof elements and 178.6 kg for the 7.2M
elements. The self-weight has been assumed as an evenly distributed load g over the
span, even though more material was concentrated near each support. The impact of the
self-weight is very small, and this is why the concentration of the self-weight has been
ignored. The total weight of the dividing beams on the 5.4M-elements were 263.5 kg,
adding an initial load Fp, = 2.585 kN on the elements before the cylinder load was
applied. For the 7.2M-elements the weight of the dividing beams was 564.2 kg, adding
an initial load Fpy, = 5.53 kN. Each dividing beam was carefully placed one by one on
the elements and the measured and adjusted in to place.
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The initial loading and the moment distribution before the cylinder load was applied can
be seen from Figure 4-18. The initial moment in the middle of the span was 2.55 kNm

for the 5.4M elements and 6.58 kNm for the 7.2M elements.

Each test was recorded on video for later playback. The video camera was set up so that
it shows the element from the side at the middle of the span. During the first test the

support was also recorded on video with a handheld camera.
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Figure 4-18. Initial loading and moment distribution. 5.4M on top, 7.2M below.
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4.5 Test results

4.5.1 Load capacities

The ultimate load applied on each test specimen is shown in Table 4-6. It was assumed
that the load was distributed equally on each purlin, as the dividing beams were much
stiffer than the cold-formed sections. The maximum moment was calculated at the
centre of the span as a result of the point loads on the purlins.

Table 4-6. Applied loads before failure on each test specimen and maximum bending moment per purlin.

Self- | Dividing | Cylinder Max bending Point load

Element | weight | beams load |Totalload| moment per under hat
g Fob P purlin purlin

Nr. [kKN/m] [kN] [kN] [kN] [KNm] [kN]

54M-B1 | 0,268 2,585 30,520 34,462 5,640 2,069
54M-B2 | 0,268 2,585 26,380 30,322 4,962 1,810
7.2M-B1 | 0,255 5,530 14,540 21,822 4,977 0,627
7.2M-B2 | 0,255 5,530 18,300 25,582 5,839 0,745

4.5.2 Deformation and failure modes

During the experimental testing, each test was observed and recorded using still photo
and video camera. The ultimate failure mode was analysed based on what was observed
right before the load on the test specimen did not increase any further and what could be
observed on the test specimen after failure. The results of the displacement gauges were
also analysed before determining the ultimate failure mode. Other observations were
also made before and after ultimate failure, but as long as the test specimen has been
able to take increased load post-buckling, this mode has not been considered as the
ultimate failure mode, instead this has been called a deformation mode. Table 4-7 shows
the deformation modes that occurred on each test specimen with a lower case “x” and
the ultimate failure modes for each test specimen are marked with a capital “X”. A
failure, which was a result of an ultimate failure has been marked with an “(X)”. The
observations are also explained below.

Table 4-7. Deformation and failure modes observed during testing on each test specimen.

Deformation modes | Buckling Shear Crippling
Transverse Lateral

Test specimen Local |load Distortional | torsional | Elastic | Plastic

5.4M-B1 X X) X X X

5.4M-B2 X X X X X

7.2M-B1 X X X X

7.2M-B2 X X) X X

¢ The upper flange was not braced with a diaphragm and differs from the final product.
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4.5.2.1 Local buckling

Local elastic buckling was visible on each of the test specimens at a very small load.
Local buckling was not visible after the dividing beams were set up, but the shorter
elements showed first signs of local buckling at a cylinder load of 5-7 kN. On the longer
elements it was visible even earlier. The upper part of the web, which was compressed,
shows small half-wave lengths as can be seen in Figure 4-19. The local buckling occurs
on several places along the length of the profile with an interval which was much
smaller than the centre to centre distance of the hat profiles. These were not as easy to
notice as the distortional waves, which occurred at the same location at higher loads, but
with clearly longer wave-lengths.

Figure 4-19. Local elastic buckling of u.per arts of web in the middle of span of test specimen 7.2M-B1
at a cylinder load of 2-3 kN.

4.5.2.2 Buckling of flange under concentrated transverse load

The top flange of two test specimen buckled vertically, while rotating around the length
axis as a result of distortional buckling of the cross-section under the hat profiles nearest
to mid span. The buckling of the web reduces the vertical support of the flange and
increased the rotation. It also increased an eccentricity of the load. This lead to a
buckling failure of both the web and the top flange. This occurred at the same time as
the load carrying ability of the test specimen decreased. Figure 4-20 shows how the web
has a buckling half-wave length greater than the height of the section and how the
flange has buckled with a relatively sharp angle where the load was applied. The figure
also shows that the hat-section to main purlin joint has failed on test specimen 5.4M-B1,
as yielding has occurred. This means that the rotational restraint of the main purlin also
has reached its limit. This again has induced the distortional buckling of the main
purlin.
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Buckling of flange under
concentrated transverse load

Figure 4-20. Buckling of top flange after failure on the distorted cross-section on test specimen 5.4M-B1
to the left and 7.2M-B2 to the right.

4.5.2.3 Distortional buckling

Distortional buckling occurred on all test specimens in the mid span and can be
considered the main failure mode for two of the test specimen. The distorted area was
clearly shorter on the 5.4M elements, consisting of only one half-wave and confined to
only approximately 1.2 m, whereas the 7.2M elements showed several distortional
waves over a longer area as can be seen in Figure 4-21.

The half-wave length of the distortional buckling seemed to be very dependent on the

rotational restraint at the upper flange of the main purlins. This can be seen in Figure
4-22, where the red arrow indicates the half-wave buckling length.
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Figure 4-21. Distortional uckling waves in
ultimate failure.

web and top flange on test specimen 7.2M-B1 nearing

Fastener middle

F i of flange

Figure 4-22. Distortional buckling half-wave lengh of top flange depending on fastener position in top
flange. From the left test specimen 5.4M-B2 and 7.2M-B2 after failure.
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4.5.2.4 Global buckling

Global buckling occurred on two test specimen in form of lateral torsional buckling
(LTB). As the load was applied on element the top flanges showed clear torsional
buckling with a half-wave length equal to the element span. The cross-section twisted
around the length axis, apart from the bottom flange, which was restrained by the
bottom sheeting. The failure was not sudden, but the load slowly decreased, even
though the cylinder displacement was still increasing. At the same time there were
distortional buckling visible in the upper parts of the web, but the half-wave length of
the top flange shows that LTB was the ultimate failure mode. See Figure 4-23.

Figure 4-23. LTB of main purlins. Buckling half-wave length equal to the element span of test specimen
5.4M-B2.

One of the specimens showed some interaction between LTB and distortional buckling
after failure. The web and top flange of the main purlins showed clear continuous
medium size half-waves lengths equal to the hat purlin interval, but at the same time the
cross-section was clearly twisted and the top flange showed a lateral half-wave with the
length of the element span as Figure 4-24 shows. The joint between the hat-section and
the main purlin had also failed at several locations, resulting in noticeable rotational
deformation, which can also be seen in Figure 4-24.
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Figure 4-24. LTB over the full element span and distortional buckling half-waves between the hat
profiles on test specimen 7.2M-B1 after failure.

The braced test specimen 7.2M-B2 did not show signs of LTB, despite the longer span.
The test specimen differ from the final product, as the final product as a horizontal
diaphragm.

4.5.2.5 Shear deformations at supports

Shear deformations occurred especially for the 5.4M test specimen. These showed
significant deformations at cylinder loads from 15 to 30 kN and can be seen in Figure
4-25. At the supports the small strips between the slotted holes showed that plastic
deformations had taken place as shown in Figure 4-26. These occurred due to the high
shear forces at the supports of the 5.4M test specimen, but was not visible on the 7.2M
test specimen despite the pre-stress on some test specimen. All test specimen showed
ductile behaviour and none of the fasteners had failed, nor were there any signs of brittle
failure at the supports.
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Figure 4-25. Shear stress cause big deformations in the web at the support of element 5.4M-B1 during a
cylinder load of 15-30 kN.

Lo YR TR RN 2N 5
Figure 4-26. Plastic deformations at the support after cylinder load removed on test specimen 5.4M-B1.

4.5.3 Displacements and strains measured

Figure 4-27 to Figure 4-30 show the load-displacement curves, where the x-axis
represents the displacement measured at the given transducer position and y-axis
represents the total load including the weight of the dividing beams. The displacements
are reset before applying dividing beams, but the log was started as the cylinder load
was applied. This is why the data is linear up to the load equalling the dividing beams.
The self-weight of the test specimen was excluded from the total load in the graphs, as
the elements were subjected to it before all the gauges were positioned and reset.
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Figure 4-27. Load versus vertical displacement at gauges #1 and #2 for roof element type 5.4M.
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Figure 4-28. Load versus vertical displacement at gauges #1 and #2 for roof element type 7.2M.

55




30 |
25 |
4P
20 f
Z' T A
é ; g i
— / I: " ’I
< | P
Q ! K4
— 15 -+ : 7/
| /4
~° 5.4M-B1
10 —+ ’t’
gad ——— 5.4M-B2
5 & 2 200 oy O O O OO0 o 7.2M-B1
’I
- -—=-7.2M-B2
0 T T T T T T T :
0 1 2 3 4 5 6 7 8
Displacement [mm]
Figure 4-29. Load versus horizontal displacement for gauge #3 at the support for all test specimen.
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Figure 4-30. Load versus horizontal displacement for gauge #4 at mid-span for all test specimen.
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As explained earlier the strain gauges were not placed on each element and the locations
were changed in between the tests. That is why the positions are not comparable to the
same gauge in another test, apart from strain gauge #7 on both 7.2M test specimen,
which was placed in the same location on both specimen. The results from these strain
gauges can be read from the graphs in Figure 4-31 and Figure 4-32. The deformations in
the web due to shear stress can be seen in Figure 4-25 as load is applied.
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Figure 4-31. Load versus strain at gauges on roof element 5.4M-B1.
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Figure 4-32. Load versus strain at gauges on roof element type 7.2M.
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4.6 Discussion of test results

The experimental tests showed considerably less load capacity than the primary FEM-
analysis indicated, but this did not affect the experimental testing. It did however show
that the current FEM-model needed to be improved, before it could be used for
dimensioning. The most important thing was to analyse the failure modes as this was
the main objective. The supports showed ductile behaviour and was not the ultimate
failure for any of the test specimen. Below a more detailed discussion on each
deformation and failure mode.

4.6.1 Effects of deviations and imperfections

Table 4-5 listed the imperfections and deviations from the manufacturing drawings that
were noticed on the test specimen. The main concerns were the missing fasteners and
small or in some cases practically no edge distance for fasteners as well as the
positioning of the fastener in the joint between the hat-section and the main purlin. The
pre-stress in the main purlin at the support was also a concern, but not one of the main
concerns. The effects of the pre-stress are discuss in Section 4.6.6 Shear forces at
support.

None of the test specimen showed any signs of fasteners tearing, block tearing or shear
breaking even where the edge distance was well below the minimum edge distance or in
places where there was clearly less fasteners, than specified in the drawings. Neither
were there any fasteners that showed signs of tensile breaking or pull through. Some
fasteners did however show signs of pull-out failure, as the lower plate showed signs of
yielding. This occurred in the connection between the hat-section and the main purlin.
More about how this affected the capacity in the following section.

4.6.2 Rotational stiffness of top flange joint

In test specimen 5.4M-B1, 5.4M-B2 and 7.2M-B1, where the compressed upper flange
was only restrained at a few points by perpendicularly aligned beams, the execution of
the connections at these points became very critical. If the compressed flange is not
braced in the horizontal plane, the connections need to have a big enough rotational
restraint that reduced the buckling length. Otherwise lateral-torsional buckling (LTB)
and distortional buckling will occur at very low loads. The moment capacity of the
connections needs to be greater than the moment created by the loads eccentric to the
shear centre. The perpendicular beams also need to be able to resist the bending
moment, which is transferred onto them through the joint.

In the first two tests the significance of the execution of the joint between the hat purlins
and the main purlins was very clear. The rotation of the upper flange in 5.4M-B2 was
much bigger than in 5.4M-B1 in the middle of the span after failure. In Figure 4-33 you
can see how the fasteners were close to the centre of the top flange in 5.4M-B1 and in
5.4M-B2 they were placed very close to the web of the main profiles. It was also easy to
see the difference in the rotation of the top flange between these two tests. The half-
wave length of the buckled top flange was also shorter for 5.4M-B1 than for 5.4M-B2.
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5.4M-B1 shows a half-wave length that was equal to the hat purlin spacing, when 5.4M-
B2 shows a length equal to the element span.

The rotational restraint of a beam can be calculated using a mechanical model based on
a torsion spring with the spring stiffness Cp. The spring stiffness depends on the
bending stiffness of the perpendicular beam Cp c, the distortional stiffness Cp s of the
beam and the stiffness of the connection Cp 4. Assuming that Cp,c is much greater than
Cp4 and Cp s, the total rotational stiffness Cp can be determined from Equation 4-1.
(EN 1993-1-3, 2009).

Equation 4-1

b= 1

CD,A CD,B

The moment capacity of the joint depends on the position of the fastener, if the plate
thicknesses and profiles are the same. Figure 4-34 shows how the imposed load F, with
and eccentricity e from the shear centre, creates a moment. The imposed load F is
assumed to act in the same location, although there is a contact area between the two
profiles, which varies. The moment for the imposed load creates a rotation 6 of the main
purlin. Due to the rotation of the main purlin ' will however be concentrated on to the
web. The force in the fastener Fj is related to the strain ¢ and can writtenas F; = E * 4 *
¢, where A is the cross-section area of the fastener and E is the modulus of elasticity.
When the critical force in the fastener is reached, the rotation 6 will be much bigger if
the fastener is closer to the web. This will also increase the eccentricity e.

This means that if the distance between the web and the fastener changes from 'z the
width of the flange to 4 the width it will decrease the maximum imposed load, which
the connection can take before failure. When the maximum force of the fastener is
reached the rotational restraint will not disappear completely, but the moment from the
joint will be less than the imposed moment. This will accelerate the rotational
displacement. Figure 4-35 shows how yielding in the joint has occurred after reaching
the critical moment capacity.
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Figure 4-33. Fasteners between hat profile and main purlin in the middle of the span. 5.4M-B1 to the left
and 5.4M-B2 to the right. Taken after failure.
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Figure 4-34. The moment capacity of the joint between the hat purlin and top flange of main purlin
depends on the location of the fastener.

e N e R O A £ R T S S i

Localized yielding in joint

g
Figure 4-35. Joint between hat and main purlin has exceeded its moment capacity.
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4.6.3 Local buckling

Local buckling occurred at an early stage on all test specimen. As the buckling length
for local buckling was short and the deformations small in the beginning, it was difficult
to determine exactly at which load local buckling started. From the pictures and the
video recording, it was still clear that local buckling took place at a load below 13 kN.
From the vertical displacement graphs in Figure 4-27 and Figure 4-28 the post-buckling
curve was still almost linear, which shows that the local buckling has small influence on
the stiffness of the element, but it may have on the loadbearing capacity.

4.6.4 Distortional buckling and local transverse load

Distortional buckling was clearly visible on the top flange as medium sized half-wave
lengths and a deformed web. The distorted cross-section increased the eccentricities of
loads, which lead to the failure of two specimen, 5.4M-B1 and 7.2M-B2. These two
specimen also showed signs of buckling under local transverse load.

The point load under the hat section on each main purlin divided equally on each joint
was considerably higher on the 5.4M test specimen, than on the 7.2M test specimen, as
the 7.2M test specimen had 8 dividing beams placed on the hat sections, when the 5.4M
only had 4 dividing beams. The highest point load on the 5.4M-B1 is over 2.7 times
higher than the point load on 7.2M-B2 as Table 4-6 shows. This indicates that it was
due to the distorted cross-section and the increased eccentricity of the load that the
flange buckled.

4.6.5 Lateral-torsional buckling

LTB occurred only in one direction, as the top flanges are connected with hat-sections.
The element was constructed with most of the main purlins facing the same way, only
the last edge purlin facing the opposite way. LTB occurred in the direction the most of
the flanges were facing. The bottom flange of each main purlin was braced by the
bottom plate and this restrains the bottom flange and prevents big horizontal
deformation of the lower part of the element. Due to the relatively weak flexural
stiffness in the horizontal plane, and the almost unrestrained top flange may buckle
laterally while rotating around the length axis. This may be prevented with a sufficient
lateral or rotational restraint.

In the horizontal displacement graphs shown earlier in Figure 4-30 it was clear how the
horizontally braced element 7.2M-B2 does not show any notable change in horizontal
displacement between 7-15 kN load, while the displacement of the otherwise identical,
but unbraced element 7.2M-B1 only accelerates. Although the 7.2M-B2 element was
not fully braced all over the full length of the element, the bracing reduced the lateral
buckling length by approximately 3, as they were placed a third of the span from the
support. The accelerated increase in the displacement in 7.2M-B1 was due to the low
moment capacity in the joint between hat and main purlin. The equivalent horizontal
load components F) created by the moment were in this test positive on three purlins
and negative on one. The negative one cancels out one of the positive load components,
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which leaves two positive load components as long as the element does not have
significant horizontal deformation. See Figure 4-36. As the moment capacity in the joint
was exceeded, at about 9 kN load, the rotation accelerates and the eccentricity of the
load from the shear centre increases.

The positive horizontal load components bend the element horizontally, which increases
the eccentricity e/ and the positive load components, but reduces the eccentricity e2 and
the negative load component. As a result the acceleration of the horizontal deformation
of the element at position 4 in Figure 4-30 was exponential. Only the additional
bracings in element 7.2M-B2 are able to transfer the horizontal load components
towards the supports to a certain degree, preventing the main profiles from big rotation
and lateral displacements.
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Figure 4-36. Horizontal displacement increases lateral forces as eccentricity increases.

The loading cylinder was fixed, and as the element moves horizontally to the right when
looking at section A-A in Figure 4-12 and Figure 4-13, more load may have been
applied on the left than on the right side of the element. The bigger vertical
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displacements on the left side of the element support this, because the centre of gravity
was actually on the left side, which normally would result in more loaded right side.

4.6.6 Shear forces at support

At the supports of the 5.4M-B1 element, big deformations could be seen already during
loading as shown in Figure 4-25. The horizontal displacements were more than 5 mm at
the location of gauge #3 as Figure 4-29 shows.

Figure 4-31 showed the strain at the support in the slotted web, but all that could be
concluded with certainty from the results was that the stress was not equal on each
purlin, because gauges #5 and #6 were positioned at the same location on the two
purlins in the middle of the element. There was a slight displacement acceleration after
15 kN load and this might indicate some sort of local buckling of the strips. The other
graphs do not show any significant changes at this load, which suggests, that this did not
have any significant effect on the stiffness of the element. The shear forces for the 7.2M
elements were smaller, due to the smaller total load.

Several supports were also subjected to pre-stress due to the poor manufacturing. This
did not however lead to any failure at the support. 5.4M-B2 did not show any signs of
plastic deformations, as there were significant pre-stresses that lead to distorted main
purlins at the support before any load was applied. See Figure 4-7. It is possible that the
closure flashing took the biggest stresses of the main purlins.

Plastic deformations were visible after the load was removed on 5.4M-B1 as shown in
Figure 4-26, but no tearing or critical failure occurred. The shear forces from the main
purlin were effectively transferred to the thicker C100x38x2.0-section and on to the
support. None of the self-drilling screws showed any sign of failure either. The residual
deflection was not recorded for full characteristic loading, as the ultimate load was not
known. The residual deflection should not exceed 20% of the maximum recorded
deflection under full characteristic load. These shear deformations may be critical in
reaching this goal.

4.6.7 Discussion of failure modes

The optimum failure from a load bearing point of view would be yielding of the bottom
flange, as this would result in the largest load bearing capacity for the roof element.
This failure mode is of course very uncommon among thin-walled cross-sections and
other beams with cross-section class 4, where buckling usually is governing. Yielding
of the bottom flange did not occur in any of the tests, but buckling occurred in several
forms and at different stages. The difficult part was to assess, which type of buckling
was the ultimate failure mode.

All test specimen showed signs of local buckling of the upper part of the web at loads
below 13 kN. The post-buckling stiffness of the element remained as good as
unchanged. As the load was increased, distortional buckling became dominant and local
buckling was difficult to observe.
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Distortional buckling was visible on all of the specimens. The upper part of the web
showed medium length half-waves as the load neared half of the ultimate load. The
stiffened top flanges also showed signs of global buckling, but with varying half-wave
lengths. For specimens 5.4M-B1 and 7.2M-B2 the half-wave lengths for the top flange
was equal to the centre to centre distance of the hat profiles. For the other two
specimens, the half-wave length was equal to the element span.

Both specimens 5.4M-B2 and 7.2M-B1 showed clearly less lateral restraint compared to
the other element of same span. This indicates that the moment capacity in the joint was
exceeded earlier, which lead to an accelerated lateral displacement. The global lateral
displacements were over 25 mm for these two unbraced elements at failure. All
elements showed an accelerated horizontal displacement as the load neared the ultimate
value. The maximum horizontal displacements were still in all cases smaller than the
vertical displacements for each element, even though they were close to the same for all
but the braced element 7.2M-B2.

For specimens 5.4M-B2 and 7.2M-B1 this ultimate bending moment on each main
purlin was clearly less than on the other two test specimen. Failure occurred already at
an ultimate moment under 5.0 kNm per purlin. This was because the lateral restraint of
the elements was not sufficient to resist the lateral-torsional buckling of the main
purlins. The top flange of both elements show a half-wave length equal to the element
span, the horizontal displacement and the rotation of the main purlins were signs that
lateral-torsional buckling was the main failure for these elements.

There was also localized buckling of flange under the concentrated transverse load from
the hat-section along with the distorted cross-section visible for test specimens 5.4M-B1
and 7.2M-B2. See Figure 4-20. The ultimate point load, which was applied on each
main purlin on 4 locations for 5.4M test specimens and 8 locations on 7.2M test
specimens was much higher for the 5.4M test specimens. See Table 4-6. This indicates
that the distortional buckling lead to increased eccentricities for the load, which caused
the cross-section to buckle under the concentrated load.

Shear failure was not critical for any of the elements. The support arrangement proved
to be very ductile, even though stresses were high enough for the web to show signs of
plasticity and shear buckling of strips between perforations. This did not however affect
the elements load capacity in any way. If the main profile would have been supported
directly on the support without proper strengthening, the web could buckle due to
concentrated compressive load and this could lead to a sudden collapse, as the height of
the main profile is suddenly reduced.
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4.7 Conclusions of the test

The experimental tests were not executed perfectly, as there were so many variables.
The main reason for this was due to the poor execution at the workshop, which lead to
big deviations between elements that should have been identical. The deviations and
imperfections mostly affected the global buckling length for the same type of element,
leading to different type of failure. Corrections and changes were done along the way to
get results, which were important for the objectives of this experimental test. These lead
to more variables and less data, which could be directly comparable. It was not possible
to follow the testing procedures given in EN 1993-1-3 Annex A.4 to the fullest either, as
the characteristic load was not known.

The positive thing was to see how big difference the execution might have on the
ultimate capacity of the element. This gave valuable insight, which might not have been
achieved if the elements would have been manufactured according to the drawings. The
objectives were also achieved, which was the most important thing in these
experimental studies.

The test results clearly show two separate categories based on the failure mode and the
bending moment capacity of the main purlins. Test specimen 5.4M-B2 and 7.2M-B1
can be categorized by the LTB-failure and under 5.0 kNm bending moment capacity,
while test specimen 5.4M-B1 and 7.2M-B2 failed due to distortional buckling in the
mid-span, achieving over 5.6 kNm bending moment capacity. The two latter provided
better lateral or rotational restraint for the top flange, which was under compression.

It is not safe to assume that the connection between the main purlin and the hat purlins
provides sufficient torsional restraint to resist lateral torsional buckling, due to the risk
of manufacturing mistakes. It is however possible to achieve sufficient restraint with
this type of connection. This would still require more research on the moment capacity
of the joint and how it affects the critical buckling length. It would also require
extensive quality control during manufacturing. The final product will be manufactured
with a horizontal diaphragm, providing the top flange with a sufficient lateral restraint.
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5 Structural capacity

In this chapter the ultimate load bearing resistance (Rd) of the roof element of two
modular spans is analysed according to EN 1993-1-3. The project specific design value
of the actions (Ed) is not known, as the project locations vary. The project specific
design value can easily be compared to the load bearing resistance to check if it satisfies
Equation 5-1 and in this way check if the specific element is suitable for the project.

Equation 5-1
E; <R,

In the first Section the boundary conditions will be examined and after that we will
follow the workflow shown in Figure 5-1. The effective cross section parameters are
calculated analytically according to EN 1993-1-3. The fire resistance is also analysed.
Lastly we will take a look at what needs to be taken into account in each project and
how the element could be optimized for different projects.

Based on the test results from the experimental tests, it was concluded that lateral-
torsional buckling will be critical, if sufficient lateral or rotational restraint is not
provided, otherwise distortional buckling will be governing. As a result a diaphragm
bracing was added to the upper flange in order to avoid lateral-torsional buckling. The
deflection is not analysed, as the experimental tests show deflections less than L/200 for
the typical spans with characteristic loads.

EN 1993-1-3 gives design values for thin-walled cold-formed cross-sections, but it does
not include thermally slotted cross-sections. The slotted part will mostly be in the
ineffective area of the cross-section, with moment about the strong axis, so the bending
capacity of the cross-section can be quite accurately calculated according to EN 1993-1-
3. It is only the spring stiffness of the web, which cannot be directly determined with
the formulas provided in EN 1993-1-3 Chapter 5.5. EN 1993-1-3 allows for the spring
stiffness to be inserted, if it is determined through testing or another calculation method.

The elements can be dimensioned based on the ultimate bending moment resistance in
the strong axis. Shear failure will not occur for spans over 5 m, with evenly distributed
gravitational loads.
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Section parameters (h, b, ¢, t, r, perforation)

L !

Gross cross-section

.

Effective cross-section [EN 1993-1-3, -1-5]

-

Spring stiffness of perforated flange with FEM

-

Reduced thickness of flange in compression

.

Iteration of effective section due to reduced stresses

3

Effective bending capacity of section [EN 1993-1-3]

Figure 5-1. Calculation workflow of a cold-formed thermally slotted cross-section.

67



5.1 Boundary conditions and assumptions

The roof element is supported by steel frames with an external truss. The element rests
on the bottom flange of the bottom chord, which is a WQ-section. The steel frame is
stiffened by steel bracings, which will take any horizontal forces and none will be
transferred to the roof elements.

The dimensional load on the roof element is a surface load, such as self-weight and
snow and/or wind load, which is transferred through the hat purlins with a centre to
centre distance of 600 mm. This is simplified as an evenly distributed line load on the
purlins. The load is project specific, which means that the design capacity will be
checked in each project according to local regulations and compared to the design load
E,. 1t is important to remember to use design loads, which have been multiplied with
specific safety factors and not characteristic loads.

The roof elements are fixed to the bottom flange of the roof truss with single bolts at 3
locations along each support of the element and may be considered hinged in both ends
and sliding in one end as the holes have big tolerances.

The main purlins are fully braced in x- and y-direction at the bottom flange by a steel
sheet. The bottom steel sheet is only assumed to provide horizontal support, and not
take any part in the bending moment capacity. The upper flanges of the purlins are
connected by hat purlins placed perpendicular to the main purlins with two fasteners at
each joint. The moment capacity in these joints around the x-axis is neglected, as it is
very much depending on the manufacturing accuracy. The top flange has been braced
with a diaphragm instead to provide horizontal restraint to the top flange.
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5.2 Calculations according to EN 1993

The calculations are based on the results from and conclusions of the experimental. The
calculations are according to EN 1993-1-1, -2, -3 and -5. Based on the experimental
tests, the effective bending moment capacity will be governing, as it takes into account
both local and distortional buckling as long as lateral torsional buckling is prevented.
Lateral torsional buckling is not analysed, as the lateral displacement of the top flange is
prevented with a diaphragm.

Apart from these things, the C-profiles at the support were checked against local
transverse force and the effectiveness of the inside insulation layer as fire insulation was
also checked.

5.2.1 Section parameters of LPT-C250x50x1.2

The cross-section LPT-C250x50x1.2 is a thermally slotted thin walled cold-formed steel
purlin. The slots are 75 mm x 3 mm with a centre to centre distance of 100 mm in 10
intermitted rows in the centre of the web. Figure 5-2 shows the cross-section
dimensions and how the parts of the section have been numbered. Origin is in the top
left corner. The steel grade used is S350GD+Z and the material properties are presented
in Table 5-1.

2 50 - v Thickness: t=1.2 mm
3¢ _11 Width: b =50 mm
) Height: h =250 mm
] Stiffener: c=15mm
4N Height of thermally slotted | hperr =102 mm
= (perforated) web:
Gross area: Ag = 445 mm?
Net area (perf. reduced 3/4*t): | Anet = 416 mm?
5h | Inner radius: r=1.9mm
50 ! f Centre of gravity: yo=11.1 mm
Z 6 - zo =125 mm

Figure 5-2. Section properties of LPT-C250x50x1.2.
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Table 5-1. Material properties of steel used in calculations.

Material: E modulus G modulus Specific weight fyx
[N/mm?] [N/mm?] [kN/cm’] [N/mm?]
Steel S350GD+Z 210 000 81 000 7.850%10° 350.00

EN 1993-1-3 takes into account the rounded corners of the cross-section by using
notional flat widths. These are used in the calculations. The geometrical proportions of
the cross-section do also fulfil the maximum width-to-thickness ratios set in EN 1993-1-
3 Table 5.1.

5.2.2 Spring stiffness of web

As stated earlier, formula (5.10b) in EN 1993-1-3 Chapter 5.5 is not suitable
determining the spring stiffness K for the flange of a slotted section, as holes in the web
alters the stiffness of the web. Determining the spring stiffness K is fairly simple with a
FEM-model. The unit load u, which is inserted in the model, is divided by the deflection
o, and this gives K according to formula EN 1993-1-3 (5.9). The calculation model
should have the same boundary conditions as specified in Figure 3-2.

To determine the spring stiffness K, an RFEM-model was created of a 1.0 m long
section of the LPT-C250x50 purlin using surface thicknesses of 1.2 mm, 1.5 mm and
2.0 mm. Each perforation was cut out of the web surface. The surfaces were supported
according to Figure 5-3 with a hinged line support along the upper edge of the web and
a hinged line support, which was released in z-axis along the bottom edge of the web as
specified in Figure 3-2. A unit line load of 0.10 kN/m was placed at bj1=41.3 mm from
the web-to-flange junction.

An isotropic plastic 2D/3D material model was chosen along with second order analysis
for the load case. The FE mesh was set to target 10 mm. Mindlin’s plate bending theory
was chosen for the calculations. Maximum stress reached was clearly below the yield
strength of the Steel S 350 GD material. More about the software used in Section 4.1.2.

Due to the inaccuracies in the earlier RFEM models, a comparison model was created

without the slots in the web to be able to compare the RFEM results with the spring
stiffness calculated according to EN 1993-1-3 (5.10b).
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000

Figure 5-3. RFEM-model of spring stiffness calculation for LPT-C250x50x1.2 purlin and comparison
model to the right without perforations.

The unite load # =0.10 N/mm created an average deflection J, for the slotted section
and an average deflection oy for the non-slotted. The deflection ratio of slotted to non-
slotted varied from 4.8-5.1, which means that neglecting the slotted web would have a
significant influence on the effective area of the top flange and would lead to higher
effective second moment of inertia /, ., than the slotted cross-section realistically can
achieve. Table 5-2 presents the deflections calculated with the RFEM-model and the
calculated spring stiffness of the non-slotted sections based on the RFEM-results versus
the results according to formula (5.10b) in EN 1993-1-3. The table shows that RFEM
gives results, which are 8-11 % more conservative than Eurocode in this case. This
shows that the spring stiffness of the slotted web calculated with this FE-method can be
used in the analytical calculations of the effective cross-section properties.
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Table 5-2. Comparison of calculations of the spring stiffness of web.

Deflection 6 due to unit load u=0.1 N/mm Spring stifﬁ}ess K of n(z)n-slotted
section [N/mm~]
Thickness RFEM Ratio RFEM EN 1993-1-3 Ratio
LPT-C250 | Slotted | Non-slotted | 6,/0¢ wop | wdor |(5.10b) Ki/Ks
t[mm] | 9, [mm] r [mm] Ky Ky Ki
1,2 2,75 0,57 4,82 0,036 | 0,175 0,194 1,106
1,5 1,43 0,29 4,93 0,070 | 0,345 0,379 1,099
2,0 0,62 0,12 5,13 0,163 | 0,833 0,899 1,079

5.2.3 Effective cross-section parameters

EN 1993-1-3 deals with the fairly complex buckling issues of the slender thin-walled
steel cross-sections by neglecting certain parts of the cross-section, where local and
distortional buckling may occur. This requires that the loading conditions are known,
because it is only the parts that are subjected to compression which normally buckle. In
the calculations an initial stress distribution was assumed, where the top flange was
subjected to a positive (compressive) stress equal to the yield strength and the bottom
flange to an equal negative (tensile) stress, which represents gravitational loading. The
stress was initially assumed to be linearly changing over the height of the cross-section
as shown in Figure 5-4.

The effective widths were then calculated for each part of the cross-section, which was
subjected to compression according to EN 1993-1-5. The effective part of the web under
compression was assumed to be an outstanding element, as the perforation has reduced
the stiffness of the web so radically.

Distortional buckling is taken into account in EN 1993-1-3 using a reduction factor yu
that reduces the effective area of the flange stiffener A;. In the calculations for the
reduction factor y4, the spring stiffness of the slotted web needs to be considered. In the
calculations the spring stiffness of the slotted cross-section K; from the RFEM-
calculations, as described in the previous section, was used.

The effective areas were then calculated and the stress distribution re-evaluated based
on the location of the centroid. After this three iterations were done using the newly
calculated stress levels to get the exact effective widths for each part of the cross-
section. Figure 5-4 shows the initial assumption, where the stress is distributed linearly
over the height of the cross-section, with a stress value of 350 MPa at the top flange and
-350 MPa at the bottom flange. The centre of gravity and centroid are also in the same
location. Iteration #1 shows how the location of the centroid has changed the stress
distribution and which areas are now ineffective.
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Figure 5-4. Initial assumption and iterations due of ineffective areas due to the stress distribution change

in the cross-section.
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As the iterations were done, the effective cross-section properties were calculated one
final time. Using these effective cross-section values the bending moment capacity in
the strong axis M, rs was calculated. The calculations of the effective cross-section
properties of the main purlin LPT-C250x50x1.2 are found in Appendix 1. Figure 5-1
showed the workflow in determining the effective section properties according to
Eurocode.

The ultimate bending moment capacity in the strong axis (M,rs) of the LPT-
C250x50x1.2 purlin was calculated as 5.257 kNm. Table 5-3 lists the other cross-
section properties.

Table 5-3. Effective cross-section properties of LPT-C250x50x1.2 with 10 rows acc. to EN 1993-1-3.

h t b c M A Actt | Iyeft | Wyerr | Myrd

[mm] | [mm] | [mm] | [mm] | [kg/m] | [mm’] | [mm’] | [mm*] | [mm’] | [kNm]

x10¢ | x10*
250 1,2 50 15 3,055 | 416,2 | 237,2 | 2,453 | 1,502 | 5,257

h is height of cross-section

t is thickness

b is width of flange

c is height of flange stiffener

M is weight of cross-section per length meter

A is the area of cross-section with slotted web

Aerr 1s the effective area of cross-section

Iyerr  1s the effective second moment of area about y-y axis

Wyt 1s the effective section modulus about y-y axis

Myra 1is the design value of resistance to bending moments about y-y axis

5.2.4 Support reactions

The smaller C-purlins at the supports were partly added to avoid the cold bridge, but
also because the webs of the thermal purlins would have been subjected to a high
compression force. This may have resulted in buckling of the web of the thermal purlins
at the support, as the stiffness of the web is heavily reduced. By placing the C-purlin
below the top flange, the web of the thermal purlin will be mainly subjected to tension
and shear forces when subjected to gravitational loads. This prevents the thermal purlin
from buckling.

This solution is of course beneficial for the resistance of the thermal purlins, but the
same forces are now transferred to the C-purlins. The shear capacity of the C-purlin is
however higher, as it is thicker, the height is smaller and the web is not slotted. The
Eurocode EN 1993-1-3 contains analytical formulas for calculating the resistance of a
thin-walled cold-formed cross-section under local transverse force. These formulas are
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however not applicable for a thermally slotted cross-section and can only in this case be
used for the support profiles.

With an evenly distributed surface load on the roof, which would equal the ultimate
bending moment resistance of the main purlins, the support reactions would be 4.15 kN
on each of the 5.4M purlins and 3.06 kN on the 7.2M purlins.

The resistance of a 2.0 mm thick and 100 mm high profile was calculated using the
formulas presented in EN 1993-1-3:2006 / AC:2009 in section 6.1.7.2 and they gave a
dimensional resistance value Ryra = 12.10 kN. See calculations in Appendix 1. This 2.0
mm thick profile was used in the experimental tests, but the calculations show that even
a 1.5 mm thick profile would be sufficient, providing a Ry ra = 6.18 kN. If other main
purlins are used, with different bending moment resistance, the shear force needs to be
checked again.

5.2.5 Fire resistance

The sound absorbing insulation also works also as a thermal insulation and thus reduces
the surface temperature of the load bearing purlins. According to EN 1993-1-2 the
critical steel temperature, i, for a cross-section in class 4 is 350 °C

In a standard fire situation, with the fire temperature development according to EN
1991-1-2, the 70 mm thick Paroc COS-5 insulation reduces the surface temperature at
the steel surface to 318 °C at 60 minutes. This means that the element can withstand a
standard fire of 60 minutes. The temperature calculations can be found in appendix 2.
The density, thermal resistance and capacity are product dependent and the values used
in the calculations are obtained from the manufacturer of this specific insulation.

In a typical Wirtsild engine hall, there is not much fire load. According to a fire
technical report made 2004, the smoke detection system cuts of the fuel feeding, and
after this there will be a linear decrease in the rate of heat release. In the report there are
two fire simulation cases, where the second is the worst case. In this fire scenario a
sizeable leakage was assumed to have occurred, and thus causing a bigger fire load.

In the second fire simulation case the fire will be extinguished after about 420 seconds.
According to the report the maximum temperature under the ceiling is approximately
900 °C, when the standard fire is 898.8 °C. This shows that the temperature
development in the engine hall is very close to the standard fire case. (Markku Kaurila
Ltd, 2004)

This shows that the roof elements can sustain the load bearing capacity in a fire
situation. Project specific requirements might still be higher than this and in these cases
project specific analysis are required.
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5.2.6 Discussion and comparison of calculated and test results

The ultimate bending capacity of the roof elements is surely one of the most interesting
results from these experimental tests. Table 5-4 shows the ultimate bending moment
divided equally on each main purlin before failure along with the calculated capacity
and the difference between the tested and calculated values. The table shows roughly
two categories, below 5.0 kNm, which is more than 5% lower than the analytically
calculated moment capacity Mpra = 5.257 kNm, and above 5.6 kNm, which is over 7%
more than the calculated capacity. These are not specific to a certain element span. They
are related to the lateral and torsional restraints of the main purlins. If we look at the
difference between the capacity of the ones exceeding M, rs and the ones below M, rq, it
is 12-17%. This indicates that there are some local failures occurring in the joints of the
hat section to main purlins, which reduces the lateral torsional restraint. This allows for
lateral torsional buckling to occur before the stress reaches its critical value for
distortional buckling failure.

Table 5-4. Comparison between calculated and tested bending moments.

Element lx:e?l?il:lﬁtlg ¢ Call\f[l;l:;ed Difference F:]i;:;?
Nr. [kNm] [KNm] [kKNm] Type
5.4M-B1 5,640 5,257 0,383 7,3 % DistB
5.4M-B2 4,962 5,257 -0,295 -5,6 % LTB
7.2M-B1 4,977 5,257 -0,280 -5,3 % LTB
7.2M-B2 5,839 5,257 0,582 11,1 % DistB

The experimental tests show that it is possible to dimension the main purlins using the
effective cross-section properties according to EN 1993-1-3. It also shows that lateral
torsional buckling may occur, if the flange under compression is not provided with
sufficient lateral or torsional restraint. If LTB occurs, the critical bending moment may
be well below the effective cross-section bending moment capacity.

When using FEM-calculation software, it is fairly easy to get results, which look very
nice and might seem realistic, but which might differ from the intended structure. It
might be due to fairly small thing that have been modelled the wrong way, a boundary
condition which is has the wrong releases or some settings in the calculation method.
This is why it is very important to have a deep understanding of how the software works
and also the theory behind it. In these types of thin plate structures, imperfections may
have significant influence on the results.

If there is a way to do some analytical calculations to check if the results are within the
plausible range, it is always good to do so. If the structure is very complex and differs
from what has been done before, it might be good to do some experimental tests, which
can confirm the accuracy of the primary calculation model and give insight on which
phenomena have to be analysed more thoroughly. In this Thesis, the secondary model
was however skipped in favour of the analytical calculations, which proved to be fairly
straight forward.

76



5.3 Optimization for projects

The roof element is designed, so that it is suitable for several different projects. It is of
course not known exactly what requirements these projects may have on the roof
structure. The 5.4M element can resist a total dimensional surface load of 5.45 kN/m?,
which includes the self-weight. In Finland for example, this would be enough to
withstand the self-weight of 0.5 kN/m? plus a live load of over 3 kN/m?. This is enough
for the snow load of most of Finland. The 7.2M element however can only resist a
dimensional surface load of 2.97 kN/m?. This means that the thickness of the profile
will most surely need to be increased to achieve a more suitable bending moment
resistance of the main purlins. Table 5-5 shows the different allowable loads for each
roof element span and profile thickness. If other main purlins are used, the effective
section properties can be used to calculate the dimensional gravity load using the same
method as long as the boundary conditions and spans remain the same.

In such concept orientated design as this, it is best to keep the variables to a minimum.
This type of element gives fairly reasonable flexibility only by changing the thickness
of the purlins. This way the assembly details will remain the same and the
manufacturing details can be used with only slight updates. It is also possible to adjust
the centre to centre distance of the purlins, but this may have a bigger consequence on
both details and may affect the element size as well. These also have some impact on
the thermal resistance of the roof element.

Table 5-5. Maximum allowable design gravity loads on roof elements including self-weight of element.

Element My rd Lineload per purlins | Surface load
[mm] [kNm] ¢/c 300 mm [kN/m] | [kN/m?]

5.4M t=1.2 5,25 1,64 5,46
5.4M t=1.5 7,12 2,22 7,39
5.4M t=2.0 11,37 3,54 11,80
7.2M t=1.2 5,25 0,89 2,97
7.2M t=1.5 7,12 1,21 4,03
7.2M t=2.0 11,37 1,93 6,43
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6 Building physical properties

The envelope needs to protect the engine and other equipment from the sun, rain and
wind. It also needs to protect the outside environment from the noise produced by the
engines. The noise inside tends to get even louder, if there are only hard reflecting
surfaces and no sound absorbing surfaces or material surrounding a sound source.

Apart from the more common tropical conditions in Wértsild power plants, the arctic
conditions require more thorough analysis of the envelope. Due to the low outside
temperatures, the envelope needs to have a higher thermal resistance, so that not all heat
is lost. High temperature and humidity differences between the outside and inside air
also means that the envelope needs to have a vapour barrier layer on the warm side of
the structure to prevent condensation inside the insulation. These issues are explained
and analysed in the following sections of this chapter.
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6.1 Boundary conditions

The boundary conditions concerning building physical calculations may vary a lot from
project to project, but a reference project was chosen to get some theoretical values.
Each country or customer may have individual requirements as well, but in this Thesis
we will only focus on the physical properties of the roof element, given some realistic
boundary conditions. A project located in Russia in the city of Kurgan was chosen as a
reference project. The boundary conditions are listed below and the temperature
gradient inside the engine hall is shown in Figure 6-1.

Kurgan:

- Design ambient; ambient air temperature: +25C
- Maximum ambient temperature: +39°C

- Design temperature max: +23,8°C

- Minimum ambient temperature: -50C

- Design temperature: -37C

- Dimensioning RH outside warmest month: 69%
- Dimensioning RH outside coldest month: 79%

- Volume: 20 010 m?

0 2 4 6 8 10 12 14 16 18°c AT

Figure 6-1. Result of simulation showing temperature gradients in the engine hall. (Andersson; 2008)
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6.2 Thermal properties

The improvements from the roof element used in tropical conditions are not only
additional insulation. Because of the high thermal conductivity of steel, 50 W/(m-K),
compared to thermal insulation, 0,034 W/(m-K), the steel forms so called cold bridges
through the structure. In Scandinavia it is common to reduce these cold bridges in thin-
walled steel structures by introducing slotted holes in the web that are intermitted. The
slotted holes increase the distance and reduce the cross-section area which the heat
passes through. This results in a steel stud with an increased thermal resistance
comparable to a 40 mm wide wooden stud of the same depth that has a thermal
conductivity of 0,14 W/(m-K). (Thoyra, 2001)

The slots holes in the LPT-C250x50x1.2 have a length of 75 mm and a width of 3 mm,
intermitted with a centre to centre distance of 100 mm. The slots are in 10 rows, 11 mm
apart in the centre of the web. See Figure 6-2
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Figure 6-2. Section and arrangement of slotted holes.

To simplify the thermal conductivity calculations, only two-dimensional calculations
were used for the roof element taking into account the cold bridges formed by the steel
purlins. To achieve more exact calculations, also taking into account the width of the
flange and other longitudinal heat transfer a three-dimensional calculation would be
required. Two-dimensional calculations are anyhow considered sufficient for cold-
bridge analyses.

The thermal resistance of the slotted steel stud was analysed by splitting up the stud into
smaller components. The centre to centre distance for the slots was 100 mm, so to begin
with only a 100 mm long part of the section was studied. Then the section was split into
upper, middle and lower part of the web. The middle or the slotted part of the web was
then split into vertical 25 mm wide sections and longitudinal 8 mm cross-sections.

The symmetry of the 100 mm section was noticed, so this was further split in two. This
meant that the 25 mm sections became 12.5 mm sections and that the system could be
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calculated as a series. Each section with the index i was considered as a resistor with the
thermal resistance R, where the cross-section area A, thermal conductivity £ and average
length L resulted in a specific resistance according to Equation 6-1. The air in between
the steel parts was not considered in the calculations, as the thermal resistance was so
much greater than the thermal resistance of steel.

Equation 6-1

As shown in Figure 6-3, the system can be seen as a series of resistances, the sum of
them makes up for the resistance of the stud from one side to the other. The resistance
of each single part and the calculated total resistance as well as the U-value for the
complete structure can be seen in Table 6-1. The U-value for the structure is 0.141.
Table 6-2 shows the U-value for the same structure with different thick main profiles.
(Cengel, 2008) and (Ahokas, 2003).

The calculation model was also compared to the U-values calculated by HAMK for
Ruukki in 2009 using Trisco building physics software for a certain structural type, and
the results were the same for the same type of structure. (Fabrin & Martikainen, 2009).

The need of thermal resistance might vary from project to project, in which it is also
possible to choose a thermal insulation of lower quality, which is usually also cheaper.
These U-values calculated in Table 6-2 to show the best possible values that can be
achieved with the products available today. It is also possible to compensate for heat
loss of one structure by increasing the thermal resistance of another or decreasing the
heat loss through air leakage for example if the structure does not meet the target value.
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Figure 6-3. The schematic thermal resistance of the LPT-C250x50x1.2 section.
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Table 6-1. The thermal conductivity for the thermally slotted roof element.

4.1 LPT-C250x50x1.2 R10 c/c 300 587,5| 0,004 50 13,33
4.1.1 Non-slotted part of web, 2 parts 74 1 50 0,370
4.1.2 First and last row of slots, 2

parts 7 0,25 50 0,140
4.1.3 Horizontal part between slots, 9

parts 37,5 0,16 50 1,172
4.1.4 Vertical part between slots, 8

parts 11 0,25 50 0,220
4.2 Paroc eXtra Plus 250 | 0,996 0,034 7,38

Table 6-2. Thermal conductivity depending on profile thickness.

There are also some other issues, apart from the actual roof element, which cause some
technical difficulties. As the roof truss is external, but the columns and other structures
are internal, the columns are penetrating the roof. These cannot be avoided, but will be
insulated and tightened at site. In the tropic roof element solution the lower flange of the
WQ-beam is in contact with the inner climate. In arctic climate this would also cause a
huge thermal bridge, which would most certainly cause condensation along the bottom
chord.

To minimize the thermal bridge, the roof structure was lowered 220 mm, so that the
bottom of the WQ-beam could be insulated and still keeping the inner surface flat. This
will also be carried out with a pre-assembled element, but this element is not in the
scope of this Thesis.
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6.3 Moisture analysis

Increasing the insulation thickness in arctic conditions may lead to water vapour
condensation in the insulation, as the heat insulation slows down the heat flow through
the wall, if there is no layer resisting the moisture flow. To reduce the moisture flow
through the structure, vapour barriers are commonly used. These are usually placed on
the inside of the structure or no deeper than 1/3 of the depth of the heat insulation from
the inside. In the roof element the vapour barrier is placed almost at 1/3 the depth of the
heat insulation to increase the acoustical properties. The risk for condensation is still
low, as the relative humidity inside the engine hall will remain low during the cold
periods.

The ventilation of the engine hall is usually executed with inlet fans so that the cool air
can be directed at the engines and other equipment that need cooling. This produces a
controlled over pressure inside the engine hall. The moisture content of the inlet air is
not altered, which means that the inlet air has the same moisture content as the air
outside.

There are not many additional sources of water vapour inside the engine hall. There is
an emergency shower and a sink, but these are rarely used and form a very small
moisture load. The concrete slab is the main source adding to the moisture content in
the air. The moisture load is of course bigger when the concrete is newly cast. After a
while, as it dries, the amount of moisture evaporating from the surface decreases. The
moisture load also depends on the temperature of the air and the relative humidity of the
air. When the air gets warmer the relative humidity decreases. This increases the
potential between the air and the slab and also the evaporation rate.

In the engine hall each engine has its own air ventilation unit(s). The ventilation flow,
when the engines are in use, varies from 30 m?/s during the warm periods to about 2
m?/s during the cold periods. This equals a minimum air exchange rate of about 4 times
the volume of each engine module an hour. With such a high exchange rate, the water
vapour content in the inside air will be very close to the outside airs water vapour
content. The relative humidity will however be lower inside, if the temperature is
higher.

When the engines are not running the temperature of the inlet air is still pre-heated to +5
to +10C, so that there are not too big deformations in the engines and equipment due to
the temperature change. In the Kurgan project the stand-by ventilation was a minimum
of 3 times the volume of the engine module per hour. This means that a normal airtight
roof structure with a regular 0.2 mm PE-membrane as vapour barrier is enough and
there is no significant risk for condensation inside the insulation layer.

It is also important to have a breather membrane like the Tyvek Solid or Tend KM-0
that lets water vapour through, but prevents water from dripping from the water sealing
back onto the insulation and soaking it. This may occur on cloud free and windless
nights, when the radiation from the steel sheet or other water sealing is high. At such
conditions the temperature of the outer steel sheet may drop below the air temperature.
As the air from inside passes through the structure with a relatively high humidity, it
may condensate when reaching the cold steel sheet. The condensed water may drip back
down, but the membrane prevents the water from reaching the mineral wool. It also
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directs water from small leaks in the roof sheets towards the eaves preventing it from
soaking the insulation.

The most important thing however, is to prevent the rain from entering the structure. As
the roof elements are installed, the breather membrane can protect the elements from
small amounts of rain before the roof sheets are installed. The roof sheets are fully water
resistant, but there are a lot of joints and overlaps, where special care needs to be taken
to keep the water on the outside.

It is common to think that rain only travels downward, but in reality wind pressure may
push water up a vertical wall. In ventilated structures, small drops of water may also
easily be transported along with the fresh air into the air gap. It is very hard to prevent
this, but the important thing is that the ventilated space can dry quickly. It is also
important to use materials that are not too sensitive to moisture in the air gap.
(Nevander & Elmarsson, 1994).
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6.4 Acoustic properties

In the engine hall the sound power level Ly is very high and all the surfaces are hard, so
there are usually no materials that naturally absorb noise. This would normally increase
the sound pressure level L, in a room. To avoid this Waértsild has used a load-bearing
steel sheet with 15 % of the web perforated with holes of 3 mm in diameter to allow for
the sound waves to pass through the sheet and be absorbed in the roof insulation on top
of the load-bearing sheets. This reduces the reverberation time and decreases the sound
power level in the engine hall.

When Wirtsild started to use roof elements, they perforated the inner surface as well, to
allow for the sound waves to be absorbed in the insulation. The structure did not need
any vapour barriers, as they were only for tropic climate conditions. By adding a vapour
barrier between the perforated sheet and the insulation slab, the acoustic absorption ratio
would drop at higher frequencies, as the shorter sound waves would not penetrate the
vapour barrier as efficiently. See Figure 6-4.
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Figure 6-4. Absorption ratio with vapour barrier (hdyrysulun kanssa) and without vapour barrier (ilman
hoyrysulkua) for a corrugated steel sheet with 15 %, 3 mm perforation and 100 mm mineral wool per
frequency (taajuus). (Hongisto, 2005)

In arctic climate conditions the vapour barrier is needed as explained in the previous
section. To maximize the absorption ratio of the structure, the vapour barrier was placed
below the load carrying frame of the element and under this the acoustical insulation,
which is fastened with self-drilling screws through both the perforated corrugated steel
sheet and the insulation. The insulation, which was chosen, is a slab that can withstand
5 kPa compressive stress, which is enough so that no additional studs or purlins are
needed in this layer.
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In practice the acoustic atmosphere in the engine hall is improved quite dramatically
with the increased absorption area. For a W20V34DF engine hall for, the reverberation
time would be an average of 2.0 seconds. The sound pressure level average would be
111 dB. The difference between this and if there was for example only 40 m>-Sab
absorption area, the L, would be practically the same as Ly, which would give a L, =
123 dB. Even worse, the average reverberation time would be over 30 seconds. If the
absorption area would be less than 4 m>-Sab, the L, would increase. This is because
there is practically nothing absorbing the energy from the sound waves. They just
bounce back from the surface it hits. In reality there is always some energy lost, so the
absorption area is never zero, but with close to no absorption area the sound pressure
level would be near 150 dB. This is a huge difference when you consider that this is a
working environment for some people.

To give you some idea of how high sound pressure levels we are talking about, 105 dB
is the level of a rock concert. The Finnish Federation of Hard of Hearing does not
recommend that anyone spends more than 4 minutes in a space with a sound pressure
level of 106 dB or 1 minute if the sound pressure level is 112 dB without protecting the
ears. The noise threshold of pain is 120 dB so the sound absorbing area is very critical
here. Without it the risk for hearing disabilities would be much bigger. Ear protection is
necessary in any case, but if for some reason a person loses them or forgets to put them
on, he or she could injure him-/herself within minutes. (The Finnish Federation of the
Hard of Hearing, 2014).

In Table 6-3 below you can see the sound power level Ly of the W20V34DF engine hall
per frequency. It also shows the absorption ratio from Figure 6-4 per frequency and the
calculated reverberation times and sound pressure levels per frequency.

Table 6-3. Calculated reverberation times and sound pressure levels per frequency for the W20V34DF
engine hall.

Frequency, f [Hz] 125 250 500 1000 2000 4000
Absorption ratio 0.55 1 0.79 0.72 0.82 0.77
Reverberation time, T [s] 2.8 1.5 1.9 2.1 1.9 2.0
Sound power level, Lw.a [dB] 109 120 125 129 124 126
Sound pressure level, L, o

[dB] 88.3 96.7 102.7 107.1 101.5 103.8
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7 Conclusions and discussions

The main objective of this Thesis was to develop a fully functional roof element for
arctic conditions. The arctic climate condition put a lot of requirements on the roof
element, which affected both structural resistance as well as the structural type. The
building physical aspects defined the core of the element, which affected the whole
system. The development process has been very long, partly due to the big amount of
work involved, but also as this has not been a full time project for most of the time.

It was a very interesting process to see how small ideas developed and some had to be
discarded due to some restrictions or as they might not have been applicable. Still, the
main objective remained and the development continued. The final result was a roof
element type specific for the client and the climate, which still needs some detailed
design, but is fully functional as a concept. All the building physical aspects, such as
thermal insulation, moisture control and sound absorption have been considered to
provide a suitable working environment.

The structural analysis started with preliminary FEM-analysis for the experimental tests.
The experimental tests showed that the FEM-results were not accurate and focus was
put on analytical calculations according to EN 1993-1-3 instead. The analytical
calculations gave results, which were comparable to the experimental tests, as long as
the top flange was provided with lateral or torsional restraint to prevent lateral torsional
buckling.

The perpendicular hat profile provided sufficient torsional restraint for one of the test
specimen, but two of the test specimen failed as a result of lateral torsional buckling.
Due to this the fourth test specimen was braced at the top flange. As a result of the
experimental tests the roof element was reinforced with a lateral diaphragm at the top
flange of the main purlins to prevent lateral torsional buckling even when the hat profile
do not sufficient torsional restraint.

The experimental test elements showed how big the deviations from the manufacturing
drawings can be. The deviations and imperfections may have a significant impact on the
ultimate loadbearing capacity of the element. This stresses the importance of quality
control at the workshop. The risk can be minimized by designing such a structure,
which does not rely too much on the stiffness of the connections.

There are still some work to do before the first elements can be installed in an engine
hall, as detailed design was not part of the scope, but this development work gives the
basic principal solutions. The detailed design is something, which needs to be done as
part of the project. The dimensioning can however be done based on the bending
moment resistance of the main purlins, based on the effective cross-section according to
EN 1993-1-3, which will be helpful and speed up the design process.
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7.1 Further studies

If one would like to use only the perpendicular hat profile as the main lateral-torsional
restraint on cold-formed thin-walled steel structures, further studies would be needed.
The experimental tests in this Thesis shows that it may be possible, but there are not
enough studies on the subject to provide suitable and safe calculation methods. It also
became very clear that the execution in the workshop may be very different from the
design and the workshop may not always understand the importance of the connection
details in such thin-walled structures. Due to the high risk involved in the execution,
sufficient safety factors would be needed in the design.

The design resistance of a thermally slotted purlin against local transverse force is
another thing which could be studied more in order to get an analytical calculation
model and formulas. The slotted section has significantly lower resistance than an
otherwise identical non-slotted section.
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APPENDIX 1

Analytical calculations of section properties of LPT-C250x50x15x1.2, S350GD+Z
according to EN 1993-1-3:2006 /AC:2009
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Section properties of LPT-C250x50x1.2, S350GD+Z according to EN 1993-1-3:2006

{AC:2009 under bending in major axis.

Material data:
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Effective cross-section according to EN 1993-1-5:
Initial assumptions. Correct values will be determined by interation.

Effective web, upper part:

T max = fyb Tt.max = ~Tyb
h —
f
by = 7 Dol ) g68mm
2
1435
= —— = (141
V3= 35
0378 0771 Stiffness of peforated web assumed
o3 = Py + 034 to be near 0.

:"'p.?r = ]
3 |hu
Phy= ]I if :"'P-3 < (),748 = 0,316
A, 3 - 0.188
P- - otherwise
hp.:’rh

hs off = P 3-hy = 22.96.-mm
h3 ineff = hy = by oy = 49.708-mm

A3 off = M3 effl = 2?..'552~mm2

Perforated area assumed to be completely in com pression.
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Effective top flange:
Initial assumptions. Correct values will be determined by interation.

'Ll)z =1
kpa=4
"
L
N2 = = 0.848
28.4- kg2

f}.h- mm-

Ppa= |1 if }up 3205+ f0.085 - 0,055, = 0.874

Np.2 — 0.055:(3 + 1)

otherwise
9

>"p.2
bafr = Pb.l'hp = 41.353-mm
hE] = ﬂ.ﬁ-heﬁ-: 200677 mm
hﬂ:: ﬂ.ﬁ-heﬁ-z 200677 mm

-
Aleﬁ"": heﬁ't = 49 624 mm~

Effective flange stiffener width:
Initial assurmptions. Correct values will be determined by interation.

Spring stiffness of flange and reduction factor for the edge stifener

'l]:'] =1
b
kg = 05 if == <035 = 0.5
: b
P
b
if 035 < 2L <06
by
{I'.
bp.c
I
:’\pl] = = 0.(1‘:"2
28.4- Ty
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pp.1 = |1 0f X q < 0748 =1

A, 1 — 0.188

P otherwise

2
>“p.]

Ceff -= Mh.1 'bp.c = 13.668-mm
- ~ 16.401-mm°
Agl = Lo = A -mm

Aa = ['baz = 2-4.5';[2-mm1

52
Aci= Aq + Ay = 41.213-mm” A= A
g = fig] T Agy = 4l.Lli-mm sl = g
[§]
e
l'hez'[hp - T] + L'I'_‘Eﬁ:-}'-l
Ys.og = A = 41,933 mm
8

t(bea7y + Cofr 7y
Zs.cg = = 3.346-mm

Ag

1 3 1 3 2 2 4
L= E't":eﬁ + E'hel" 1 Asr[zs.:g - 21] v Aﬂ-[zs_cg - zz] = 728.414-mm

Deformation of flange calculated with RFEM and the unit load u

k™
u=101— }_ bp
m b l
8= 2.75mm C !
o e
K= —-=0036——
i) 2

mm a) Actual system

2 K]'E'l N
Y 2 114450 ——

T g = ————
: A 2 pa
mim
K

b) Equivalent system
T ) Eq ¥

Ters

bl

:’xd = = 1,749

Xg= |! if :’sd = (.65 = 0,377
1.47 - {.].?23-:’“ if 0,65 < :’\d < 1.38
0.66

—— otherwise
M
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Calculating the effective width with reduced com pressive stress:
Iteration 1:

f
. vh N
”.:om_[:_d] =y = 132119{@.—q
“IMO e

Npred1 = Np.2+fXg = 0521

Pp,1 = 1 Copp = 13.668-mm
Pp2 =1 bes = 23.668-mm
Xg.g = 0365
lteration 2:
f
. yh N

Toom.Ed, = Xd 1T = 127.782—

- MO 2

}‘p.redl:: :’\.plzr x{l.l =0.512

Phy =1 Coff = 13.668-mm

Ppa=1 bas = 23.668-mm

X = 0.365 %d2 = Ya1. no further iteration needed.
2

'd"s] = Uy = 16.401-mm

Asl = t-b.ﬂ:2 = 28.401 -mm1

As = AE] + AS? = 4-4.?.(‘)?--r:1r111

b

e
"hez'[bp - TJ R
Ys.og = A, = 40,5% mm

t|b aFa + Cog ®
Zo pp = [Eb 2 el ]] = 3,126-min
s.08 A
5

| 3

Topg =

2. K, -E-l
, Il
- —“l“ = 107.098. ——

] mm-
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7.8 E't":eﬂ“ 'E'bez" 'Asl'[zs.cg 31] 'Asz'[zs.cg 32] = 753.74-mm



f
vb
— - 1.808 bd!

Cr.5 -

1if Ag< 065 - 0.365 .I Cen
t.red

—-—‘-—

4
-

£

147 - 072334 if 065 < Xg<138

.66 i
—  otherwise

rd

hp.red = )\pz\]r'}{_d =10512

t
h— [zs.cg - E] ) b

Teom.Ed = - = 342.927.
h=2 MO mm1
L
M0 2 2
A red = XgAg—— = 16.69%4-mm < Ag = 44.803-mm
Teom. Ed
I'A. d.
lred = ;.re = 0,447 mm
5
! 2
Ay off = t—'ﬂ1 =611 1-mm
. -3 2
AZ.Eﬁ"_ bEI‘t o lred'hel = 35.395-mm
b b
el el
beyt-—-+ hez"red'[bp - T]
¥2eff = = 17.862-mm
bept+ beatreg
. 1
hl&ﬁ' T rm-[1 - sm[%)) T E
23 off = > = 12, 146-mm

Actiiot'= Al eff * A2eff + Adeff + Meff + As + Ag + Ag = 229.464-mm”
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Location of centroid:

Al off Y1+ A e Yaeff + A er¥a + Mg er¥a + As¥s + AgVg + Agyg

¥el) = = 14.091 -mm
AE:H'.IDI
Aleff?l T A2effZ2 T Ajeff Z3eff + MeffZg + Aszs + Agzg + Agzg
Zo = = 161.766-mm
AEﬁ'.tnt
h hperf'
P ~ 2
2 2 168883
7 =Z.nt = BE3-mm
h
h perf 2
A‘i.eﬁ"_ |:[E + 5 ]— Zcﬂ:|'t - ldperf-f}.?i-t = 11.681-mm
ﬁeﬂ"tﬂt = f"'h-l eﬁ"l' .-'"LZ eﬁ"l' f"'h-:l_ e.ﬁ"l' |"1h4 eﬁ"i' ."I'Lq + f"lﬁ + f“h? = 24'.'44’[’]1“’[1
Effective perforated area not neglectable as z, .4 == 2.
Iteration needed:
lteration 1:
74 off = 169,055 -mm 2o = 162.111-mm
lteration 2:
24 off = 169.054.-mm 2o = 162.107-mm
Iteration 3:
74 off = 169.054.-mm 20 = 162.107-mm
Aleff?l t Azeff?2 * A3 eff Z3eff + MeffZ4.eff T A525 + AgZg * Ay2g
o) = = 162.107-mm
Aeff.
eff tot
h hperf’
E + 2 = 2
24 eff = Zep + 5 = 169.054 - mm

Ay off = [[% * @J - zw:|-t - Edperf-[).?ﬁ-t = 1].2?1-mrr||2

Aeffiot = M .eff * A2eff ¥ Adeff ¥ Meff t As t Agt Ay
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hy.

}IE[' . A

zﬂﬂ ke

h f
. [3 + hf’;r ]_ 7.0 = 13.893.mm

Al eff Y1 T Aaoff¥a + Ay er¥3 T Agefr¥y T Ag s + Agyg + Agyg

eff tot
ﬂ1leﬁ'21 + 'ﬁ‘leﬁ'zl + A3.eﬁ'z3.eﬁ'+ ﬂ‘i.ﬂﬁ'z‘i.ﬂﬁ-'- .I"'ls'zs + ﬂlﬁ-zlﬁ + I"'L'?'Z'T
Nefftot

Yol = 14,508 -mm

7o = 162107 mm

2
Acffior = 240,735 - mm

Distances between center of gravity of effective partial areas and centroid | z-axis.

4

="
o

T

i

uh

=]

]

= |?'c|] - ?.]l = 154607 - mm

)= |20~ 72| = 161.507-mm

= |7e0 ~ 23.en1] = 149.961-mm
= |7e0 - 24.en1] = 6:946-mm
= |7e0 ~ 25| = 50.893-mm

= |7e0 - 26| = 87.293-mm

= |7e0 — 27| = 80.393-mm
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Effective moments of area:

Iyt = —tyeq (ceq) = 95-139-mm”

v 2

k] 3 4
]},2 = G'(hel't + hei"red ) = 3.154-mm

= _'['hS.eﬁ'I =121 x ]ll}3-|:11||:]‘14

2 2
1 3 dperf' d]'lfl'f 4
Ly = G'['h-ﬂr.eﬁ' - (0.25 dner f']l {[hﬂr eff = 7, ] " [T] ] = 127.888-mm

3
h, - h ’
f
— _[[ﬁ] = 3837« ]04-mm4

Fa

ra | —

-hp-t3 = ﬁ.EIﬁ-mm4

._.
=S
|
|_. |u|—‘

b, = 255325.mm”

v1 T 5 e

]

]}I'.L"ﬁ‘: |}] + |}1 + |.‘fﬂ- + I"r‘4 + I!,'i + I‘r‘f; + I"r'? + .""ILI I'."ﬁ"[ J + }\2 Eﬁ'[

+_a3£ﬁ.{d_f+m4eﬁ-{ ] + As: { ] +“'Ha{ ] + Ay ('j;lz

Iy ey = 2494 % 10 *m”
Iy off .
W}._Eﬁv_— L 1.539 1{:4- mm’
“el)

Table 1 shows the teration steps and corresponding values. The extreme fibre values were
assumed in the beginning and later all these values have been re<calculated in each iteration to
get the final values.

Table 1
Iteration Tomnx Trmasx Y Lo ‘!":IT “"r_v. el I v, efT M v.Rd
4 MPa MPa mm mm mm’ mm' mm'  kNm

of 350 -350| 14,508 162,107] 240,735] 15390{ 2494000 5385
I] 3501 -18917] 14.713] 163299] 237248 15030] 2454000] 526
2] 350) -185,133] 14.718] 163326] 237.169] 15020] 2453000] 5257
3| 350) -185.133) 14.718] 163326] 237.169] 15020 2453000] 5257
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Results:

Location of centroid:

Effective cross-section area:

Effective second moment of inertia, y-y axis:

Effective section modulus, y-y axis:

Bending moment capacity in the strong axis:

103

14.718mm

Yol -

163 326mm

ch :

e 2
Acfrior = 237.169mm
Iy ef = 2453-10°mm’

Wy ofp = 15020mm’

I}'.eﬂ“

Ze)

M}'.Rd = f'}'b' = 5.257-kN-m




APPENDIX 2

Local transverse force calculations according to EN 1993-1-3:2006 /AC:2009. For
thin-walled cross-sections with a single web
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Input Data
crte c Author: Andreas Limnell Page: 1
Date: 23.6.2015
Project: Work no:  |Contents: Location:
Master's thesis i Calculation of the support C-profiles of the roof  |Helsinki
element.

Local transverse force check according to EN 1993-1-3:2006
JAC:2009. For thin-walled cross-sections with a single unstiffened Version 0.95

Input

6.1.7.2  Cross-sections with a single unstiffened web
(1} For a cross-section with a single unstiffened web, see figure 6.6, the local transverse resistance of the web
may be determined as specified in (2), provided that the cross-section satisfies the following criteria:

Iy fr = 200 o (6. 14a)

rlr = 6 o (6,14b)

45° = ¢ = Q0° e 00140
where:

fy  is the web height between the midlines of the flanges:
r isthe internal radivs of the comers;

¢ is the angle of the web relative to the Nanges [degrees).

|
Rw.Ra Rw.Ra Aw.Ra Rwhrd || Rw Rd Ry Ra 2R w,Ad

Figure 6.6: Examples of cross-sections with a single web

Cross-section properties:
Criteria (6.14)

1= 1,50)mm is the thickness of the web and flanges

h, = 100,00{mm is the height of the web ho/t= OK
= 4,00{mm is the internal radius of the corners r/t= 0K
P = 901 is the angle between the flange and the web d5=g=00 oK

Material properties:

fio=| 350,00/Nmm’
Yur = 1,00 |-5='-|

Load input:

Fgi= 4150|N is the transverse force
5= 60,00|mm is the width of support/force
c= 0|mm 15 the distance from a free end
e= 20{mm is the eccentricity between loads {only ife < 1.5 % h,)
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Calculation
crtec Author: Andreas Limnell Page:
Date: 23.6.2015
Project: Waork no:  |Contents: Location:
Master's thesis i Calculation of the support C-profiles of the roof  |Helsinki
element.

Calculations and load case;

The values of the coefficients & and k; to & ;:

k=154

k), = 1,33
ky = 0,75
k; = 1,00
k, = 1,22
ks = 0,90

a) For a single local load or support reaction

iYe £1.5h, clear from a free end:
Yes

- for a cross-section with stiffened flanges:

Stiffened flanges:

looa_ M/t ]y oot s
. IQ]*_J\JI .H—Wul‘l— A 1; r |’.|t, .
= = == (6.15a
o ¥
- for a cross-section with unstiffened flanges:
- if st = 60:
I Il 5.1 5
C" kokoky| 592 - Jl“lj‘ ]; 140,017 25
Rypa = = —=— - (6.15b)
YYTYY Fan
5! - if wgr = 60 ) B )
| FJ“ ,-"J Il 5. |.a
kykoky) 592———— | 071+ 0015 " fy,
Ry o = L =L L (6.15¢)
P
las, o] y o
. iye = L5k, clear from a free end:
il s/t = 60:
j————— C e
h, [t 50 (2
kakahs|14.7 == | 14+0,007 =l
: ) 09, i
Rypa = == (6.15d)
Fm
|
f - if st = 60
¢ = h, fi T ¥ la
bk kg 147 =2 075+ 001122 | F
ss..l 49,5 | I :
Rypa = = (6.15¢)
Y
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Calculation
C(tec Author: Andreas Limnell Page:
Date: 23.6.2015
Project: Work no:  |Contents: Location:
Master's thesis # Calculation of the support C-profiles of the roof  |Helsinki
element,

Calculations and load case:

5.

15h,:

kyk k| 6,66

b) For two opposing local transverse forces closer together than

ibe £1.5h, clear from a free end:

h“ _-'-.f_ 5 o
10012 Fy
64 _'[ 1 ] Fyo

Utilization ratio=

Rypy = {6.150)
P
iiye = 1.5 h, clear from a free end:
a5,
[ i, ft] 5, I .
kakyhsy 200 - —— ([ 1+ 00013 — [~ 1,
: 16,3 | i ’ N
R, ga = = (6.15g)
?.\H
e
Results:
Requirement:
Fra=R,pa Frgi= 4150(N is the transverse force
R 6179|N is the local transverse resistance of the web

0K
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Input Data

CIl ec Author: Andreas Limnell Page: 4
Date: 23.6.2015

Project: Work no:  |Contents: Location:
Master's thesis # Calculation of the support C-profiles of the roof  |Helsinki
element.

Local transverse force check according to EN 1993-1-3:2006
J/AC:2009. For thin-walled cross-sections with a single unstiffened Version 0.95

Input

6.1.7.2  Cross-sections with a single unstiffened web

(1) For a cross-section with a single unstiffened web, see figure 6.6, the local transverse resistance of the web
may be determined as specified in (2), provided that the cross-section satisfies the following criteria:

I it = 200 . (6.14a)
rie = O e (6,14
45° = g = 90° . (6.14c)

where:
ft.  is the web height between the midlines of the flanges;
r o isthe internal radius of the comers:

@ isthe angle of the web relative 1o the Nanges [degrees].

Figure 6.6: ,\.amplm of cross-sections with a slnglc web

Cross-section properties:
Criteria (6.14)

t= 2,00|mm is the thickness of the web and flanges

i, = 100,00 {mm is the height of the web hft= OK
r= 4,00 mm 15 the internal radius of the cormers r/t= OK
P = o201 is the angle between the flange and the web 45=g =90 OK

Material properties:

fo=| 350,00/N/mm’
Tar = 1,00 |..S§_..|

Load input:

Fri= 4150|N is the transverse force
5, = 60,00{mm is the width of support/force
c= 0|mm is the distance from a free end
e = 20| mm is the eccentricity between loads (only if e < 1.5 % h,)
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Calculation
crte c Author: Andreas Limnell Page: 5
Date: 23.6.2015
Project: Work no;  |Contents: Location:
Master's thesis i Calculation of the support C-profiles of the roof  |Helsinki
element.

Calculations and load case:

k=___154]

k, = 1,33
k; = 0,85
k; = 1,00
k, = 1,22
ks = 0,94

The values of the coefficients & and & ; to & ;:

a) For a single local load or support reaction
ihe £1.5 k. clear from a free end:
Stiffened flanges: Yes

- for a cross-section with stiffened flanges:

kikaky| 9,04 = 2 10012l 1,
R = = == (6.15a)

w, B .
Fwn

- for a cross-section with unstiffened langes:

- if syt = 60

il 5, |2
| 1+0.01-2 1,

- O

Ropa = = = (6.15h)
YYYY ’
s, - f st = 60 _ B _
| ﬁu ,-"J Il 5 | 2
kokoky| 592 071+0015—= ¢~ fp
| 132 || 3
Rypa = = == = (6.15¢c)
P
s, ) o
iye = L5k, clear from a free end:
il s/r = 6i:
--—04>| b T
[ 3
.c,h,{{l-:.?- J“ L +n,:1n?‘—'}-_;'\h
S 9 f
Ru,ﬂul = = (6.1 5d)
Fmi

- if st = 60
e

bt 5.7 .
Kok gho| 14.7 -0 07500013 2 p,
495 | P
= (6.15¢)

Ru.k =
! Fm
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Calculation

element.

crtec Author: Andreas Limnell Page:

Date: 23.6.2015
Project: Work no:  |Contents: Location:
Master's thesis # Calculation of the support C-profiles of the roof  |Helsinki

Calculations and load case:

s

< C - o]
.| | |..5;.|

15h,:

iYe £ 1.5k, clear froma free end:

[ hy, ft] 5, 2.
kikoky 6,66 [l 1+ “‘m:_ L s

o

b) For two opposing local transverse forces closer together than

Utilization ratio=

Ry gy = (6.150)
P
iiye > 1.5 h, clear from a free end:
s,
[ By, Jt] Sy |2,
kakghs 210— T 1+ 00013— ¢~ f
3 i ’
R, s - RN (6.15g)
Fan
ks
Results:
Requirement:
Fea= Rypa Fri= 4150(|N is the transverse force
Ropet = 12096|N is the local transverse resistance of the web
OK
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APPENDIX 3

Insulation thickness for fire resistance - Standard fire
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Input Data
crte c Author: Andreas Limnell Page:
Date: 29.4.2014
Project: Work no:  |Contents: Location:
Master's thesis # Calculation of the temperature of main purlin of |Helsinki
roof element
Insulation thickness for fire resistance - Standard fire Version 0.9

Input

Initial data:

Requirements:
R: min

Accuracy:

it

J |

Insulaion parameters:

d= 70,0|mm
A= 1,00|m’
p= 65,00|kg/m’

C, = 840|)/(kg*K)
A= 0,035| W/(m *K)
m= 4,55|kg

R = 2,00|m*K/W

Calculation formulas:

is the initial temperature before the fire. (0 °C =273.15 K)

is the required fire resistance

is the time interval. (see Note 1 to the right)

is the insulation thickness

is the area

is the density of the insulation
is the thermal capacity

15 the thermal resistance

is the mass of the inspected insulation
is the thermal resistance of the insulation sheet

O, =0,(0)+ 345 log 1, (8 *1 + 1)
Or' = '-(H;:r' - Hw} / rR.‘m'-' * ﬂ'r)

ﬂr'ﬁ - {Qi} f{ﬂ} 'C;J)}] + r?li'l..ll

15 the standard fire temperature
is the heat rate through the insulation

is the temperature between the insulation
and the steel frame
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Calculation
crtec Author: Andreas Limnell Page:
Date: 29.4.2014
Project: Work no:  |Contents: Location:
Master's thesis i Calculation of the temperature of main purlin of  |Helsinki

roof element

Results
Temperatures:
(R)=| 1218,3|K is the standard fire temperature at t = R
A:(R) = 591,2|K is the temperature behind the insulation att=R
Af = 627,1|K is the temperature differance at t = R
14(R) = 945,2|C is the standard fire temperature att = R
#c(R) = 318,1|°C 15 the temperature behind the insulation at t = R
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APPENDIX 4

Manufacturing details & drawings for experimental test.
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