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ABSTRACT

In Sweden during the winters of 2009/2010 and 2010/2011 roofs collapsed all
around the country. The theory that was first adopted assumed heavy snow fall
to be the reason for the failures. Previous research showed that this was not the
case and Boverket instead found the common denominator to be the trapezoidal
thin steel sheet, TRP, with Gerber system design. In general, the other collapses
rather failed due to design or construction errors.

The building industry chooses to build roofs with Gerber system design mostly
for its economic benefits due to better material utilisation. The design utilises the
sheets in an optimal manner, both in span and over the support, by having joints
located where the moment is theoretically zero. This makes the system statically
determined.

Previous investigations indicated that the joint did not perform as intended and
therefore the purpose of this study is to analyse the behaviour of the sheets’
splicing in detail as well as the moment distribution of the sheet. The overall goal
is to understand the real behaviour of the Gerber system and present an answer
to what may have caused the roof collapses subjected to this study.

Initially, an extensive literature study was performed, which gave a profound
understanding about the problematics regarding the Gerber system.
Furthermore, several numerical models were computed and compared to
analytical values in order to validate the results.

The results showed that the splice does display a rotational stiffness, but it could
be concluded that it would have to be higher in order to affect the moment
distribution. Even though the results differ from the expected effects of including
a stiffness in the design, the method is presumed suitable for the analysis and the
results are considered reliable.

Key words: Gerber system, Trapezoidal thin steel sheet, Rotational stiffness, Arbitrary
profile, Collapsed roofs, Numerical models, Abaqus
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SAMMANFATTNING

Under vintrarna 2009/2010 och 2010/2011 kollapsade tak runt om i hela
Sverige. De kraftiga snofallen antogs till en borjan vara orsaken, dock visade
undersokningar pa att sa inte var fallet. Boverket kunde istallet faststilla att
trapetsprofilerad tunnplat monterad enligt Gerbersystemet var en gemensam
nidmnare bland de kollapsade taken. Ovriga ras berodde snarare pa
konstruktion- och produktionsfel.

Byggbranschen viljer att bygga tak med Gerbersystem framst for dess
ekonomiska fordelar i form av battre materialutnyttjande. Systemet anvdander
platarna pa ett optimalt satt, bade i falt och 6ver stod, genom att ha skarvar
placerade dar momentet teoretiskt sett ar noll. Detta gor systemet statiskt
bestamt.

Tidigare undersokningar antydde att skarvens beteende inte stimde 6verrens
med vad som var forvantat. [ och med detta ar syftet med denna studie att
analysera beteendet av platens skarvning i detalj och dessutom studera
momentfordelningen i platen. Det 6vergripande malet ar att forsta det riktiga
beteendet hos Gerbersystem och presentera ett svar till vad som kan ha orsakat
dessa specifika takkollapser.

Inledningsvis genomfordes en omfattande litteraturstudie, vilket gav en djupare
forstaelse i problematiken gallande Gerbersystem. Dessutom gjordes ett flertal
analyser av numeriska modeller som sedan, i validerande syfte, jamférdes med
analytiska varden.

Resultaten visade att en rotationsstyvhet i skarven bor beaktas, men att den
skulle behova vara mycket hogre for att pdverka momentfordelningen
ndmnevért. Aven om resultatet skiljer sig fr&n den férvantade effekten av att
inkludera en styvhet vid dimensionering, sa kan metoden anses lamplig for
analysen och resultaten ar darmed tillforlitliga.

Nyckelord: Gerbersystem, Trapetsprofilerad tunnplét, Rotationsstyvhet, Kollapsade
tak, Numeriska modeller, Abaqus
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Notations

Roman upper case letters

Ce
C
Cp
F,
Kot

M ra
Mk
M,
Mer
M

N ¢, Rd
Ora

Oka
R4

Rp
Rgavie
Ry, Rrd
S

v
Wei

Exposure coefficient

Thermal coefficient

Basic snow load factor, Canada

Vertical force on the connector

Rotational stiffness

Length of sheet

Moment distribution along the sheet

Design moment resistance of a cross-section for bending
Applied moment

Moment in the joint

Reference moment corresponding to applied moment
Moment at the support without considering support width
Normal force in the edge beam

Design resistance of a cross-section for compression
Load-carrying resistance

Applied load

Reaction force at left support

Reaction force at right support

Reaction force acting on the bracing in the gables
The local transverse resistance of a web

Shear flow

Shear force

Elastic section modulus

Roman lower case letters

a

b

beff
by
br

Cheam

Jra

Length of cantilever

Width of the plate/sheet

Effective width

Theoretical plane width for a plate
Width of divided profile

Distance between primary beams

Average yield strength
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fob

Seff,0

Sk

tred

Basic yielding strength

Load acting on the sheet

Snow load on the roof

Basic effective width regard to effective fold

Characteristic value of snow load on the ground at the relevant site
Plate/sheet thickness

Reduced thickness

Vertical distance

Greek lower case letters

Grot
VMO
M1
Vd
)
ép

Ad

Ocr,mod
Ox

TEd

Drot
Xd

VIII

Total change of angle at the support

Partial factor

Partial factor

Partial factor regarding different reliability classes
Deflection

Plastic strain

Slenderness parameter with regard to distortional buckling
Slenderness parameter

Snow load shape coefficient

Poisson’s ratio in elastic stage

Reduction factor

Compressive stress at the centreline of the stiffener
Critical buckling stress

Modified elastic critical stress

Longitudinal stress

Shear stress

Angle of the web

Rotation in the joint

Reduction factor with regard to distortional buckling

Stress ratio
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1 Introduction

The first chapter in this report aims to introduce the subject of this master’s
thesis and its relevance in the building industry today. The overall intention is
defined and the method of achieving this is clarified.

1.1 Background

In Sweden during the winters of 2009/2010 and 2010/2011, several roofs
collapsed all around the country. The reason at first seemed to be the heavy
snow fall. However, further analysis showed that the size of the snow loads did
not exceed the design values and the roofs were actually built to hold for even
larger loads.

The majority of the collapsed roofs were of thin steel sheeting over continuous
spans and with a design called the Gerber system, see Figure 1. This design
utilises the sheets in an optimal manner, both in the spans and over the supports,
by having joints located where the moment, in theory, is zero. The Gerber system
is used for its economic benefits, mostly as a result of better material utilisation.

Wiw o I g o T T Sy o!
£ o T o L o T fo g T o)
Figure 1: Illustration of the moment distribution and placement of joints in a Gerber system.

(Hoglund, 2015)

The investigations conducted in conjunction with the roof collapses indicated
that because of unevenly distributed snow the Gerber system did not perform as
expected, resulting in severe damages in the roof structures.

The National Board of Housing, Building and Planning (Boverket) has previously
performed studies concerning what could have been the reasons for the
collapses as well as mapping which certain roof types were mostly affected.
Boverket is an administrative authority that handles questions on the built
environment, construction, management of buildings et cetera. Their conclusions
with regard to the Gerber system will be described in chapter 2.

This master’s thesis continues the research of the collapsing roofs but will
concentrate on the roofs with thin steel sheeting and Gerber system design,
trying in such a way to answer the question of how the sheeting actually behaves.

The investigation is performed in collaboration with Boverket, and the thin steel

sheeting which is studied is a profile produced by Lindab, a manufacturer of
these kinds of structural elements.
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1.2 Purpose

The aim of this study is to investigate and analyse the performance of roofs
designed with thin steel sheeting and jointed according to the Gerber system.
Focus lies on the moment distribution and the design of the joints. The purpose
of the study is to analyse the behaviour of the sheets' splicing in detail.

An overall goal is to understand the behaviour of the Gerber system and present
an answer to what may have caused these specific roof collapses.

1.3 Limitations

This master’s thesis only investigates the roofs with trapezoidal steel sheeting,
see Figure 4 on page 15, and Gerber system design. It is the unexpected or
unforeseen behaviour of the continuous sheeting that is of specific interest. Many
types of buildings with different design and materials choices were damaged
during the two winters in question. However, previous research shows that
many were due to a wide range of different design and construction errors not
related to the behaviour of the design. Therefore, these are not analysed further.

In general, the conclusions presented by Boverket with regard to the roof
collapses are considered valid and are therefore not examined in this report.

The focus is on evaluating the moment distribution and not the magnitude of
snow load. This limitation is based on the fact that Boverket previously has
stated that the amount of snow was never the issue, it was rather the unexpected
distribution of the load (Boverket, 2011).

1.4 Method

The content in this master’s thesis is divided into two separate parts. The first
part is an extensive literature study, which aims to give a more profound
understanding and aid in identifying appropriate delimitations for the work. It
includes different case studies of collapsed roofs, previous research on the
subject as well as recommendations by Boverket regarding the use of the Gerber
systems.

The final part consists of numerical studies of the thin steel sheeting, using the
FE-programme ABAQUS/CAE 6.13. The computed models are; shell element,
solid element, and beam element models. These are analysed and verified by the
comparison with analytical results.

A more detailed description of the methodology and process of this work can be
found in chapter 7.

2 CHALMERS, Civil and Environmental Engineering, Master’s Thesis BOMX02-16-107



2 Previous Investigations of the Collapsed Roofs

The National Board of Housing, Building and Planning (Boverket) was
commissioned by the Swedish government to investigate the roof collapses
linked to the snowy winters of 2009/2010 and 2010/2011. This was made in
collaboration with the Technical Research Institute of Sweden (SP), Faculty of
Engineering at Lund University (LTH), Skanska and the Swedish University of
Agricultural Sciences (SLU). The aim of these studies was to get a better
understanding of the causes of failure and how this could be avoided in the
future. The results and conclusions are presented in this chapter.

2.1 Cause of Failure According to Boverket

During the winters of 2009/2010 and 2010/2011 roofs collapsed all around
Sweden, see Figure 2. Most were found in the south-west part of the country as
well as around the counties Ostergétland and Sméland, only a few cases were
reported in the northern parts (Boverket, 2010).
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Figure 2: Location of roof -collapses in Sweden during the winters
2009/2010 and 2010/2011 according to SP. Most collapses
were found in the southern part of the country. (Boverket,
2011)
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Boverket concluded early on that even though the snowfall had been heavy
during this time period, it was not the main reason for the roof collapses. The
roofs were in most cases designed to carry the loads in question and had often
even higher capacity (Boverket, 2010). Comparison between the calculated snow
loads and the characteristic values around Sweden according to the present
Eurocodes showed only a few places where the load was higher than anticipated.
However, there was nothing indicating that the codes were incorrect (Johansson,
Lidgren, Nilsson, & Crocetti, 2011). Instead, Boverket believes that the large
loads exposed faults of the structures that were in fact made in design, during
construction, or due to lack of maintenance.

In general, there was a certain type of building that was found damaged more
often than others in these investigations. Typically the structures were very
slender with long spans, 50 % of the cases had spans over 20 m, and had low-
pitched roofs with the ridge of the roof in a north-east to east direction
(Johansson et al., 2011). Common material choices were steel, timber, and
glulam. Only a few cases with concrete have been mentioned in the media
(Boverket, 2010).

With regard to the snow fall, SP made some observations concerning the load
distribution on the roofs that collapsed. First of all the low-pitched roofs seem to
have more snow on the leeward side compared to the windward side of the roofs
(Boverket, 2011). Secondly the larger the roof area, the more variation of the
load was detected along the roof. Finally, SP noticed that the snow amounts on
the roofs depended on the topography of the area in which the building was
erected. If the surrounding was open, the direction of the ridge in relation to the
direction of the wind was of greater importance, as well as any extensions made
to the building. (Boverket, 2010)

Boverket emphasises in their report the importance of reviewing the design and
all changes made to it, saying that the risk of collapse can be reduced if the
design errors are found at an earlier stage. The owner of the building, the client
or the contractor in the case of design-build procurement, is responsible for
making sure that all demands with regard to load-bearing capacity and stability
are met throughout the full service life of the building (Boverket, 2010). This
includes any extensions or changes made to the structure.

2.2 Statistics Regarding the Collapsed Roofs in Sweden

During the two winters in question a total of 180 roofs of larger buildings
collapsed and the majority of the failures occurred during the end of February
2010 (Johansson et al., 2011). According to weather data this was when the snow
amounts were the greatest. The temperatures were below 0 degrees Celsius and
the wind direction was steady north to east during the whole specific time-
period (Johansson et al., 2011).

The investigations show that the snow weight was in fact not the problem and

that 30 % of the collapses can be traced back to design and construction errors
(Crocetti, Johansson, & Wikstrom, 2011). The design loads in a large majority of
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the cases were not exceeded. According to the report only a few exceptions could
be found.

Around 4000 failed or damaged farm buildings were also reported during this
time-period (Boverket, 2011). These will not be considered further, mainly due
to the fact that they can be built without applying for a building permit and that
many of them were never designed by a competent structural designer.

Out of the 180 cases of collapse; only 37 could be studied in close enough detail
for conclusions to be made about the actual causes of failure (Crocetti et al.,
2011). For that reason these cases are used to analyse the statistics of the
collapses, keeping in mind that the data gathered by SP during their
documentation of the collapses varies in attention to detail when comparing case
to case (Johansson et al,, 2011). For example 11 out of the 37 cases have “too
high snow load” as their recorded cause of failure, without giving any more
details regarding why this conclusion was made (Crocetti et al., 2011).

First of all it can be stated that low-pitched roofs, up to 15 degrees angle, have
been dominating among the roofs that collapsed (Boverket, 2011). In 89 % of
these cases the snow amounts on top of the roofs were actually higher than the
amounts on the ground. It should be added that a high degree of snow
redistribution was also detected on the roofs. (Crocetti et al,, 2011)

Secondly the choices made during design have influenced the vulnerability of the
roof structures. Among the collapsed roofs the primary load-bearing systems
were most commonly designed in steel (49 %) then timber (27 %) and glulam
(24 %) (Johansson et al,, 2011). The most common secondary systems found,
according to the report, were trapezoidal steel sheeting (TRP) (30 %), steel
purlins (22 %) and in a total of 43 % of the cases it was either: timber, glulam, or
canvas. The reason of failure related to material of the primary load-bearing
system can be seen in Table 1.

Table 1 Material in the primary load-bearing system in relation to the reason why the roof
in question collapsed.'It can be concluded that incorrect design was most common
in cases with steel girders/frames/bows. (Johansson et al., 2011)

Lack of or | Material or | Lack of Construction | Other?
incorrect component | maintenance | errors
Material | design errors
Steel 8 1 - 3 5
Timber 5 1 2 4 3
Glulam 3 2 - 4 3

Table 1 indicates that a high variety of design materials were found among the
roofs that collapsed. Steel was the most common. Research showed that the roofs

137 cases have been studied but the total sum of the table is not 37 because one collapse can be
related to multiple faults.
2 The column refers to the reason of failure being too much snow on the roof.
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designed in timber or glulam all had very few things in common and they were
therefore difficult to analyse more closely (Crocetti et al., 2011). The statistics
need to be further analysed before any certain conclusions can be drawn.

The Lack of or incorrect design in steel structures is the most common cause of
failure, but there are still many uncertainties regarding these statistics. Whether
or not the design itself was correct cannot be for certain, nor if the behaviour of
the structure when the snow fell was different than expected (Crocetti et al.,
2011).

SP has listed technical reasons for failure based on their studies of the damaged
buildings. Different reason for collapse with regard to incorrect design are listed
below (Johansson et al.,, 2011). These are examples taken from the investigated
collapses:

e Snow drifting and the development of so-called snow pockets on the roof
were not considered when new buildings were constructed in connection
to the one in question.

e Incorrect safety factors used in design, especially in buildings with TRP
sheeting.

o The effects of the deflections were not taken into consideration in design
i.e. second order effects.

e Welded profiles were calculated incorrectly.

e Risk of lateral torsional buckling was not taken into consideration in the
design.

e The bolted joints had too low capacity.

e Design based on the wrong snow zone according to the building code.

e The risk of snow drifting or snow falling down on the roof from other
buildings was not considered.

e The stabilisation was designed incorrectly.

Some failures happened in the secondary load-bearing system. The roofs with
TRP sheeting placed on girders or frames showed the highest numbers of
collapses due to incorrect design. Out of the 37 cases studied, 10 were
constructed with TRP sheeting. Which by itself does not sound like a lot but it is a
common denominator worth highlighting. 7 out of these 10 failures were
actually in the sheeting. All these 7 cases have in common that the TRP sheeting
was designed with the joints placed according to the so-called Gerber system, see
chapter 5. A total of 57 % of the roofs with this specific design actually failed
after or during the removal of snow from the roofs. (Crocetti et al., 2011)

Finally, a comment on the age of the structures; even though some of the
buildings were in fact built before 1910, the age was not believed to influence the
risk of collapse. In fact, 60 % of the buildings were built in the year 1980 or later.
(Crocetti etal,, 2011)

In conclusion; the statistics show a wide range of faults leading to the roofs

collapsing. The common denominators seem to be the low pitch of the roofs, the
rather large roof area with a high degree of snow redistribution and the type of
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material in the load-bearing system. Regarding incorrect design, the TRP
sheeting with the Gerber system design should not be considered among those.
However, the investigations show that collapses occurred frequently in roofs
with this design. The load-bearing capacity should in theory have been sufficient,
but still a large number of collapses were seen. That leaves the question of why
they collapsed, unanswered.

2.3 Problems Linked to TRP Sheeting

Three specific problems could be identified with regard to the roofs with TRP
sheeting as the secondary system; the formation of snow pockets, the sensitivity
to unevenly distributed load, and the choice of reliability class with regard to the
sheeting acting like a stabilizing system.

In their investigations SP found that the engineer designing the TRP sheeting
often did not get enough information regarding obstacles on the roof. These
affect the drifting of snow and need to be considered in the design in order to
make proper assumptions regarding the formation of snow pockets (Johansson
etal, 2011).

In all the 7 cases where the TRP sheeting failed, the Gerber system was used in
the design. If the sheets are made continuous, the structure will have a higher
robustness if the loads were to be larger than anticipated (Johansson et al.,
2011). However, using the Gerber system and placing the hinges at their most
optimal location makes the system very sensitive to unevenly distributed loads,
see chapter 5.

The reliability class used in design is in practice often RC3 for diaphragm action
and RC2 for transversal loading, see Table 2 on page 31, but these need to be
reconsidered when looking at steel sheeting as a secondary system. Most often
the primary load-bearing system is designed in RC3 and the secondary in RC2
(Johansson et al., 2011). The TRP sheeting is not just a secondary system, it also
acts to stabilise the primary load-bearing members. Designing it in RC2 is a
design error that might cause failure (Johansson et al., 2011).

2.4 Boverket’s Conclusions from the Collapses

Based on their research Boverket drew some conclusions with regard to the roof
collapses and their cause of failure. The most common failures were due to
construction mistakes or incorrect design, in some cases both. These faults are
represented in a total of 75 % of the studied cases according to SP. TRP sheets
placed according to the Gerber system were found in many of the collapsed
roofs. (Boverket, 2011)

Failure in thin steel sheeting was also mentioned in SP’s report on the roof
collapses. It was concluded that roofs become sensitive to unevenly distributed
load when the Gerber system was applied. It also seems that the designs have
been made with the incorrect reliability factors, since failure of the sheeting itself
was not considered (Johansson et al., 2011).
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According to SP’s investigations progressive collapse should be taken into
consideration more often in structural design (Johansson et al., 2011). A building
is considered to fail when the design value of the effect of actions is higher than
design resistance. There is however a difference between a building that
collapses in a span and one where progressive collapse occurs. The latter can
lead to much more devastating consequences since multiple spans are failing.

The drifting of snow due to steady winds combined with heavy snowfall caused
many problems, but the size of the snow load was actually not a problem with
regard to calculated design loads. Revision of the characteristic snow loads in
Sweden according to the Swedish codes, EKS, was therefore not considered
relevant (Boverket, 2011). This can also be confirmed by research made after the
snowy winter in 1976/1977 (Johansson et al.,, 2011). Nevertheless it can be
concluded that the weather did in fact lead to a high degree of snow drifting,
which essentially caused problems (Johansson et al., 2011).

Furthermore, Boverket noticed that due to the media cover of the collapses, the
public became concerned and worried. Many people started to remove snow
from their roofs to prevent collapse and damage. What the investigations show,
however, is that moving snow off the roofs may actually have been a contributing
reason for failure (Boverket, 2011). If one removes snow it is important to make
sure that the snow load is still evenly distributed or that a proper snow removal
plan, recommended by a structural engineer, is being followed (Johansson et al.,
2011).

Finally, when it comes to large roof areas with a lower pitch than 15 degrees, the
shape coefficients presented in SS-EN 1991-1-3 might need more modification.
SP concludes that the shape factors used in design, at the time of the
investigation, might not be representative for the actual snow drift. Especially
since the investigations showed that, in some cases, the snow on the roofs were
equal to the amounts on the ground (Johansson et al., 2011). Worth mentioning
is that previous building codes used higher shape factor for pitched roofs
compared to Eurocode. Boverket therefore suggested further research regarding
snow loads sizing, calculations, and wind tunnel simulations (Boverket, 2011).

As a final recommendation Boverket suggests that proper information regarding
snow density and amount of water in the snow should be made available for
property owners via the Swedish Metrological and Hydrological Institute (SMHI)
(Boverket, 2011). The snow depth data is not sufficient information, when one is
checking snow loads it is more correct to base it on hydrological models of
calculating (Johansson et al., 2011). According to SP’s report on the collapses,
SMHI multiplied the depth of the snow with a constant density of 280 kg/m?2. The
value is unusually high for February, and thereby SMHI trusts themselves to be
on the safe side (Johansson et al., 2011). Also the density is related to a maximum
snow depth occurring once in 50 year, on average.
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3 The Effects of the Snow Distribution

Boverket has concluded that the characteristic snow loads are correct and do not
need to be altered with regard to the collapsed roofs during the two snowy
winters (Boverket, 2011). This master’s thesis will not question this or the
regulations regarding snow load on the ground. Still, it is evident from the
investigations that the load distribution did in fact cause problems when it
comes to the trapezoidal steel sheeting constructed according to a Gerber system
design. It is thought relevant to elaborate on the factors that might have played a
part in the failures, for example the exposure and shape coefficients.

Snow load is a form of natural load and as everything in nature; it can be difficult
to predict how it will act. Variations and accumulations are common and
unfortunately they can cause a static load-bearing system to collapse in a
progressive matter (Johansson et al., 2011). This must be considered in design.

The total snow load acting on a roof is based on a characteristic value combined
with shape coefficients (Johansson et al., 2011). This means that it is not only the
amount of snow fallen that decides the design load; the shape and pitch of the
roof, wind speed and wind direction, as well as drifting of snow, all influence the
total load that should be decisive when designing a roof structure. The design
load for the roof can become up to four times as high as the snow load on the
ground when all factors are considered (Boverket, 2010).

3.1 Calculating Snow Loads

The snow distribution on a roof depends highly on the shape of the roof
(Johansson et al., 2011). Other factors that influence the distribution according to
SS-EN 1991-1-3, section 5.1.(2) are as follows:

e Thermal properties

e Roughness of the surface of the roof
e Heat transfer through the roof

e Closeness to other buildings

e The terrain in which the building lies
e (limate and weather

The effect of this is that the snow can be evenly distributed or it can have drifted
thus giving an unevenly distributed design load. This is in fact a big problem
found in conjunction with the roof collapses of 2009/2010 and 2010/2011
(Boverket, 2011).

3.1.1 Snow Load on a Roof

In order to analyse the behaviour of the trapezoidal steel sheeting that suffered
from the effects of the unevenly distributed snow load, one calculates the design
load based on Eurocode SS-EN 1993-1-3 and EKS 10.

The design snow load on a roof is calculated in the following order according to
SS-EN 1991-1-3, section 5.2 (3)P:
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s = piCeCrsy  [kN/m?] (3.1)

U Snow load shape coefficient

C. Exposure coefficient

Ct Thermal coefficient

S Snow load on the roof [kN/m?]

Sk Characteristic value of snow load on the ground at the relevant site
[kN/m?]

3.1.2 Load Combination

The load-bearing capacity should be larger or equal to the applied load, Qg4 =
Qgq- To regulate the capacity the Swedish codes, EKS 10, includes the coefficient
¢ = 0.89 for unfavourable load, to improve the partial coefficient (Johansson et
al, 2011).

When designing the roof sheeting there are four primary load combinations
which need to be considered according to SS-EN 1990 (6.10a), (Hoglund, 2015):

e Load case 1 (ULS): Self-weight, wind (main), snow.
e Load case 2 (ULS): Self-weight (favourable), wind suction.
e Load case 3 (ULS): Self-weight, wind, snow (main).
e Load case 4 (SLS): Self-weight, wind, snow (main).

These load cases are used in different design situations. For designing the sheet
based on diaphragm action (load case 1), the connections (load case 2), the sheet
with regard to bending moment (load case 3) and the deflection of the sheet
(load case 4).

The collapsed roofs studied in this report are all considered light-weight.
Arguably the snow load should then be considered as the main load when
looking at the capacity of the sheet.

Snow loads higher than the capacity of the roof does not for certain mean failure.
Boverket points out that the design capacity is not only a function of the annual
snow load distribution based on a 2 % probability per year on average, but also
on the distribution of strength of materials according to design methods
(Boverket, 2011). The probability of failure per year is 1/1000 000 for a
structural element in Reliability class 3.

3.1.3 Characteristic Snow Load

Sweden is divided in to different snow zones representing the characteristic
snow loads on ground in different parts of the country. It is calculated based on
EKS.

The characteristic snow loads are defined based on measurements of snow
amounts and snow densities, made by SMHI (Boverket, 2010). These densities
are assumed to vary in Sweden according to the following measurements: 230
kg/m2in the south of Sweden, 240 kg/m? in the middle of Sweden, and 280
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kg/m? in the north3. Snow density is the product of snow load and snow depth.
However combining the highest density with the deepest snow measured is too
much on the safe side considering the fact that these two do not occur during the
same time-period (Johansson et al,, 2011).

When designing based on Eurocode the calculations with regard to snow load
often state the density that is required in each specific calculation (SS-EN 1991-
1-3, 2003). The fact that the snow density might have played a part in the roof
collapses is considered small and unlikely (Johansson et al,, 2011).

3.1.4 Snow Load Shape Coefficient, u

When the characteristic snow load on the ground has been defined; this value is
multiplied with a shape factor, y, to give the actual snow load acting on the roof.

The geometry of the roof can lead to an uneven distribution of snow load and
therefore these shape coefficients are crucial in design. Different types of roofs
are considered in the Eurocodes; mono-pitched, pitched, multi-span, and
cylindrical roofs. As well as roofs abutting and roofs close to taller structures (SS-
EN 1991-1-3, 2003). Factors that include the effect of snow falling from a close
by higher structure and that of wind are also considered in the codes.

Snow shape coefficients with regard to exceptional snow drift are somewhat
different and should be decided according to SS-EN 1991-1-3, ANNEX B.
Obstacles on a roof will have an impact on the drifting of the snow during windy
conditions. When calculating the shape coefficients this will have to be taken in
to consideration according to SS-EN 1991-1-3, section 6.2.

The Swedish handbook BSV 97, now replaced by Eurocode, has an addition to
the calculation of duo-pitched roof’s shape coefficients. Certain shape coefficient
are used when the load distribution is uneven; however it is only valid for roof
pitches between 15 and 60 degrees (Johansson et al., 2011). The new codes
however take the distribution in consideration also for lower pitched roofs (SS-
EN 1991-1-3, 2003).

3.1.5 Exposure Coefficients, Ce

The exposure coefficient, C,, is used to determine the load acting on the roof with
regard to wind exposure (SS-EN 1991-1-3, 2003). The recommended values
depend on the topography in which the structure is situated. According to SS-EN
1991-1-3, section 5.2 (7) future development around the site should be
considered when choosing this coefficient from Figure 3.

3 Mail conversation with Bjorn Mattsson, Boverket, 2016-05-25
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Table 5.1 Recommended values of (', for different topographies

Topography G
Windswept * 0.8
Normal"” 1,0
Sheltered © 1.2

* Windswept topography: flat unobstructed areas exposed on all sides

without, or little shelter afforded by terrain, higher construction works or
trees.

® Normal topography: areas where there is no significant removal of snow
by wind on construction work, because of terrain, other construction works
or trees.

© Sheltered topography: areas in which the construction work being
considered is considerably lower than the surrounding terrain or
surrounded by high trees and/or surrounded by higher construction works.

Figure 3: Recommended national values for the exposure coefficient depending on
topography according to (SS-EN 1991-1-3, 2003)

Boverket stresses the importance of this further, saying that the value 0.8 should
be used very carefully. In order for it to be applied; the temperature must stay
below 0 degrees and the structure should be constantly exposed to wind (from
all directions), as well as no heating radiating from inside the building (Boverket,
2011). On parts of the roof where snow can gather in larger amounts, e.g. on a
distinct leeward side, the factor 0.8 must not be used (Johansson et al., 2011).
Actually, according to the new building code EKS 10 from 2016, it is no longer
possible to use a lower value than 1.0.

3.1.6 Thermal coefficient, C;

When it comes to the thermal coefficient, C, it should according to SS-EN 1991-
1-3, section 5.2 (8) be put to 1.0. Only if melting due to heat loss and high
thermal transmittance of the roof occurs may the load be reduced.

3.2 Investigations in Other Nordic Countries

Other Nordic countries have also experienced roof collapses during past winters
with harsh weather conditions. Their investigations and conclusions help in
understanding the problems with the snow distributions on the roofs.

During the winter of 2009/2010 Denmark experienced many roof collapses,
mostly in the northern parts of Jylland. Most affected were the light-weight
structures in steel or timber, with long spans (Johansson et al., 2011). The
conclusions that were made from the investigations showed that design and
construction errors, as well as poor maintenance and large snow amounts, were
the main reasons of failure. Interesting is, however, that it was confirmed that
the characteristic snow loads on the ground were exceeded and that the Danish
Standard actually recommended a revision of the values (Johansson et al., 2011).

Meetings between Swedish and Danish authorities, regarding the outcome of the
heavy snow falls, resulted in some defined areas in need of further research
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(Tolstoy, 2011). Especially exposure coefficients and shape factors needed to be
reconsidered for larger one-storey buildings with low-pitched roofs. Snow
drifting, uneven distribution of snow, and the formation of snow pockets, were
all of particular interest.

In Norway special attention was given to structures with larger roof areas. The
conclusion was that the snow load on a longer building is not as likely to be
reduced all over the roof; in the middle part some of the snow might not have
drifted off the roof. The Norwegian national annexes to the Eurocodes express
that the exposure factor when the roof structure is longer than 50 m, must not be
reduced to 0.8 but the factor should instead be calculated as 1.0 (Boverket,
2011). This can be compared with the Swedish values in Figure 3.

3.3 Canadian Weather Simulations

Similar conclusions can be found in Canada where the basic snow load factor, Cs,
depends on the size of the roof. Thereby the designer takes in consideration that
larger roof areas tend to be less affected by wind blowing snow of the roof
(Tolstoy, 2011). This means that the coefficient should be larger for a larger roof
area.

Wind tunnel tests have previously been performed in Canada, however the
problem is more complex then testing a wind acting on a building from one
direction over a specific time period (Irwin, Gamble, & Taylor, 1995). The
complexity of all the following factors acting together had hardly been analysed:
wind changing direction, wind speed, snow fall, snow melting, rain, and heat loss
through the roof. In regard to this the Finite Area Element method, the FAE-
method, was developed in Canada 1986 (Irwin et al.,, 1995). The method consists
of a combination of wind tunnel tests and metrological data to be used as inputs
in an FE-analysis. In this way the snow quality will be more realistic and the
change of weather conditions more accurately portrayed.

The simulations that were made showed that C;, = 0.8 is conservative when it
comes to unsheltered terrain, but actually too low when it comes to large
rectangular roofs in sheltered terrain (Irwin et al., 1995). This correlates with
the Swedish exposure coefficient and the Norwegian exposure factor. The
conclusion was that snow on the roof should not be reduced compared to the
snow load on the ground in these situations, mostly due to the size of the roof.
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4 Thin Steel Sheeting

Based on the investigations regarding the roof collapses described in chapter 2, it
is evident that roofs designed with trapezoidal steel sheeting as the secondary
load-bearing system, show a different behaviour than what is assumed in design.
To fully understand the reason for this, it is important to first and foremost look
at the steel sheeting and how it is designed to function. This chapter will present
information about how sheet functions, the designing steps of the trapezoidal
profile sheeting, and the capacity of the sheeting.

4.1 Cold-Formed Profiled Sheet

The building industry can today, after years of improvements, offer several well-
developed steel products. One of these products is cold-formed profiles that in its
turn have many different options of shapes and thicknesses. Within the
construction of buildings, the trapezoidal profile sheeting is the most widely
used design, especially regarding roof and wall sheeting.

The method of producing cold-formed profiles has its origin in the USA. The
aeronautical division has a big influence on the development of the production
industry regarding thin steel sheets, and a dedicated standard was created for
the technology. During the 1960s this standard came to Europe and Sweden, and
in the end of the 1970s it was developed into the Swedish thin sheet standard 79,
StBK-N5. This standard is the basis for the current Eurocode 3, SS-EN 1993-1-3,
which is a standard for design of steel structures, especially regarding cold-
formed members and sheeting. (Hoglund & Stréomberg, 2006)

Cold-formed steel products; trapezoidal sheet, panels, cassettes, profiles, and
composites products are the organised groups in the construction industry. As
mentioned previously, when it comes to constructing roofs and walls the
trapezoidal profile is the most widely used one. The profiled sheet has
characteristics adopted from the three generations previously developed
throughout the years (Hoglund & Stromberg, 2006), see Figure 4.

VAAVIAVERVAAVAAVER: \/ \/

Generation 1 Generation 2 Generation 3

Figure 4: Three generations of profiled profiles.

e Generation 1: Trapezoidal sheet with plane sections parts, height 45-100
mm, spans 3-6 m.

e Generation 2: Trapezoidal sheet with stiffened (grooved) sections parts,
height 50-120 mm, spans 4-8 m.

e Generation 3: Trapezoidal cassettes with both longitudinal and
transversal grooves (embossing), height 210 mm, spans 6-12 m.
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The cold-formed technology has a great capacity to form different profiles of thin
steel sheets. The yield strength of the sheet material before any processes to
form the profile is presented as f,,, in SS-EN 1993-1-3. In Eurocodes there is also
an increased value of the yield strength as an average value denoted as f,,,. The
elevated value is achieved through strain hardening after cold-working the steel
sheet. This value can only be used for profiles in cross-section class 1 and 2
which do not buckle. Steel sheeting is often galvanized and has a thickness
between 0.4 - 2.5 mm in Sweden. (Hoglund & Stromberg, 2006)

In the book Cold-formed profiles by T Hoglund and ] Stromberg, the advantages
of the thin sheet technology are mentioned, some of them are listed below:

e Standard products can be manufactured with high productivity, thus at
low cost.

e The coating can be performed when the material is still flat, i.e. before the
sheeting is formed, which increases the productivity considerably and
provides better quality and lower cost compared to the case where
coating is done after the sheet is formed.

e The profiles can be made stackable, which facilitates the storage and
transportation of the sheets.

o The fasteners that are used, e.g. the stainless steel tapping screws, are
developed to give a simple and quick installation and good life-span with
low maintenances costs.

As mentioned before the trapezoidal sheeting is very useful in the building
industry. In order for this profile to sustain larger amount of stresses it is
provided with longitudinal stiffeners; grooves in the flanges and folds in the
webs. A profile can have either both of the stiffeners or just one of them
(Hoglund & Stromberg, 2006). In order to utilise the full potential of the
stiffeners it is important that the stiffeners do not buckle themselves (SS-EN
1993-1-3, 2006). The shape of the stiffeners is shown in the Figure 5.

'
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Figure 5: On the left-hand side illustration showing the folds in the webs and on the
right-hand side illustration showing the grooves in the flanges.

4.2 Design of Thin Steel Sheeting with Trapezoidal Profile

Trapezoidal profiles are designed with regard to bending moment in the spans
and bending moment combined with shear force at the supports. Other concerns
that have to be taken into account when choosing which kind of sheeting profile
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is needed are the restrictions with regard to the deflection as well as the
possibility to walk on the steel sheets. (Hoglund & Stromberg, 2006)

The steps of calculations that are used for conventional steel profiles are the
basis for the cold-formed profiles as well, but the substantial difference in the
design is the estimation of the effective cross-section, which will be more
described in subchapter 4.2.3. These calculations are more complicated,
particularly for thin cold-formed trapezoidal profiles with longitudinal stiffeners
in both the flanges and the webs. This is because of the impact of distortional
buckling, which requires additional cross-section constants and more variables
to consider. (Hoglund & Stromberg, 2006)

4.2.1 Buckling

In the calculation of the load-carrying capacity of trapezoidal sheeting it is
important to consider three types of buckling, which are: local buckling,
distortional buckling, and global buckling. Specifically local buckling and
distortional buckling have a tendency to occur for cold-formed profiles and are
usually the cause of failure with regard to the compressed parts of the cross-
section. There are two ways of handling these occurrences of buckling, either to
reduce the stresses, or to determine the load-carrying capacity by calculating the
effective cross-section (Hoglund & Stromberg, 2006). The three types of buckling
are shown in Figure 6, the local buckling and distortional buckling will be further
described below.

N

c)

Figure 6: Different types of buckling a) local buckling, b) distortional buckling, c) global
buckling (flexural buckling) (Héglund & Stromberg, 2006)

The use of cold-formed profiles with free edges leads to distortional buckling.
The distortional buckling appears in the form of long waves and does not have
one particular area which would be more critical than the others. When
considering distortional buckling of trapezoidal sheeting with stiffeners, it is a
flexural buckling of the stiffener themselves. Due to this the buckling of the
stiffeners should also constitute a concern. (Hoglund & Stromberg, 2006)

The local buckling will be seen as small buckles. In contrary to the distortional
buckling, this buckling type is known for its distinctly critical areas where the
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sheet will buckle locally. As a result of this the load can still increase until its
ultimate breach. (Héglund & Stromberg, 2006)

As mentioned before, local buckling and distortional buckling are almost always
the cause of the ultimate breach in the compressed sheet. If there is a risk for a
distortional buckling mode, this will in fact be the reason for the total collapse.
The final failure can occur at different stress levels depending on the slenderness
of the cross-section which is divided into four cross-section classes; these
indicate when either local or distortional buckling occurs. (Hoglund &
Stromberg, 2006)

Also important with reference to local or distortional buckling is the critical
buckling stress, o.,, for when buckling is initiated. It is proportional to (t/b)?,
where t and b stands for the plate thickness and width respectively (Hoglund &
Stromberg, 2006). In SS-EN 1993-1-3 there are many different critical buckling
stress equations, and the choice of which equations that should be used depends
on many factors. For example whether the profile is with or without stiffeners,
the type of stiffeners, and which shape the sheet has; i.e. plane or trapezoidal
profile.

The buckling’s impact on both the load-carrying capacity and the stiffness of the
profile is considered by using the effective cross-section, which will be explained
in subchapter 4.2.3.

4.2.2 Trapezoidal Sheeting Profiles with Intermediate Stiffeners
As mentioned; a trapezoidal profile can be produced with stiffeners in many
different ways, the options are listed below:

e Flange with one or several grooves

e Webs with one or several folds

e Both flanges with grooves and folds in the webs

The effective area is calculated in different ways depending on the cross-section
and type of stiffener. In SS-EN 1993-1-3, section 5.5.3.4, the different designs are
specified.

When a profiled sheeting is created with stiffeners, for example grooves in the
flanges, the distortional buckling needs to be considered, which is the flexural
buckling of a stiffener. The impact of the distortional buckling in the calculations
is taken into account by the reduction factor, y,, which is obtained by different
value of the slenderness parameter, 1. The index d refers to distortional
buckling. The slenderness parameter is calculated according to equation (4.1).

T f
1y = JL” (4.1)
g Slenderness parameter with regard to distortional buckling

fyp  Yield strength [MPa]
Ocr Critical buckling stress [MPa]
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The stiffeners, grooves and folds, have a big impact, not just when calculate the
load-carrying capacity. For example the stress distribution in the flange will
differ comparing a flange with grooves and one without. If the flange is formed
with a groove, the distribution changes and the groove itself takes care of some
of the stresses (Hoglund & Stromberg, 2006). The stress distribution with a
groove in the flange is illustrated in Figure 7.

Figure 7: Flange with a groove. a) actual stress distribution b) idealised stress distribution
c) stress distribution over effective cross-section (Hoéglund & Stréomberg, 2006).

4.2.3 Effective Cross-Section

There is a difference in how to calculate the effective cross-section and it
depends on whether or not the profile is plane, or with stiffeners. If the profile,
like the trapezoidal sheet, has stiffeners; the stiffeners have their own effective
parts (SS-EN 1993-1-3, 2006).

When the steel sheet is plane and without stiffeners the traditional calculation
for the effective cross-section is made according to the steps in SS-EN 1993-1-5
with some alterations of the terms. The theoretical plane width, bp, corresponds
to b in SS-EN 1993-1-5. Further the effective width is calculated through the
equation (4.2):

berr = pbyp (4.2)
p Reduction factor
b, Theoretical plane width for a plate [mm]

bess  Effective width [mm]

The reduction factor, p, for steel she_et buckling is calculated with the help of the
steel sheet slenderness parameter, Ap, which in its turn is calculated through the
yield strength, f,,, and the critical buckling stress, o,

T f

Ay = GL” (4.3)

)= 1-0.055(3+9) /A p<1 (4.4)
AP

/Tp Slenderness parameter

P Stress ratio
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Both the slenderness parameter and the reduction factor can be defined using
other equations due to e.g. the impact of distortional buckling, see equation (4.1).

When it comes to TRP sheets, the effective width of the compressed flange is
calculated according to equations (4.2) to (4.4). However, if the sheeting is
produced with grooves in the flange, it is important to remember that the cross-
section is dependent on both the stiffeners and the effective parts of the flange
according to section 5.5.3.3 in SS-EN 1993-1-3. The actual width of the plane
parts will differ, see Figure 8. Without a groove the width is the width of the
whole flange, compared to the width of the flange with a groove, which will be
separate in two parts, one on each side of the groove.

b b

P P

Figure 8: To the left, illustration of the width b, without a groove in the flange and to the
right an illustration of the width b, with a groove in the flange.

The effective area of the folds in the webs is first calculated according to
Eurocode, SS-EN 1993-1-3, section 5.5.3.4.3(5) and then revised if the plane
elements are fully effective.

The initial location of the centroidal axis is based on the effective area of the
compressed flange but the gross area of the webs, this gives the value e: in Figure
9. Considering the fact that both the flanges and the webs have stiffeners; the
reduction factor for the distorional buckling, x4, is obtained from a relative
slenderness that depends on the elastic critical stress for the stiffeners, equation
(4.5), where the modified elastic critical stress regards both types of stiffeners.

T, = L2 (4.5)

Ocr.mod

Ocrmod Modified elastic critical stress [MPa]

The bottom fold of a trapezoidal sheet is in tension, but the top fold will be in
compression and therefore have an effective cross-section area, Asa. The widths,
Serf.1 t0 Serrp in Figure 9, are all a function of the basic effective width sezf o
calculated according to equation (4.6), where g,y gq i the stress in the
compressed flange when the cross-section resistance is reached.
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Seff.0 Basic effective width [mm)]

t Thickness of the sheet [mm]

E Modulus of elasticity [N/mm?]

Ymo Partial factor

Ocom,Ed Compressive stress at the centreline of the stiffener [MPa]
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Figure 9: Effective width calculated for webs with fold.

The reduced effective area is then represented by a reduced thickness according
to equation (4.7), for all elements included in Asa.

trea = Xat (4.7)
tred Reduced thickness
Xd Reduction factor for distorsional buckling

4.2.4 Load-Carrying Capacity

Local buckling is the cause for reduced load-carrying capacity. It is often
occurring because of the slenderness of the profile’s tops, bottoms, and webs. To
identify the actual slenderness of a cold-formed profile is difficult but if the gross
cross-section is larger than the effective cross-section, the profile can be
classified in class 4 (Hoglund & Stromberg, 2006).

In design the impact of buckling is decided by the effective cross-section

properties according to SS-EN 1993-1-3, section 6.1. When it comes to the load-
carrying capacity of a profile, whether it is exposed to; compressive forces,
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bending moment, or both, the effective and the gross properties should be
considered when choosing design method. If the effective area is less or equal to
the gross area there are appropriate equation e.g. when calculating the
compressive reaction force, N; gq. In the same manner the design moment
reaction, M, g4, can be decided depending on if the effective sectional modulus is
less or equal to the gross elastic sectional modulus (SS-EN 1993-1-3, 2006).

Shear and concentrated forces, like support reactions and concentrated loads,
are considered in the design of the webs with regard to slenderness and load-
carrying capacity. Different rules of design apply depending on the cross-section
of the sheet, e.g. the specific shape of the cross-section and whether the webs are
formed with folds or without. In SS-EN 1993-1-3 e.g. it is considered if the web is
stiffened or unstiffened when it comes to calculating the load-carrying capacity
for the support reaction, R,, zq4. See the two options in Figure 10.

/

Ryrd Ryra Rurd Rurd

Figure 10: Support reaction for an unstiffened web and support reaction for a stiffened web.

Decisive in design of a trapezoidal sheeting profile is most often the interaction
between the bending moment and the support reaction force (Hoglund &
Stromberg, 2006). This equation can be found in SS-EN 1993-1-3, section 6.1.11.

4.2.4.1 Changes of Codes from Boverket’s Consequence Investigation, EKS 10

Design calculations of standardized profiled steel sheet products are often based
on and verified by testing. When this kind of testing is made it should be
performed with equipment that can simulate the real supports and loads in a
stabilising system (SS-EN 1993-1-3, 2006).

Boverket issued new design rules in 2016, EKS 10, which is the Swedish building
code regarding mechanical strength and stability. General requirements and
national choices to the Eurocodes are given. One of the changes is of particular
interest to this project and can be found in chapter 3.1.3, §12a in EKS 10. It
presents a new regulation regarding how the capacity of thin steel sheet profiles
should be determined on the basis of testing. More specifically it is the change of
material parameters when using test methods which only include a few test
samples.

The change from earlier codes concerns the design coefficients from the test

values. The characteristic fractile factor, ka, from table D.1 in SS-EN 1990 must no
longer be used according to Boverket. The factor to be used instead can be
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retrieved from table B-5 in BFS 2015:6. This is because the design based on
testing does not match the capacity in reality. The safety against failure will be
too low if the method from SS-EN 1993-1-3 is applied, which is thought to
potentially be the cause of the collapsed roofs (Boverket, 2015).

This change of regulations concerns the collapsed roofs during the past winters
in question. In fact the model in SS-EN 1993-1-3 is incorrect with regard to
probability theory and that is the actual cause of the change. Hopefully fewer
collapses will be reported in the future after this alteration is applied. (Boverket,
2015)

4.3 Connectors

The screws that are used when constructing roofs with thin steel sheeting are
most often a type of self-tapping screw. Meaning a clamping force will be
generated from joining the two plates together in a splice. An illustration of the
clamping effect is shown in Figure 11. The tip of the screw has a reduced
diameter and a so-called shank between the thread and the head, see Figure 12.
The sheets will be clamped together in the shank part which has a length
corresponding to the thickness of the two joined sheets. If the shank is too large
the sheets will not be pressed together properly and the capacity with regard to
bearing failure is lost. (Hoglund, 2015)

These types of clamping connectors are very practical to use when it comes to
simplicity during construction (Hoglund, 2015); the screws are fully drilled
through the sheets. This however puts pressure on the engineer and the way of
communicating the importance of following the design drawings very
thoroughly.

In SS-EN 1993-1-3 it is prescribed that screws in the top flange must be drilled in
a matter to avoid the formation of buckles. In joints which are located in the
spans; the screws should be placed in the webs in order to keep the continuous
system intact (Hoglund, 2015). Remaining screws are only used for practical
reasons during mounting and these do not transfer shear. For example the
screws that are placed in the longitudinal grooves, see Figure 30 on page 38,
these are not important for the capacity in the design. Their location is only
chosen for practical reasons.*

The design capacity of the screws should be made with regard to bearing failure
and some restrictions apply concerning minimum distances (Hoglund, 2015).
These depend on the type of connection and the profile of sheeting.

4 Mail conversation with Erik Andersson, structural engineer Lindab, 2016-05-30
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Figure 11: Clamping effect when the connector is being attached.
— Shank

— Low thread

— Reduced screw tip

Figure 12: The screw used for assembly of thin steel sheets.
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S Gerber System

The sheets described in chapter 4 can be used in design of different components.
This master’s thesis will, based on the previous investigations described in
chapter 2, look more closely at the sheeting when it is designed with the so-
called Gerber system. Boverket's studies exposed the flaws and vulnerabilities of
this specific type of roof structure, this chapter therefore aims to describe how
the Gerber system actually works. In doing so it also tries to answer the question
of why the collapses occurred.

5.1 Gerber System in Theory

In the year 1866 the German engineer Heinrich Gerber got the patent for a
system called Gerber beam. In Sweden it is called Gerber system (Fernandez
Troyano, 2003). It is also called: the cantilever, suspended span system, and
compound beams (Bill Jr, 2000). The system can be used in the design of for
example floors, but to gain its full potential the designer should use it when
designing roof structures. This according to Herbert L. Bill Jr who fully explains
the function of the system in his article: Cantilever and Suspended Span Roof
Framing System. The reason for this, explains the author, is because when
designing floors with the system a designer needs to consider imposed loads
which the roof system is not subjected to. Preferably the system should be used
when the actions are rather constant.

The Gerber system can be used with different materials, but is most commonly
designed with timber or steel. In this study, only the Gerber system concerning
roof designs with steel sheet material will be described.

For larger buildings like industrial buildings, sports centres, commercial
buildings, and others, the roof’s steel sheeting can be designed in many different
ways. By using the steel sheeting as a secondary load-bearing system above the
primary girders, purlins are not needed in the design. Trapezoidal profiles are
one of the most common shapes for this kind of roofing. Some other roof designs
used in Sweden are the so-called: “2-Span” system, the “Simple Overlapping"“
system, and the “Double Overlapping” system.>

In the construction of multiple-span buildings, the 2-Span system is the most
commonly used. This system is continuous over two spans and above every third
support - a hinge is used, see Figure 13. The sheet will handle the moment and
the shear force is handled at the support>.

11124 I

Figure 13: 2-span system with a hinge at the third support. (Erik Andersson, 2016)
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If the Overlapping system is used instead, the steel sheeting is spliced above the
support, either single or double splice, see Figure 14 and Figure 15. The benefit
of using the Double Overlapping system is that the sheeting can handle twice as
much moment and support reactions. An alternative to the Overlapping system,
is to place the joints in the spans instead of over the supports. This is the so-
called Gerber system®.
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Figure 14: Single Overlapping system; the sheeting is spliced on right side of the supports with
a certain length. (Erik Andersson, 2016)
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Figure 15: Double Overlapping system; the sheeting is spliced on both sides of the supports,
with a certain length at each side. (Erik Andersson, 2016)

In a Gerber system the moment distribution on the roof is decided by the
location of the joints in the spans. The sheets are connected with hinges at the
points where the moment is theoretically zero; these hinges are supposedly not
transferring any moment and it makes the system statically determined. Because
of the location of the hinges the material is used in a more optimised manner.
The sheet is equally utilised in the spans as over the supports. (Hoglund, 2015)

Like the 2-Span system the Gerber system with splicing makes a continuous
system. Because of the continuity it can: handle larger loads, smaller deflections
arise, and the mounting process becomes easier (Hoglund, 2015).

The main advantage and reason to use this system is the opportunity to optimise
the material use by the location of the hinges, the use of the material can be
reduced with 50 % (Bill Jr, 2000). This gives an economic and competitive value
for the system. The Gerber system is designed for a uniformly distributed load, if
the load pattern changes compared to the designed one, the risk of a collapse
increases due to the unforeseen higher local loads. If the design takes into
account the different load cases, the material efficiency is no longer economically
justifiede.

6 Dialog with Erik Andersson, structural engineer Lindab 2016-02-15
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Another economical advantage is the simplicity during construction. To build a

roof framing with this system usually goes faster?, more about this in subchapter
5.2.

There are two different design options with regard to this system - “Real” and
“Fake” Gerber systems. (Hoglund, 2015) See Figure 16.
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Figure 16: [llustration of the two alternative Gerber systems. The uppermost line is the Real
Gerber system and the bottom one illustrates the Fake Gerber system. (Hoglund,
2015)

The Real Gerber system is made with two hinges in every other span. Having a
hinge in every span instead and two hinges in the penultimate span makes it the
so-called Fake Gerber system. In each of these design options the outer spans are
always without hinges. Generally, these edge-spans are designed to handle the
loads as simply supported because of the possible occurrence of collapse in
another span - resulting in lost continuity?. This correlates with the new design
codes, EKS 10, mentioned in subchapter 4.2.4.1.

The Real Gerber system has two different options, either symmetrical or
asymmetrical (Hoesch, 2007). The symmetrical one is used with an odd number
of spans and the asymmetrical one is used with an even number of spans. This is
shown in Figure 17. The asymmetrical option needs, due to the even number of
spans, to place a single hinge in the penultimate span; this results in a difference
in the calculations. The symmetrical option often tolerates larger permissible
distributed load than the asymmetrical alternative. The longer the span, the
greater the difference between the permissible distributed loads becomes to the

7 Dialog with Erik Andersson, structural engineer Lindab 2016-02-15
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symmetrical option’s advantage. (Hoesch, 2007)

Symmetric Gerber system
{Odd number of spans)
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Asymmetric Gerber system

(Even number of spans)
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Figure 17: Symmetrical and Asymmetrical Gerber system.

5.2 Gerber System in Practice

During construction there are a few things that need to be considered and
carefully executed with regard to the Gerber system. It performs well with
evenly distributed loads, but is very vulnerable if the moment distribution
changes. It is important that the workers follow the drawings thoroughly, even
small alterations can result in severe consequences. For example, the location of
the hinges in the spans must be very precisely located in accordance with the
drawings. The sheeting is usually spliced with 200 mm - with the right-hand
sheet above the left-hand sheet8, see Figure 18. Another example is that the
sheeting must be fastened to the girders directly after mounting to prevent the
risk of sheets falling down. (Hoesch, 2007)

200

Ls

Figure 18: [llustration of the splice in a Gerber system.

The sheeting is assembled in the joints with the help of screws, a more detailed
description of the screws is found in the previous subchapter 4.3 on page 22.

For the Real Gerber system, construction methods vary depending on framework
supplier. At Lindab the roofing is constructed through a two girders lift, the
Swedish term is “Parlyft”. The roofing is formed in several pieces and then
assembled together.

8 Dialog with Erik Andersson, structure engineer Lindab 2016-02-15
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Firstly, the primary girders are mounted on the ground in pairs with fastened
sheets up on the girders creating assembled parts. Secondly, these assembled
parts are one by one lifted up on the columns and attached, which is shown in
the left picture in Figure 19. Finally, the spaces between these parts are covered
by a single sheet which gives two hinges in every second field®. See the
illustration on the right picture in Figure 19.

Figure 19: Construction method by Lindab; the so-called two girders lift. (Erik Andersson,
2016)

The two options of Gerber systems, Real and Fake, have different approaches of
instalment during the construction of the building. The Fake Gerber system is the
most common one to use but also the least safe one since it has a higher risk of
progressive collapse. A recurring event is when a collapse first occurs in one
span due to a breach of the local moment capacity, the equilibrium condition is
violated and the structure cannot stabilise the other remaining sheeting. The
collapse then continues to other spans®. This behaviour is not found in the Real
Gerber system; progressive collapses do occur but not in the same matter or to
the same extent.

The placing of the sheeting of the Fake Gerber system is shown in Figure 20 and
the continuity of the collapse is shown in Figure 21. In Figure 22 is the Real
Gerber system shown with distributed snow.

I = i I

Figure 20: Fake Gerber system, the placement of the sheeting. (Erik Andersson, 2016)
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Figure 21: Illustration of the progressive collapse for the Fake Gerber system. (Erik
Andersson, 2016)

Figure 22: Real Gerber system. (Erik Andersson, 2016)

[t is important that the structures are correctly designed with regard to handling
the catenary action, which is the effect when the first collapse occurs in one field
and the remaining fields compensate for that collapse. The Real Gerber system
can get partial collapses and major deflection of different parts of the roof,
resulting from the effect of the unevenly distributed load that gives change in the
local moment capacity0. This however does not necessarily lead to total collapse
as long as the design is correct. These collapses and deflection are shown in
Figure 23 and Figure 24.
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Figure 23: Illustrating one alternative collapse for the Real Gerber system. (Erik Andersson,
2016)
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Figure 24: Illustration of different deflection of parts of the sheeting, with Real Gerber system.

(Erik Andersson, 2016)

To conclude the comparison of the Real and Fake Gerber system it can be said
that the Real by far handles progressive collapse better, making the
consequences of a collapse not as severe as in the case of the Fake Gerber
system. In fact, after the many collapsed Gerber systems during the winters of
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2009/2010 and 2010/2011 the building industry deemed the Fake Gerber

system inappropriate to use. The industry simply wants to discontinue this
system due to the possibility of the severe damages of the buildings and the
potential injuries of individuals that can follow19.

5.2.1 Consequence Class and Reliability Class

When designing roofs for larger buildings consequence classes, CC, are used to
define what type of checks and documentations that are specified for the
building. The reliability classes, RC, on the other hand defines the probability and
consequence of failure. The degree of severity of the consequences from a
potential collapse decides the class of the construction part.

The reliability classes are divided into three parts: RC1, RC2, and RC3. The Table
2 shows what each class is considered for. All reliability classes have different
partial factors, yq, which are multiplied with the characteristic loads in the load
combinations. (Hoglund & Strémberg, 2006)

Table 2: Definition of consequences class and equivalent reliability class (Héglund &
Stromberg, 2006), table 8.1

Consequences Reliability class Description Ex. of building
class and civil
engineering
works
CC3 RC3 Large risk for Grandstand, public
yq = 1.0 serious injury or buildings where
huge economic, consequences of
social or failure are large
environmental
consequences.
Ccc2 RC2 Middle risk for House- and office
Ya = 091 serious injury or buildings, public
major economic, buildings where
social of consequences of
environmental failure are
consequences. moderate
Ccc1 RC1 Small risk for Land use buildings
yq = 0.83 serious injury and where people
small economic, rarely staying (e.g.
social and warehouses,
environmental glasshouses)
consequences.

5.2.2 Gerber System Related to Previous Collapsed Roofs

As mentioned in Chapter 2, the Gerber system was a recurring roof design found
among the roofs that collapsed. The system can be considered to work well in
accordance with the design as long as the load is evenly distributed. The question
is what would happen when this is not the case. Boverket stated in their report of
the roof collapses that formations of snow-pockets and unevenly distributed
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snow load was a problem relating to the failure of the roofs. It is therefore
important to consider the consequences of a change in moment distribution.
Since the hinges are placed at the theoretical location of the zero moment, a
change in distribution will result in the hinges being placed unfavourably!l. The
moments then risk exceeding the design values causing failure of the sheeting.
This needs to be analysed more thoroughly in order to verify how it actually
happens and what the consequences could be.

A closer examination of the collapsed roofs designed with the Gerber system can
help clarify the actual behaviour of the system. A collapse that happened in
Saltsjobaden outside of Stockholm is used as an example to visualise this.

The collapse was first initiated by localised deformation of the sheets above the
supports, which can be seen in Figure 25. This deformation leads to a change of
moment distribution and consequently the curvature of the sheet increased,
shown in Figure 26. This was assumed to be the cause of failure, and the
beginning of a progressive collapse causing severe damages to the structure, see
Figure 27. (Hoglund, 2013)

Figure 25: Deformation of the steel sheet above the support. (Hoglund, 2013)
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Figure 26: Deformation above the support and increased deflection at the hinge. (Hoglund,
2013)
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Figure 27: A collapsed roof. (Erik Andersson)

Boverket also stated that these issues often seem to occur in conjunction with
snow being removed from the roofs (Johansson et al.,, 2011), an action that
would alter the moment distribution. For example; in two buildings in the
northern parts of Sweden, Luled and Skelleftea respectively, the roofs collapsed
while snow was being shovelled (Stromberg & Veljkovic, 2010b) (Stromberg &
Veljkovic, 2010a). The basis of the problem is that when snow is removed from
only one span, the moment distribution changes. Meaning that the other spans
risk higher moments than what the roof was actually designed to handle. This is
an issue that the design cannot compensate for since the Gerber system is
sensitive to unevenly distributed load. It is important that the removing of snow
from the roof is bay for bay, in the same order as it was mounted during
construction. If this is made accordingly the field or support moments will not
increase (Boverket, 2011).

The question of most concern when it comes to Gerber splicing is that the theory
of the Gerber system does not seem to reflect the real behaviour in practice. One
important factor is the splice itself and if the joint really acts like a hinge that
does not transfer moments.

As mentioned previously, the splice is 200 mm and the hinge is in theory
assumed to be located in the middle of this distance, i.e. the location is 100 mm
from the sheet-edges (Stromberg & Veljkovic, 2010b). After a collapsed roof in
Luled, the University of Luled started investigating the behaviour of the splices
with regard to the actual localisation of the hinges. As illustrated in Figure 28,
the right sheet is placed on top of the left sheet with a + marking the hinge, its
displacement is showing in the bottom illustration. The report states that when
the deformation increases the location of the theoretical hinge between the
sheets is moved towards the edge of the bottom sheet (Stromberg & Veljkovic,
2010b).
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Figure 28: Illustration of how the inclination of the sheeting changes the location of the zero-

moment (marked with a +) towards the edge of the splice when the deflection
increases.

In the investigation, calculations were made regarding the consequences of
moving the hinge more towards the right of the splice, compared to it being
supposedly located in the middle of the splice. The analysis showed that when
the hinges were moved closer to the supports; the support moments increased.
As a result of this the filed moment decreased and the steel in the spans was no
longer utilised as efficiently. This correlates with the observations made at the
collapsed building in Lulea and it confirms the assumptions made regarding the
theoretical move of the hinge and the risk it brings regarding the capacity of the
roof (Stromberg & Veljkovic, 2010b).

Further on the report highlights the screws used to connect the separate sheets
in the splice, which can be seen in Figure 30 on page 38. Even though the screws
are designed to transfer shear, they were found to also contribute in carrying
some small moments. Estimating how much moment would be difficult to
calculate and the original assumption makes an easier design. However, this
master’s thesis aims to analyse the presumed stiffness more closely in order to
explain the behaviour of the sheeting even better.
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6 Stabilising Systems

If a structure is slender it is important to analyse the global stability especially
when considering buildings with longer spans which normally need additional
bracing. Stabilisation can be achieved either by; utilising diaphragm action, wind
bracing, or by having columns with stiff connections. Stiffness can be achieved
both by full restraints to the foundation or by frame action (Hoéglund, 2015).
Without proper bracing the load-bearing capacity will suffer. It is not just that
the system should take care of horizontal loads, also transversal loads can cause
instabilities and lateral torsional buckling of the primary system must be
prevented.

With regard to the Gerber system and the failure of it, described in chapters 2
and 5, the use of continuous roof sheeting creates a secondary stabilising system
that helps in carrying the loads. If this is to work correctly it is important that the
bracing function of the sheet is considered in the design.

One example of the stabilising system not working correctly is if a structure has
purlins as the secondary system but with the wind bracings placed too far apart.
The roof sheet between wind bracing trusses will succumb to the horizontal load
thus moving the purlins in the direction of the load i.e. parallel to the length of
the purlins, meaning that the purlins no longer support the primary system
against lateral torsional buckling (Johansson et al., 2011). In the end this will
affect the load-carrying capacity of the system.

If instead roof sheeting is used to stabilise the primary system high in-plane
stiffness will provide adequate support to the main load-carrying system.
Keeping in mind that the slender sheets are rather flexible in the out-of-plane
direction, resulting in instability in the form of distortional buckling (Hoglund,
2015). Trapezoidal sheeting has a good in-plane capacity providing that the load
is static (Hoglund, 2015). This static load includes self-weight, snow load and
wind load.

6.1 Diaphragm Action

The type of building most commonly effected during the two snowy winters of
2009/2010 and 2010/2011 can be defined based on the investigations
performed by Boverket, see subchapter 2.2. It is one-storey buildings with long
spans and rather flat pitched roofs. The most common and economical way of
constructing these type of buildings is by utilising the diaphragm action of the
roof sheeting. Horizontal loads will be transferred to the roof and then through
the vertical wind bracing down to the foundation. If the stabilising action of the
sheeting is not utilised, the horizontal loads acting on the base of the columns
become much higher (Héglund, 2015).

This system gives a very efficient design, provided that the connections to the
primary load-bearing system have been designed properly and constructed
accordingly. This can be done either by mechanical fasteners or welding
(Hoglund, 2015).

34 CHALMERS, Civil and Environmental Engineering, Master’s Thesis BOMX02-16-107



For sheeting placed directly on the primary structure; the stresses in the edge
beams consist of a force couple, meaning that the shear flow along the sheet is
evenly distributed. This is calculated according to equation (6.1).

S=V/b (6.1)

S Shear flow per unit width [kN/m]
%4 Shear force [KN]
b Width of sheet [m]

Without edge beams the moments would be handled directly by the sheet. Using
purlins will not give an even flow due to the fact that the moment is not just
handled by the edge beams but also by all the purlins (Héglund, 2015).

The angle of the roof also plays an important part regarding the in-plane
capacity. A very high pitch will give the vertical load a force component in the
direction of the pitched roof, in-plane forces (Héglund, 2015). Meaning that the
capacity to carry horizontal loads will be less for a high pitched roof than for a
low pitched one. A problem that can be linked to this is when a roof is highly
deflected due to high snow loads (Hoglund, 2015). The roof might then also take
vertical loads in the plane of the roof, causing problems for the connectors in the
sheet. This can be disregarded in the case of the specific roof collapses since the
angle of the roof was very low.

6.1.1 Designing with Regard to Diaphragm Action

Design of the sheet includes calculating the moment, M, and shear force, V,
distributions along the sheet, checking the shear flow, S, in the sheet, the normal
force, N, in the edge beams, and the reaction forces in the gables, Rgable. These
flows and forces are calculated according to the equations (6.2), (6.3), and (6.4).

The moment is calculated as for an evenly distributed load. However, the
moment distribution would look somewhat different if the force from the top of
the columns acting on the sheet were considered point loads.

§=-=5_ e (6.2)
M qlL?

== 8L—b (6.3)

Rgapie = LI? (6.4)

S Shear flow per unit width [KN/m]

%4 Shear force distribution along the sheet [kN]

b Width of sheet [m]

q Load acting on the sheet, assuming equal distance between columns
[kN/m]

L Length of sheet [m]

Cpeam Distance between primary beams [m]

N Normal force in the edge beams [kN]

M Moment distribution along the sheet [kNm]

Rgapie Reaction force acting on the bracing in the gables [kN]
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Based on this the deformations can be calculated and buckling considered in
order to finally make sure that the forces between the sheeting and the primary
system are within limits.

Holes in the sheeting will interrupt the shear flow in the way that it increases
elsewhere and decreases around the holes. This must be regarded in design, e.g.
beams can be mounted around the opening to relive the stresses and carry the
self-weights and snow loads (Hoglund, 2015). Depending on the placement of the
hole, special shear flow calculations need to be adapted in design.

Deflection of the sheet depend mostly on the shear deformation of the sheet
(Hoglund, 2015). The biggest concern is the deformations in the connections to
the primary load-bearing system and the connections between two sheets.
Localised buckling at the support or lost capacity of the connectors in the splices
will result in a change of the moment distribution that the system might not be
able to compensate for. The deformation at the ends of the sheet has the largest
impact. This deformation depends on the thickness of the sheet, the height of the
profile, and if the sheet is connected to the beam at every profile bottom or every
other one.

According to SS-EN 1993-1-3, section 16. The influence of transversal loading
and shear flow do not need to be combined in design. However, the shear stress,
Tgq, due to diaphragm action needs to fulfil the following condition of equation
(6.5).

Tga < 0.25f,p /Y1 (6.5)

Tgq  Shear [MPa]
yym1  Partial factor

6.1.2 Connections with Regard to Stabilisation

Wind load on the walls of a building, is transferred through the columns to the
top where it acts on the edge beam which spreads the load to the sheet. The
connectors are therefore very important when transferring the loads, trough
shear, to the sheeting (Hoglund, 2015). The sheeting also needs to transfer the
shear flow between the separate sheets in order for the roof to fulfil its
stabilising function. The use of load insertion rods can help give a more even
distribution within the sheet (Hoglund, 2015).

In the splice the screws should not be attached in the bottom of the profile, but in
the web. This is to make sure that the sheet acts as continuous (Héglund, 2015).
A detailed drawing of the splice is shown in Figure 29 and the placement of the
screws can be seen in Figure 30.
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Figure 29: Detailed drawing of the splice. (Erik Andersson 2016)
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Figure 30: Detailed drawing of the placement of the screw in the sheet. (Erik Andersson 2016)

According to Torsten Hoglund, the joint should be designed with regard to
moment, shear force and support reactions.

The forces acting on the connection can be decided according to equation (6.6).

| M|
2a sin(y)

by (6.6)

v

Vertical force on the connectors [N]

Moment at the support without considering support width [Nm]
Length of cantilever [mm]

Angle of the web [°]

R Width of divided profile [mm]

SR x&

=y

If the connectors are only in every other bottom; the deformations will be even
larger (Hoglund, 2015). However, if the end of the sheeting is placed beyond the
beam to make the connections further from the end of the sheet, the
deformations and stresses will be smaller (Hoglund, 2015), about 30 % smaller.
Furthermore if the connection is both in the top and bottom of the profile the
deformations are noticeably smaller (Héglund, 2015).
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6.2 Reliability Class for a Stabilising System

Designing based on Eurocode means that the design method is based on
probability. Reliability classes are representing the probability of a load-bearing
system failing over a period of time (Johansson et al., 2011), these classes are
found in SS-EN 1990, see Table 2 on page 31 of this report. When calculating
according to Eurocode it is apparent that this risk exists but that it is rather
small. The values are used for adapting the calculations to specific buildings of
different classes.

When designing the sheet in ultimate limit state based on the partial coefficient
method; the design load is the product of the partial coefficient based on
reliability class, y4, and the characteristic load.

Normally a secondary load-carrying system is considered as being of reliability
class 2 according to Eurocode. But when it comes to secondary systems that are
also used to stabilise the structures then a higher reliability class is needed, both
the primary and secondary system will then be considered in class 3. (Crocetti et
al.,, 2011)

This thesis considers a typical one-storey high building with spans over 15 m,
where many people dwell, the primary load-bearing system should therefore be
designed in reliability class 3 (Hoglund, 2015). The secondary system acts
stabilising and with high consequences of failure the coefficient becomes the
same as for the primary system: y; = 1.0. Meaning that the sheet must be
designed in class 3 for diaphragm action but for transversal loading it can still be
of the lower classes 1 or 2; making the coefficient smaller.

6.3 Preventing Progressive Collapse

The new design codes, EKS 10, state that the continuous system considered in
this thesis must be designed to fulfil its function even after the collapse of one
span i.e. progressive collapse must be prevented. Meaning that for buildings in
reliability class 2 and 3, there is a maximum limit for the size of the collapsed
area (Boverket, 2015). It is further described how the stiffness of the joint effects
the moment distribution, causing higher moments than anticipated in the area
surrounding the first collapse. This would lead to buckling of the sheet and the
area losing its capacity; the collapse would thereby progress.

In design one must assume that the sheet will collapse in one span. The size is
half the distance between the ridge and the eave, but with 10 m as a maximum
length12.

Progressive collapse from failure of the sheeting can be studied in SS-EN 1991-1-
7. The design loads should be taken as exceptional which gives a tension capacity
large enough to handle the connection, no matter what load-bearing system the
sheeting is defined as (Hoglund, 2015).

12 Bjorn Mattsson, Boverket 2016-02-09
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Secondary systems like purlins and sheets are most often designed as continuous
over multiple spans. The connections are thoroughly detailed to optimise the use
of material and the capacity. If yielding occurs the moment will redistribute and
allow for the system to still carry higher loads. If snow was to accumulate to an
area of the roof, it would cause an uneven load distribution and more than just
the specific area would be affected (Johansson etal., 2011).

In an area where there is a risk of snow accumulation the designer can choose to
make the specific part of the roof into a separate section, no longer continuous.
This will limit the affected area. It might be a more expensive way of design and
to construct, but still safer with regard to progressive collapse (Johansson et al.,
2011). Another advantage listed regarding not having continuous spans is that
the deflection will be larger. This contradicts what has mentioned before in
chapter 5 about the advantages with continuous spans, but it makes it easier to
detect the deformation if it is larger. Thereby measures can be taken earlier to
avoid failure due to heavier loads than anticipated. The static system however
needs to be design with the loss of the stabilising secondary system in mind
(Johansson et al.,, 2011).
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7 Process of the Analytical and Numerical Modelling

Based on the literature study presented in the previous chapters of this thesis,
the work was delimited to focusing on the splice of the sheeting. According to the
theoretical design model the splice behaves like a hinge, i.e. it does not transfer
moments. When considering the way, the sheets are actually connected to each
other, in order to make a continuous roof sheeting, it would be unlikely that the
splice shows no stiffness. It is therefore assumed that the splice does not behave
like a hinge but that it will have a moment capacity.

This chapter describe the simplifications, assumptions and design steps made in
the master’s thesis.

7.1  Purpose of the Method

The method used in this study aims to describe the behaviour of a continuous
sheet designed according to the Gerber system.

Looking at a general continuous beam over multiple spans; the moment
distribution differs depending on if the load is evenly or unevenly distributed.
The location of the zero-moment changes, see the mid-span of Figure 31. When,
on the other hand, splices are included in the design the system is made statically
determined, this is the advantage of the Gerber system in theory. Hinges in the
mid-span will not transfer any moment but joints with stiffness will.

Moment Distribution with Continuous Sheet
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Figure 31: The circles illustrate the theoretical movement of zero-moment with evenly- and

unevenly distributed load for a continuous sheet.

Numerical models were computed in order to capture the real behaviour of the
splice. Then the rotational stiffness of joint was derived, and finally the
behaviour of a continuous steel sheet designed according to the Gerber system
could be analysed. This final analysis is made to illustrate the effects of including
a rotational stiffness in the splice when the snow load is no longer evenly
distributed.
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7.2

The TRP Sheet Used in the Analysis

The profile analysed in this work is the LHP 200 seen in Figure 32. From the
literature study it was evident that this profile was found in many of the cases of
collapsed roofs constructed with steel sheeting and the Gerber system. An
AutoCAD-drawing given by Lindab was used for the more specific geometries
when calculating and modelling the behaviour of the sheet, see APPENDIX A.

580 , 220
i 444 i ‘ ‘
y [\ \ [ \/
j \ /
/ \ [
5 .'/ \\\ .'/
/ \ /
/ N /
s 1 \
iloiefi N cof e of
—75 |
800 ‘
Figure 32: LHP 200 profile received from Lindab [mm]. (Authors, 2016)

The material data is defined in Table 3 and the full geometry is found in

APPENDIX B, chapter 1.

Table 3: Steel properties used in the analysis. (Authors, 2016)
Steel properties Value/Unit
Yield strength, fy» 420 MPa
Modulus of elasticity, E 210 000 N/mm?
Poisson’s ratio in elastic stage, v 0.3
Plastic strain, &, 0.086
Thickness of the sheet, t 1.25 mm

7.3 Numerical Modelling of the Sheet

In order to fully understand the joint’s effect on the behaviour, the sheet is
analysed using the FE-program Abaqus/CAE 6.13-3. Creating an advanced FE-
model requires simplifications and in order to confirm the credibility of the
results these simplifications need to be verified.
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In this study three different numerical models were created in order to validate
the results:

e Shell element models

e Solid element models

e Beam element models

The first one was a simplified model with 3D shell elements, see Figure 33 . It
was used to run an elastic analysis and to verify specific simplifications. The
second one was a more detailed solid element model. This one was used for both
elastic and plastic analysis, see Figure 34, and a stiffness in the joint could be
calculated based on these results. The final model was a beam element model
used to analyse the global behaviour of the continuous sheeting over multiple
spans, when the stiffness of the joint is included in the design, see Figure 35. The
final model is designed as a Real Gerber system.

Figure 33: Shell element model, 3D (Authors, 2016)

Figure 34: Solid element model, 3D (Authors, 2016)

Figure 35: Beam element model, 3D (Authors, 2016)
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7.3.1 Parts and Their Interaction

The geometries used in the numerical models correlate with subchapter 7.2. The
in-data was however adapted to make more efficient models.

The most important simplifications are with regard to:
e The transversal grooves of the top flange
e The connectors
e The interaction of the two sheets in the splice

Here follows a more detailed description of these simplifications and how they
were confirmed to be reasonable.

The top flange of the profile has transversal grooves all along the length of the
sheet, but in Abaqus the flanges are modelled as flat with only longitudinal
grooves. The difference can be seen in Figure 36. Including the transversal
grooves made the splice difficult to compute and to mesh. The simplification was
confirmed by modelling a single sheet with transversal grooves and one without,
and comparing the results, see Figure 37 and Figure 38. It is evident that the
transversal grooves help in handling the stresses in a way that the flat flange
does not, it instead resulted in a distorted flange, visualised by comparing the
sheets in Figure 39 and Figure 40. The moment distribution along the two single
sheets did, however, correlate well. This can be seen in APPENDIX B, chapter 3.

All numerical models were therefore computed without transversal grooves.
With regard to this, the stress distributions studied in this report are taken from
the edge of the top flange. At this location the effect of disregarding the
transversal grooves is less evident in the stress distribution.

Figure 36: Models of the sheet. To the left is the model with transversal grooves and to the
right is the model with a flat top flange (Authors, 2016)
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Figure 37: Stress distribution, oy, for a sheet including transversal grooves in the top flange.
The result differs from a sheet without transversal grooves. (Authors, 2016)
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Figure 38: Stress distribution, ox, for a sheet without transversal grooves in the top flange.
The result differs from a sheet including transversal grooves. (Authors, 2016)
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Figure 39: Deformation in z-direction of a sheet including transversal grooves. (Authors,
2016)
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Figure 40: Deformation in z-direction of a sheet without transversal grooves. The distortion
of the top flange differs from that of a flange including transversal grooves.
(Authors, 2016)

In order to model the behaviour of the splice, the connectors need to be
considered. In reality these are screws with a 6.3 mm diameter, see subchapter
4.3.

The first simplified shell element model was made with ties in-between the holes
in the top and the bottom sheets of the splice. These restrains were created in
order to simulate the clamping effect of the screws. This however, resulted in
stress concentrations that were thought to affect the results in a negative matter.
By building a more advanced solid element model, including solid screws, the
analysis and the stress distribution was considered more consistent with real
connectors used in the roof structures. The model of the screws can be seen in
Figure 41. The placement of the connectors, according to Lindab, can be seen in
Figure 30 on page 38.

Figure 41: Solid screw model in Abaqus to simulate clamping effect. (Authors, 2016)

The function of the screws is that they transfer shear and help avoid peeling. The
problem with using solid screws is evident when looking at the connectors
placed in the grooves of the top flange. The faces of the screws need to be
connected to the faces of the sheet in order for them to interact. In the grooves
this is problematic due to the radius of the grooves. When Abaqus is running it
will only find nodes that are interacting, but it needs to find elements that can
interact. The solid screws would have to be of a different size and shape for them
to fit in the grooves and this is complicated to model and as well does not
correlate with the screws used according to Lindab.
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Considering the fact that the analysis of the sheet itself is elastic, the capacity of
the sheet is not considered in the solid element model and therefore the grooves
are less important at this stage. Moving the screws to the top flange, see Figure
42, is a simplification that will help Abaqus in analysing the model and it means
no difference in the screws’ function.
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Figure 42: Changing the placement of the screws from the grooves to the top flange. (Authors,
2016)

See Figure 43 and Figure 44 for the shell element model and solid element model
respectively.
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&

Figure 43: Location of the holes in the grooves in the top flange, shell element model. The
edge of the hole is where the tie is created. (Authors, 2016)

Figure 44: Location of the holes in the top flange, solid element model. The circle around the
hole is the surface that the screw is interacted to. (Authors, 2016)
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The models also include interactions in-between the faces of the splice, which
constrains the degrees of freedom between the two separate sheets. In the
simplified shell element model, the interaction has the properties of Frictionless
in the tangential direction and Hard Contact in the normal direction. The first
means that the parts are permitted to slide along each other without friction. The
second property makes each part dependent on the other’s deformations i.e. it
eliminates the risk of the geometries intersecting.

For the solid element model on the other hand, the property of Frictionless made
the analysis difficult to converge. Instead a friction coefficient, u; = 0.3, was used
in the tangential direction. The value is for static friction in-between two steel
material surfaces when a movement of parts would occur. Considering the actual
sheets with transversal grooves that lock to each other when connected, a
friction is reasonable.

These simplifications were thereby confirmed and the stiffness of the joint could
be derived. It was then used in the analysis of the behaviour of the sheeting
designed with the Gerber system.

The beam element model, compared to the shell element and the solid element
models, was not computed with an overlap. Instead, the interaction was made
with couplings in-between the edges of the sheets. These prevented translations
in the x-, y-, and z-direction as well as rotation around the x- and z-axis. The
modelled splice was thereby free to rotate around the y-axis, but with a stiffness
of the joint in the form of added spring features. The rotational stiffness, K,,; =
415500 Nmm/rad, was used based on the results from the analysis of the solid
element model.

The final beam element model was made with 3D beam elements and an
arbitrary profile giving the model its cross-sectional properties and material
orientation. Nevertheless, this model also required some simplifications. The
intended 2D analysis cannot be performed on arbitrary profiles in Abaqus. The
boundary conditions were therefore chosen to give 2D results from a 3D
analysis, meaning deflections in the y-direction and stresses in the x-direction.
More about the boundary conditions can be read in subchapter 7.3.2.

7.3.2 Boundary Conditions

When it comes to the boundary conditions some assumptions have been made to
simulate the real behaviour of the sheet. The actual roof sheeting is continuous
over multiple spans and it is extended in the transvers direction by the
connection of multiple sections. In the FE-models this is represented in different
ways depending on the model.

In the simplified shell element model, the analysis was made on a sheet with

three sections in the transversal direction, see Figure 33. The results show that
the behaviour of each section differs depending on if the longitudinal edges are
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free or not, see Figure 45. It can be assumed that the centre section behaves the
most similar to the multiple-sheeting used in construction.

Figure 45: Deformation in z-direction in the shell element model illustrates the different
behaviour of each section. The section in the middle is considered the most
appropriate for the analysis. (Authors, 2016)

With this in mind, the solid element model was made with only one section but
with a symmetry condition applied along both longitudinal edges of the sheet; in
order to better simulate the real continuity along the width of the sheeting. This
boundary condition did not allow for translation in the y-direction nor rotation
around the x- and z-axis, according to Figure 46.
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Figure 46: Y-axis symmetry lines at each longitudinal edge of the solid element model.
(Authors, 2016)

Regarding the supports, the sheet is considered simply supported. This is
simulated in shell element and solid element models by creating a pinned and a
rolling boundary condition respectively. As it can be seen in Figure 47, the
pinned support on the left-hand side is modelled as locked in the x-, y-, and z-
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direction, but free to rotate around all axes. The rolling support on the right-
hand side is only locked in the z-direction.
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Figure 47: Illustration of the type of boundary condition at the supports for the shell element
and the solid element models. (Authors, 2016)

The same goes for the beam element model, but concerning three spans instead
of one, see Figure 48. The splices were placed in the mid-span. Symmetry was
implemented but here with the intention of making the 3D model behave like a
2D beam. The symmetry line only allowed for translation in the x- and z-
direction as well as rotation around the y-axis.
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Figure 48: [llustration of the type of boundary condition at the supports for the beam element

models. (Authors, 2016)

7.3.3 Loads

This subchapter will present how the loads are applied in the different numerical
models.

One load case was used for the analysis of the shell element model and in the
comparison with the analytical stress distributions. The application of the load
can be seen in Figure 49. The figure includes the placement of the supports and
the loads. This specific load case was chosen in order for the splice, in the centre
of the span, to experience moment but no shear forces.
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Figure 49 Illustration of the locations for the boundary conditions and loads in the shell

element model. (Authors, 2016)
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To get as similar loading principle in Abaqus, the loads are modelled as
concentrated loads across the width of the sheet and applied with small
increments at a time.

In the simplified shell element model, the loads are placed at the edges of the
outer parts of the upper flange, see Figure 50. Having them act on the middle
part of the top flange gave an unreasonable behaviour of the sheet due to the fact
that the model was made with a flat top flange. The transversal grooves in the
actual sheet would take care of the imposed stresses, but the simplification can
still be considered valid as long as the loads are applied closer to the webs that
handle the shear. The assumption is then considered reasonable and the loads in
the solid element model are therefore applied in the same manner as for the
simplified shell element model but with a different length of the sheets, see
Figure 51. This change of length does not affect the analysis.

Figure 50 The concentrated loads in a row across the section in Abaqus (Authors, 2016)

1.0m

Figure 51: Load case for the solid element model. (Authors, 2016)

The beam element model was analysed with two different load cases, see Figure
52. The first load was evenly distributed and the second was unevenly
distributed, starting from zero at the left edge and increasing linearly towards
the right edge. These two options were developed in order to illustrate the
difference in the sheet’s behaviour with regard to the moment distribution when
a stiffness of the splice is included in the model. The length of the sheet is
different due to the fact that it should resemble the roof sheeting used in
practice.

The same load cases were also applied on a continuous sheet with altered

stiffness in the connections. The aim was to show the changes in moment
distribution when the splices are acting like hinges compared to stiffer joints.
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Figure 52: The two different load cases for the beam element model. First one, evenly
distributed load and the second one with unevenly distributed load. (Authors,
2016)

7.3.4 Meshing of the Models

Refined meshes have been created for all models and their quality was validated
by a convergence study. An optimal mesh is fine enough to generate good result
without taking too long to complete the analysis.

Due to the geometry of the TRP sheet the meshing was rather complicated,
especially around the holes and in the grooves. The method varied a bit
depending on the model.

7.3.4.1 Mesh of the Shell Element Model

To establish an approved mesh; both face partitions and edge seeds have been
customary applied on the model.

Each of the two connected sheets was partitioned into three part instances. The
first defining the splice, which was in need of a finer mesh with regard to the
holes. The second, outer part was meshed with larger global seeds. The mesh of
the part instance in-between the two previously mentioned was made to
translate the outer mesh size of 50 to the splice mesh size of 10. The partitions
can be seen in Figure 53.
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Figure 53: Shell element model including partitions of the part instances. (Authors, 2016)

To avoid stress concentrations around the holes, the meshing needed to be made
more detailed in these areas. Square face partitions were constructed around the
holes in order to achieve this. Local edge seeds were applied to create a better
quality of the mesh.

In the grooves, where the mesh was the most difficult to compute, the local edge
seeding was important in order to avoid distorted elements.

The element shape was quad for the entire model, but the technique to mesh was
different depending on the partitioned part. Most of the meshes in the model
were made structured but some critical faces needed a free mesh. Free elements
are created more flexibly and do not work with a pre-established mesh pattern.
In critical parts, like the ones in the splice, the model cannot create a mesh based
on strict patterns.

7.3.4.2 Mesh of the Solid Element Model

In the solid element model, the properties of the elements demand that the
partitions are swept through the whole thickness of the sheets, making the
model more complicated to mesh. In general; the solid element model needed
more cells partitioned in order to create a high quality mesh without distorted
elements.

This model was only partitioned into two part instances with a global element

size of 10. See Figure 54. Local edge seeding was also applied where it was
necessary.
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Figure 54: Solid element model including partitions of the part instances (Authors, 2016)

Due to the placement of the screws, the holes in the grooves needed to be moved
onto the upper flange, as previously mentioned. This was not a change with
regard to the quality of the mesh but rather to create better surfaces for the
screw-to-sheet interactions. A partitioned circle around the hole helped to
connect the surfaces by restricting the areas of interaction.

The element shape in this model was 3D hex, which correlates with the 2D quad
shape used in the shell element model. Tetra shaped elements could have been a
suitable option since these are created more freely, but they require a finer
mesh, which would extend the time needed to complete the analysis.

The meshing technique used was mostly sweep, but in the critical parts of the
splice it was structured. The sweeping technic implies that Abaqus chooses a face
to mesh which becomes the source-side; this mesh is then swept all through the
model. If a region is too complicated to be swept, Abaqus will request these
elements to be structured.

7.3.4.3 Mesh of the Beam Element Model

The meshing of a beam element model is very simple. The beam is constructed
with only a length in the x-direction and then given cross-sectional properties.
All the difficulties regarding the geometry are therefore avoided. This is one of
the advantages with performing the analysis on a beam element model.

7.3.4.4 Convergence Study to Verify the Meshes

To verify the quality of the mesh a convergence study was performed on the
solid element model with plastic material property, three different element sizes
were compared.

The three meshes were of element size: 10, 15, and 30 mm. See Figure 55, Figure
56, and Figure 57. The first model was uniformly meshed with a global element
size of 10 and with a more detailed local edge seeding around the holes. The
other two mesh sizes were modelled in a somewhat different manner. More cell
partition along the width were created as well as the utilisation of part instance
in order to translate the outer mesh sizes of 15 or 30 to the splice mesh size of
10.
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The different mesh element sizes were plotted in a graph to illustrate the change
in deflection when the applied load increased. This helped to analysis the quality
of the meshes further, see Figure 58.

Convergence Study
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Figure 58: Convergence study illustrated in a graph of the different mesh element sizes and

also compared to the shell element model with elastic material property. (Authors,
2016)

It can be seen in Figure 58 that the curves have different shapes and end at
different deflections and applied loads. This can be explained by the total applied
load being different for the three meshes. Nevertheless, this does not matter for
the convergence study since it is the shape of the curves that is important.

Looking closer at the curves, Figure 59 illustrates how the solid element models
with plastic material properties display the same behaviour. The shape of the
curves for the models with element size 10 and 15 follow the same curving. The
model with an element size of 30 displays a different behaviour. The latter mesh
is for that reason considered poor quality.

It was also observed that the element sizes of 10 and 15 from the solid plastic
element models follow the same curved shape as the solid element model with

elastic material properties. This further confirms the quality of the meshes and
validates the choice of mesh size 10.
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Convergence Study
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Figure 59: Convergence study in a more detailed view. (Authors, 2016)

To show that the convergence study is valid no matter the location of the point
chosen for the measured deflection; different points along the width of the sheet
were analysed. A similar shape of the curve could be observed for all points
analysed, Figure 60, thus confirming the study.
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Figure 60: Convergence study at different points in the solid element model with plastic

material property with the element size of 10. (Authors, 2016)

56 CHALMERS, Civil and Environmental Engineering, Master’s Thesis BOMX02-16-107



7.4  Analytical Modelling of the Sheet

In order to analyse the roof system one first needs to understand what happens
when a TRP sheet is loaded, more specifically how the splice behaves. Analytical
calculations help in describing this behaviour but the method also aims to
validate the numerical models.

The geometry of the sheet was based on measurements given by Lindab and the
calculation methods were based on Eurocodes together with EKS 10. Separate
calculations for the shell element model, the solid element models and the beam
element model were performed. The calculations were used to validate the FE-
models described in subchapter 7.3 and the results are found in chapter 8.
Comparisons were also made with regard to the cross-sectional data presented
by Lindab.

First of all, the shape of the sheet must be considered with regard to the rounded
corners of the cross-section, according to SS-EN 1993-1-3. The condition applied
to the corners at the grooves and in-between the web and the flanges.

In order to analyse the behaviour of the splice, it was important to look at the
deflections and the stresses in the loaded sheet. The grooves and folds are
critical for the capacity of the sheet according to the literature study. This does
however not concern the splice. This study was meant to derive a rotational
stiffness from the deflection of the sheet and therefore the analysis of the cross-
section was elastic while the splice still needed to be considered for its plastic
behaviour.

The shell element model and the solid element models are of one span and were
calculated as simply supported. The joint placed in the centre of the span was not
considered. Due to the fact that these types of numerical models better show
results of stresses than moment distribution, stress distributions were presented
as the analytical results.

The solid element model includes solid screws. The design resistance for self-
tapping screws was calculated according to SS-EN 1993-1-3 Table 8.2.

The stiffness of the sheet was calculated as a function of each load increment and
the corresponding deflection it gave. When increasing the load, each measured
deflection equals a certain change in rotation.

My = Kyt " ¢ (7.1)
Mref = Mgq(x) (7.2)

M, Moment in the joint [KNm]

K., Rotational stiffness [kNm/rad]

Q Angle of the sheet [rad]

M,.; Reference moment corresponding to the applied moment [KNm]
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The plastic stiffness of the joint describes its full behaviour. The analysis was
made under the assumption that it is the joint that fails and that the sheet itself
still behaved elastically.

The beam element model was calculated for three spans with two joints placed
in the mid-span. It was considered statically determined in accordance with the
theory of the Gerber system. Meaning that the support moments were defined
based on the location of the joints. The stiffness is not included in the analytical
model. Two different cases were calculated; one assuming continuity and the
other assuming the behaviour of a hinge. To clarify the support moments were in
both cases defined based on a statically determined system.

The resulting deflection and moment distribution are presented and analysed in
chapter 9.
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8 Verification and Analysis of Analytical and

Numerical Models

From the literature study it can be concluded that a Gerber system, in theory, is
made by placing hinges at the location of the zero-moment. The hinges will not
transfer any moments and the whole system then becomes statically determined
(Hoglund & Johansson, 2015).

Itis clear from the investigations performed by Boverket with regard to the
collapsed roof, that the joints actually will carry small moments. The behaviour
of the sheet in reality is not correlating with assumptions made in the design.
When the load is no longer evenly distributed the applied moment should no
longer be zero at the location of the splice. The consequence of the moment being
transferred is that it can cause a moment redistribution which might exceed the
capacity of the sheet.

Based on this analyse; the capacity of a thin steel sheet roof constructed using
the Gerber system should consider the rotational stiffness of the joint. In order to
describe this stiffness, the numerical and analytical models have been analysed
and verified. The results and comparison can be found in the following sub-
chapters.

8.1 Stresses in a Thin Steel Sheet

The stresses in the sheeting have been analysed according to the longitudinal
distribution as well as the cross-sectional. All models have been validated by
comparing the retrieved results from Abaqus with calculated stresses based on
the applied load.

First of all, the applied load is compared to the reaction forces and the reaction
moments, see Table 4 and Table 5. The correspondence is considered very well.

Table 4: Reaction forces at the left (A) and right (B) support, calculated values compared
to values retrieved from Abaqus. (Authors, 2016)
Ra Rp
[kN] [kN]
Model Calc. Abaqus | Ratio Calc. Abaqus | Ratio
Shell 0.6 0.6 1.0 0.6 0.6 1.0
Solid Elastic 0.72 0.72 1.0 0.72 0.72 1.0
Solid Plastic 1.236 1.234 | 1.002 1.236 1.234 | 1.002
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Table 5: Moment applied compare to the section moment retrieved from Abaqus models at
the same x-coordinate. (Authors, 2016)

Model [I:INI::] Ivﬁll\:‘:]us Ratio
Shell 1.74 1.741 0.999
Solid Elastic 0.72 0.728 0.989
Solid Plastic 1.236 1.259 0.982

When comparing the reaction forces it was evident that the models behave
according to the design. The moments are affected by the splice and this affects
the distribution and ratio.

To verify the credibility of the numerical models the stress and moment
distributions have been compiled. The stress distribution in the longitudinal x-
direction can be seen in Figure 61 and Figure 62 and the calculated values are
included in the graph.

o, in top flange
15

o, [MPa]

-45
Length of the sheets [m]

Shell = = =Calculated Solid (Plastic) Solid (Elastic)

Figure 61: Longitudinal stresses, ox, in the smaller upper flange compared between different
models and calculated values. (Authors, 2016)
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o, [MPa]

Figure 62:

The stresses in the cross-section correlate better in the left sheet than in the

o, in bottom flange

Solid (Elastic)

-10

Length of the sheets [m]

Solid (Plastic)

Shell = = = Calculated

Longitudinal stresses, oy, in the bottom flange compared between different models
and calculated values. (Authors, 2016)

right sheet. APPENDIX B includes the comparison. In the splice however, the left
sheet displays a stress distribution that is very irregular, seen in Figure 61 and

Figure 62. The splice was assembled with the left sheet underneath the right

sheet.

In order to compare the stress distribution of the cross-section the analytical and
numerical models are compared in Table 6. A contributing factor for the
difference in results was the moment of inertia. The calculations were based on

the reduction of entities with regard to rounded corners; the values Abaqus

calculates were larger, see Table 7.

Table 6: Stresses in the cross-section of the sheet [MPa]. The z-coordinates are taken at: the
top of the top flange, zf..0. ; the bottom of the top flange, zf..u ; the top of the bottom
flange, zfu.0 ; and at the bottom of the bottom flange, zfu.u. (Authors, 2016)
Shell Solid Elastic Solid Plastic
Ocalc O4b Ratio | 0&caic oap | Ratio | Ocac osp | Ratio
Zfo.o -4.44 | -4.77 0.93 -5.68 | -4.88 @ 1.16 | -9.75 | -9.43  1.03
Zfo.u -4.34 -4.43 0.98 -5.54  -4.98 1.11 -9.51 | -6.63 @ 1.43
Zfu.o 11.50 @ 12.72 0.90 | 16.24 16.67 | 097 | 27.88 | 30.57 | 091
Zfu.u 11.60 | 12.31 0.94 16.38  16.49 @ 0.99 | 28.12  28.20 @ 1.00
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Table 7: Section modulus for the different models; calculated with regard to rounded
corners, calculated with sharp corners, and values retrieved from Abaqus based on
the moment and stress in that specific cross-section. (Authors, 2016)

Wei Wel.sc Wab Ratio Ratio

Model [mm3] [mm3] [mm3] Wel /WAb Wel.sc /WAb
Shell 3.918e5 4.093e5 3.652e5 1.073 1.121
Solid Elastic 1.267€5 1.324e5 1.497¢5 0.846 0.884
Solid Plastic 1.267e5 1.324e5 1.336€5 0.948 0.991

The section modulus of the plastic solid element model correlates the best with
the calculated values. Disregarding the rounded corners makes it even better.
The values are compared in APPENDIX B, chapter 13. The beam element model
was therefore calculated for entities with sharp corners, in order to better
compare the numerical and the analytical models. These calculations are found
in APPENDIX B, chapter 10 and 11.

8.1.1 Stress in the Solid Element Model

The solid element model was the basis of the stiffness in the joint and validating
it was fundamental if any conclusion regarding the joint was to be made.
Therefore, the stresses in the model were studied more thoroughly.

The capacity of the splice could be analysed with regard to von Mises stresses,
see Figure 63. When yielding in the splice first occurs; the stresses in the rest of
the sheet were in fact very much smaller than the capacity of the sheet according
to Lindab, see chapter 2 in APPENDIX B. It was the sheet around the holes in the
top flange and the webs that experienced the highest stresses. The grey areas in
Figure 64 represent the breached capacity. The stresses in the grooves were also
larger than the fy».
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Figure 63: Von Mises stresses in the plastic solid element model (Authors, 2016)
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Figure 64: Von Mises stresses in the splice in the plastic solid element model. The gray
areas around the holes and in the grooves indicate yielding. (Authors, 2016)

The grooves in the top flange displayed tension, which does not correlate with
the assumed stress distribution of the cross-section. The moments however
correlated. The literature study refers to the capacity of the stiffeners being the
decisive factor in design. The stress distribution in the grooves along the length
of the sheeting is shown in Figure 65. Considering the fact that the top sheet of
the splice pressed down on a flat top flange where the transversal grooves were
disregarded, the pressure was not handled by the flange in the same manner as it
realistically would have been. The grooves helped in compensating for this. The
graph displays the previously mentioned stress concentrations caused by the
interaction applied to the surfaces of the two sheets, which in similar manner
affected the grooves.

o, in the Groove in the Top Flange
350
300
250
200
150
100

o, [MPa]

50
0 -

-2 -1,2 -0,4 0,4 1,2 2
-50

-100

Length of the sheets [m]
Left sheet

Right sheet

Figure 65: Graph of the longitudinal stress, oy, in the groove of the top flange in the solid
element model with plastic material property. (Authors, 2016)
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The stresses in the longitudinal x-direction were close to zero at the edges of the
sheets. This correlates with the design. The stress in the longitudinal direction of
the sheet should be zero at the locations where the moment is zero, i.e. the edges
of the sheeting and in the hinge, in accordance with the theory of the Gerber
system in chapter 5.

The stresses in the vertical z-direction in Figure 66, affected the sheet around the
areas of the reaction forces at the supports and the applied load. These stresses
were however very small. In the splice, on the other hand, the stresses were
much higher. The screws in the web are transferring shear, according to
subchapter 6.1.2 on page 36.

5, 522

(Avg: 75%)
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-4.D5Ba+D2
-S.171e+D2

Figure 66: Vertical stresses around the holes in the web in the plastic solid element model.
The darkest blue indicates the highest compressional stress of 405.8 MPa.
(Authors, 2016)

Stresses in the transversal y-direction, Figure 67, were most noticeable around
the connectors in the flange. These are the screws that were moved from their
original location in the grooves according to subchapter 7.3.1 on page 43.

+5.155=+0D2
+4.101e+D2
+1.4Dde+D2
+2.507e+D2
+ +1.605e+02
+7.119«+D1
-1.B5de+D1

-5.57De+02

Figure 67: Transversal stresses around the holes in the top flange in the plastic solid element
model. The darkest blue indicates the highest compressional stress of 557 MPa.
(Authors, 2016)

The connectors, in both cases, created compression on the sheet where the
surfaces were constrained. While in-between the sheets in the splice, where
there was no constraint, tension was observed. This correlates well with the
clamping effect the screws were made to generate.

8.2 Deformation of a Thin Steel Sheet

The way the solid element and shell element models have been computed with
interaction in-between the surfaces of the splice and with screws and ties
respectively, the behaviour of the splice was not that of a hinge. If it on the other
hand had been; the deflection would instantly be very large as soon as the load
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was applied, considering the load cases in Figure 49 and Figure 51. There was
evidently a stiffness in the joint.

The measured deflections in the FE-analysis differed depending on what type of
model is considered, see Figure 68. The shell element model displayed an elastic
behaviour; the deflection increases linearly with the increased load. This model
did not capture the behaviour of the joint very well.

Deflection in the Center of the Sheet
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Solid, plastic, Mesh size 10
-------- Solid, elastic, Mesh size 10
Figure 68: Comparing the deflection in order to visualize the linear and non-linear behaviour

of the different numerical models. (Authors, 2016)

Considering the solid element model and its elastic analysis; it was apparent that
the deformation of the sheet displayed a non-linear behaviour. Therefore, the
solid element model was also analysed based on its plastic behaviour by
including the yield strength of the material. The fact that the curves for the
elastic and plastic analyses correlate indicates that the non-linear behaviour of
the sheet was not due to plasticity but rather due to friction, yielding, or bearing
failure in the splice. The conclusion is that an elastic analysis of the sheet was
sufficient when performing the analysis. The stiffness of the joint, on the other
hand, should be modelled with plastic behaviour in order to better describe the
splice and the connectors.

An analysis of the screws was made in order to see if these may have caused the
non-linear behaviour. Figure 69 shows the location of the screws on the left-
hand side and on the right-hand side the black line indicates where the forces
were retrieved.
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Figure 69:

location where the forces are retrieved. (Authors, 2016)

In Table 8 the capacity of the screws is presented and in Table 9 the forces in the

On the left-hand side: The location of the screws. On the right-hand side: The

screws and the comparison with the capacities are presented. These values are
based on APPENDIX B, chapter 8 and 12.

Table 8: The calculated capacity of the screws. (Authors, 2016)
Shear capacity | Tension Bearing | Pull-through
resistance | resistance resistance
[kN] [kN] [kN] [kN]
7.84 9.8 3.772 6.72

As can be seen in Table 9 the normal forces in screw 2 and 3 exceeds the tension
and pull-through resistances. Since this only occurs in these two screws the
impact of this is not considered crucial for the analysis. Even though, it set the
limit for the allowed percentage of the applied load causing failure in the
numerical model, it was in fact only notice in the screws that where moved from
their original locations.

Table 9: Forces in the screws and compared to the calculated capacity. (Authors, 2016)
Shear | Utilisation | Utilisation Normal | Utilisation | Utilisation
force Shear Bearing force Tension Pull-through

Screw [kN] Capacity Resistance [kN] Resistance | Resistance

1 0.344e3 | 0.04 0.035 | 2.412¢3 0.64 0.36

2 -0.472e3 | 0.06 0.048 | 12.45e3 3.30 1.85

3 -0.511e3 |  0.07 0.052 12.36¢3 3.28 1.84

4 0.101e3 | 0.01 0.010 | -1.941e3 0.52 0.29

5 0.178e3 | 0.02 0.018 | .1.758e3 0.47 0.26

6 0.168e3 | 0.02 0.017 1.832e3 0.49 0.27

7 0.886e3 | 0.11 0.090 1.746€3 0.46 0.26
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9 Rotational Stiffness in the Joint

This thesis aims to describe the behaviour of the joint in a trapezoidal steel
sheeting, TRP, constructed according to the Gerber system design. By inserting
the plastic behaviour of the rotational stiffness into a numerical study of a
continuous sheet, the behaviour of the system can be described more accurately.

This chapter presents the calculated rotational stiffness in the joint as well as the
results from the FE-analysis of the beam element model with the specific
stiffness applied at the location of the splices in the mid-span.

9.1 Calculated Rotational Stiffness

The stiffness of a joint varies according to whether it acts like a hinge that cannot
transfer moments, or like a rigid joint where the behaviour is as if there was no
joint present at all. Then the joint would carry the full applied moment, Mrer.

The stiffness in this study was calculated from the plastic solid element model.
The total change of angle at the support, a;,¢, was calculated based on the
deflection with regard to the applied load, meaning that the increased load gave
an increased angle. The rotation in the joint due to the stiffness, ¢,,¢, was
retrieved by subtracting the deformation caused by the bending moment from
the total deformation. These calculations are found in APPENDIX B, chapter 9.

The maximum moment applied to the plastic analysis of the solid element model
gave the maximum rotational stiffness of the joint, K.

M,o; = 1.236 kNm
Ko = 4.155 % 10° Nmm/rad

The non-linear relation between increased load and deflection was captured in
the non-linear increment of the rotational angle of the joint, Figure 70.

Change of Rotation in the Joint due to
Increased Moment

0 2 4 6 8 10
Angle, @, [Deg]

Figure 70: The graph illustrating the non-linear behaviour between increased applied
moment and the increased angel in deflection. (Authors, 2016)
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9.2 Rotational Stiffness Included in the Design

With regard to the aim of this master’s thesis, the behaviour of a continuous TRP
sheet constructed with the Gerber system design was studied in a beam element
model computed with a rotational stiffness at the location of the joints. The
analysis showed a moment distribution which correlates well with the calculated
values. The same goes for the deformations when an evenly distributed load was
applied. The effects of the unevenly distributed load are presented in the
subchapters below.

From the literature study it was evident that an evenly distributed load causes
no problem to the sheet as long as the design of the sheeting meets the
requirements of the specific location where the building will be constructed.
Analysing the effect of unevenly distributed load and the behaviour with and
without splices gave a clear view of the effect of the stiffness in the joint.

9.2.1 Deformation in the Beam Element Model

The deformation of the TRP sheet was included in this analysis in order to
highlight the effects of unevenly distributed load on continuous sheeting with
splices. The magnitudes were calculated, and a comparison with the FE-models
gave the crucial differences in results that dictate the actual behaviour of the
joint.

With regard to the evenly distributed load, the behaviour of the sheet was
affected by the joints. The deflection according to the calculations and according
to the FE-analysis can be seen in Figure 71. The effects of including the rotational
stiffness in the numerical model showed that the behaviour correlated better
with the analytical model that assumed a hinge than with the numerical model
without splices. The latter is similar to a sheet with splices that act like rigid
joints. The difference between the analytical and numerical deformations with
regard to the sheets without splices can be explained by the fact that the
analytical values were calculated as statically determined and the numerical
graph acted statically indeterminate.
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Deflection with Evenly Distributed Load

Deflection [mm]

Length of the sheets [m]

Analytical with splices
Numerical with splices
Numerical without splices
= = = Analytical without splices

Figure 71: Deflection in the beam element model for evenly distributed load including

rotational stiffness in the splices and without compared to the calculated values.
(Authors, 2016)

The differences between evenly distributed load and unevenly distributed load
with splices can be seen in Figure 72. The graph shows that the numerical values
with evenly distributed load correlate well with the analytical ones, which is also
shown in Figure 71. The graph illustrates even further that the left and right
sheets act like independent cantilevers while the sheet placed in the middle part
behaves like a simply supported beam. The shape of the deflection curve of the
numerical analysis with unevenly distributed load is affected by both the

rotational stiffness and the unevenly distributed load according to previous
assumptions.

Deflection with Splices
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Figure 72: Deflections with numerical and analytical values. (Authors, 2016)

Besides, the numerical model including splices, see Figure 73, also shows the
numerical and analytical values when the splices are not included. Ones again it
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can be seen that the splices with rotational stiffness changes the behaviour of the
sheet.

Deflection with Unevenly Distributed Load
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Figure 73: Deflection in the beam element model with unevenly distributed load including

rotational stiffness in the splices and without compared to the analytical value
without splices. (Authors, 2016)

9.2.2 Moment Distribution in the Beam Element Model

The results of the moment distribution for the evenly distributed load are shown
in Figure 74. The unevenly distributed load is shown in Figure 75. Both graphs
are compared to the analytical values and show good correlation.

Moment with Evenly Distributed Load and
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Figure 74: Moment distribution in the beam element model with evenly

distributed load and with splices compared to analytical values. (Authors, 2016)
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Moment with Unevenly Distributed Load and
with Splices
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Figure 75: Moment distribution in the beam element model with unevenly distribution load

and with splices compared to analytical values. (Authors, 2016)

As mentioned in the literature study the Gerber system has no problem with
evenly distributed load. Because of that, the model with unevenly distributed
load was analysed more thoroughly. Figure 76 shows that the numerical analysis
with splices correlates well with both of the analytical values for unevenly
distributed load. However, the numerical values for the model without splices
differed from the calculated value. The reason for this was that the analytical was
calculated as a statically determined system and the numerical as a statically
indeterminate one.

Moment with Unevenly Distributed Load
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Figure 76: Moment distribution in the beam element model with unevenly distributed load,

both with and without splices. (Authors, 2016)

The results that can be seen in Figure 77 illustrate that the moment was zero at
the locations of the splices, no matter if the load was evenly or unevenly
distributed. Thus indicating that the splices behave like hinges that do not
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transfer moments. When analysing the graph more closely small differences
were detected, see Figure 78. Looking at the curves of the numerical models the
results indicate that the splice acts like a hinge. However, the location is not that
of the actual splice, indicated by the vertical line where the analytical model
crosses the x-axis. The joint was given a rotational stiffness and as a result it
transferred moments but the splice in the graph will still act like a hinge when
comparing evenly and unevenly distributed loading.

Moment Distribution with Splices
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Figure 77: Moment distributions with the numerical and analytical models with splices.
(Authors, 2016)
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Figure 78: The zoomed in graph illustrate the displacement of the joint between the

numerical models and the analytical one. The dotted vertical line indicates the
location of the joint in the analytical model. (Authors, 2016)
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The results from comparing the numerical model with no stiffness in the joint
and the numerical model with the calculated rotational stiffness, see Table 10,
showed very small deviations. The reason for the difference in the analytical
values is the way they were calculated based on a statically determined system.

Table 10: Maximum moment in fields and over supports compared between analytical and
numerical models. (Authors, 2016)

Mag Mp Mpc Mc Mcp
Model [kNm] [kNm] [kNm] [kNm] [kNm]
ﬁ'.‘a'yuca' Model with 0.741 6667 | 5554 | 8428 | 11.554
inge
Capacity According to 15160 | 20768 | 15.160 | 20.768 | 15.160
Lindab

Numerical Model with
Rotational Stiffness
Numerical Model with
Hinge

0.742 6.660 3.749 8.330 14.999

0.741 6.664 3.750 8.324 15.002

The size of the moment is almost constant when comparing the joint acting with
a rotational stiffness compared to it being modelled as a hinge. The moment
distribution in general changes very little and the rotational stiffness can
therefore be assumed to not contribute significantly to changing the moment
distribution.

However, a stiffness higher than the value derived from the plastic analysis of the
solid element model would in fact change the moment distribution, see Figure
79. The increased moment at support C, x=12 m, illustrates the effect of
increasing the rotational stiffness.
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Figure 79: Moment redistribution with increased rotational stiffness, unevenly distributed

load. (Authors, 2016)
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10 Discussion

The results of this master’s thesis illustrates how a rotational stiffness can be
derived from numerical and analytical models, and the effects of including this
specific stiffness in an analysis of the behaviour of the Gerber system.

This chapter aims to compare and discuss the study, the results, and the
limitations that come with the chosen methodology. It is also meant to put the
analysis back into the context from which it originated. Roofs collapsed and a
common denominator was the trapezoidal steel sheets designed using the
Gerber system. Whether or not a rotational stiffness in the joint can help in
explaining why the collapses occurred was the main goal of this thesis.

From the literature study it was evident that the unevenly distributed load was a
contributing factor to the collapses. The support moments became higher than
the design values and the sheeting failed. The question is if this was solely due to
the change in loads or if the moments were redistributed. The latter should not
be possible if the splices in the system were actually acting like hinges. However,
it was initially considered that this could not be the case due to the construction
of the splice.

The method of this study was chosen with this in mind, and focused upon
capturing the real behaviour of the sheet and more specifically the splice. The
resulting stiffness of the joint was validated but in the end it was considered too
low to effect the moment distribution noticeably.

10.1 The Choice of Method

Whether the method in question was the most suitable alternative to achieve the
purpose of the study is difficult to say. Assumptions were made but also verified
in order to create a realistic simplified model that could generate results. In
chapter 8 and 9 all results from the numerical study are compared to the
analytical results. The correlation is very good and therefore the numerical
methods were considered valid.

Numerical models were computed in order to first explain the behaviour of the
splice; shell and solid element models. The results showed that the solid element
model was able to capture the non-linearity in a better way than the shell
element model. The ties in the shell model locked the nodes in the holes while
the solid screws rather acted according to the clamping effect. Its constraints and
interactions were created in order to simulate the real behaviour of the splice,
including friction between the sheets and with connectors transferring shear,
making it a better choice of model.

Using constraints in-between the sheets could have given the joint a higher
stiffness then it would have had in reality. More likely however, is that it
simulated the actual interaction of the two sheets very well. For example, the
transversal grooves locking in-between the two sheets and the clamping effect of
the screws both act to constrain the splice in reality.
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The geometry of the sheet was simplified; a flat top flange and rounded corners
calculated according to Eurocode. The reason was to get better performing
numerical models when running the analysis in the program Abaqus. Making the
models too advanced would result in too long runtimes.

The effects of disregarding the transversal grooves in the top flange might result
in a change in the stability of the sheet, but with regard to the comparison of the
stresses in subchapter 7.3.1 and APPENDIX B chapter 3, the simplification was
considered valid. Since the analysis was made in the service state and the
rotational stiffness was derived from the deflection of the loaded sheet, it was
considered unaffected by the simplification.

The analytical models were used to verify the shell element and solid element
models. The calculations were based on entities that take into account the
rounded corners of the cross-section, according to Eurocode. Since the sharp
corner geometry gave a stress distribution that correlated better with Abaqus;
the calculations for the beam element model were made with assumed sharp
corners. However, by comparing the moments instead of the stresses, the effects
of the difference in entities could be disregarded.

The final numerical models were the beam element models. The advantage of
using beam elements was the simplicity of the model. The meshing was very
simple compared to the other models and the moment distribution could easily
be compared with the analytical model. By basing the stiffness in the joint on the
more advanced plastic analysis of the solid element model, the behaviour can
still be considered to capture the detailed behaviour of the splice.

In order to further verify the numerical models, it is suggested that the study
should be complemented with tests of LHP 200 sheets. The solid element model
is made to simulate two steel sheets joined together by a splice in the centre of
the span. An alternative to this would have been to compare the shell element
models with actual laboratory tests. Deformation controlled continuous loading
would better show the actual stiffness of the joint and more accurate values
could be derived. This was a limitation in the thesis and could be considered in
future studies.

10.2 The Credibility of the Results

The expected result was a rotational stiffness in the joint, which in some extent
would account for the moment redistribution that caused the roof collapses of
the investigated building. The analyses instead suggested that even though the
joint did transfer moment the derived rotational stiffness was not high enough to
be considered as anything but a hinge.

Since the method was believed to be relevant and appropriate for the type of
analysis this thesis aimed to perform; the results can, in general, be considered

valid.

Depending on the type of element model, different outputs were compared in
order to validate the results. For the shell element model and the solid element
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models the longitudinal stress distribution, ox, was compared to calculated
values based on beam theory. The analytical model did not consider the effects of
placing a hinge in the centre of the span, resulting in the differences in stress
distribution.

The beam element model was instead analysed based on its moment
distribution. This was thought as more relevant with regard to the aim of the
thesis. Comparing the moments instead of the stresses gave a better correlation
since the effect of the different sectional modulus used in the numerical and
analytical models could be disregarded.

When comparing the elastic and plastic analysis it was evident that the non-
linear behaviour did not depend on the plasticity in the sheet. The convergence
study showed that the two analyses gave the same behaviour with regard to
deformation of the sheet. It was therefore reasonable to assume that the sheet
does not display a plastic behaviour and that an elastic analysis of the beam
element model would be sufficient in order to capture the behaviour of the
loaded sheet.

Due to the yielding around the holes in the splice and in the grooves it was,
however, considered reasonable to assume that the splice behaves plastically.
With this in mind the rotational stiffness of the joint was derived from the plastic
analysis of the solid element model as a function of the deformation. Since it was
concluded that the non-linearity of the solid element model did not depend on
the plasticity of the model, it could have been reasonable to use elastic stiffness
instead. The difference was however small enough to be neglected.

The grooves of the upper flange set the limit for the capacity of the sheet,
according to the literature study. This was illustrated by the von Mises stresses
in the splice. The capacity of the sheet was reached in the splice and this was
presumed to be an effect of the stress concentrations due to the interaction of the
faces in the splice. The yielding around the holes indicated bearing failure and
this was believed to be the reason for failure of the numerical model.

In reality the connectors in the splice were assumed to only experience very
small or no moments. Therefore, the failure would be with regard to the capacity
of the sheet and not of the splice. This can be compared with the failures of the
examined roof collapses which were assumed to be caused by too high moments
at the support causing the formation of a mechanism.

The results from the solid element model showed that it was actually the tension
capacity of the screws that set the limit for this analysis. Since this model was
based on two applied point loads, there was no shear force in the middle of the
span. Having an evenly distributed load and placing the screws in the grooves
instead of the top flange would probably have given the expected result of shear
capacity breach in the form of bearing failure.

The capacity of the screws was calculated analytically and compared to the
numerical values. The two screws that breached their capacity were the ones
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moved from the grooves to the top flange. This change should, in theory, not
affect the behaviour of the sheet. They are only placed in the grooves in order to
make construction easier. The results from the numerical beam element model
showed very high von Mises stress at the location of these screws. This needs to
be further investigated in order to better describe the reason for the high
stresses. Because of the high stress in the y-direction, which was earlier
determined to be caused by the constraint of the surfaces, the numerical models
display yielding where a real sheet would not.

Also worth mentioning is the stresses in the splice. The numerical analysis
showed that the stresses in the top of the left sheet, which is placed underneath
the right sheet in the splice, are very much affected by the stress concentrations.
These are thought to be caused by the restraints of the splice due to the applied
interaction. This regards the solid element model but not the shell element
model. The latter displayed a more even distribution which is thought to be a
consequence of the shell element model only behaving linearly. The same stress
concentration was also found in the bottom of the sheet in the splice, which
confirms the theory.

The final results showed that the splice does behave like a joint that transfers
small moments in the centre of the splice. The rotational stiffness did however
not noticeably change the moment distribution of the sheeting. What was
disregarded in this study was the translational stiffness of the joint. The load
cases studied only gave the effect of the moment acting on the splice. This was
the basis of what was used as in-data in the beam element model and the results
of this thesis might have been more general if translational stiffness had also
been included. This indeed is suggested as further need of investigation in order
to improve the results of the analysis.
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11 Conclusion

The collapses during the winters of 2009/2010 and 2010/2011 lead to the
Gerber system design in roofs with trapezoidal steel sheeting being questioned.
It was deemed unsuitable for further usage. Based on a literature study, as well
as analytical and numerical models, this thesis aimed to contribute to the
explanation of why the behaviour of the sheeting differed from the design. The
focus of the analysis was on the moment distribution and the behaviour of the
sheets’ splicing in detail.

This chapter highlights the conclusions that could be made with regard to the
previously presented analysis. The results presented leave room for
improvements, not necessarily concerning the method itself but rather
complementing the study with further research and testing.

e The splices in continuous roof sheeting designed according to the Gerber
system do behave like a joint that transfers moment. However, the
rotational stiffness derived according to the chosen numerical method is
too small to affect the moment distribution noticeably. The conclusion is
therefore that the splices, in this case, act like a hinges.

e The method is relevant for the type of analysis performed. Numerical
models were compared and all assumptions have been validated.
However, simplifications were made in order to run the analysis, and this
is the weakness of the chosen method. Still the presented results do
correlate with the theory of the literature study and this indicates that the
models actually do help in describing the behaviour of the joint more
realistically. Thus, confirming the method.

e Looking at a higher rotational stiffness in the joint, see Figure 79 on page
75, it would correlate with the assumptions made in accordance with the
literature study. It states that unevenly distributed load acting on a sheet
with rotational stiffness in the joints would cause a moment
redistribution, resulting in higher support moments. This might be a
contributing factor to the roof collapses but further research is needed
before any final conclusions can be made about its effects.

The result of this thesis might still help in understanding the behaviour of the
continuous Gerber system designed sheeting. A better understanding might be
the key to proceeding with the specific design of trapezoidal steel sheeting in the
future. It is a cost efficient system that utilises the material in a cost efficient way
and continuing to build with it is therefore desirable.

11.1 Suggested Further Investigations

The calculated stiffness should be updated with a translational stiffness and then
adapted to the analysis of the specific case of roof collapse in order to better
describe the behaviour of the sheet. This can be done with more advanced
numerical models or by tests of actual steel sheets in a laboratory.

A more advanced numerical model could include transversal grooves in the top
flange and screws placed according to the construction plans.
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New design codes have been adapted since the roofs were constructed and the
effects of these have not been studied in this thesis. Progressive collapse must be
avoided in the design phase and new restrictions with regard to the exposure
factor have been added. Also new recommendations when testing the capacity of
the sheets have been issued. This will help in avoiding the type of roof collapses
that happened during the snowy winters of 2009/2010 and 2010/2011. It would
therefore be interesting to compare the studied collapses with the regulations of
the current design code.
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Gerber Splicing in Thin Steel Sheeting of

Roofs
A Study of the Rotational Stiffness in the Joint

B 1 Trapezoidal Steel Sheet - Indata

[+
B 1.1 Cross-sectional data:

The length of parts that end in rounded corners here includes to the center of the
bend according to SS-EN 1993-1-3.




Lengths and heights of the cross-section:

hS = 195mm
thom = 1.25mm
ts = thom

hW = hS —tg= 193.75-mm

bS = 800mm

Total height of the sheet

Thickness of the sheet

Thickness of the steel

Height of the web

Width of one section (symmetry)




bfo = 578.33mm

bpl = 29.23mm

pr = 463.67mm
bfu = 22.15mm
1wu = 38.54mm

1wm ;= 108.65mm

1w0 = 42.4mm

1 = 11.51mm

w.fi

h

wfu = 5.8mm

1 0 = 11.45mm

w.f

hy, fo = 5.8mm
bgo = 28.33mm
Sgo = 2-19.66mm
hgo = 13.64mm
1g0 = 14.9mm
bgu = 32.08mm
°g

hgu = 14.27mm

1 = 11.17mm

g

= 12.09mm-2 + 10.04mm-2

Total width of the top flange

Width of the top flange, on each outer side of the grooves

Width of the middle part of the top flange

Width of the bottom flange, on each side of the groove

Length of the bottom part of the web

Length of the middle part of the web

Length of the upper part of the web

Length of the bottom web fold

Height of the bottom web fold

Length of the top web fold

Height of the top web fold

Width of the groove in the top flange

Length of the grooves in the upper flange

Height of the groove in the top flange

The plane part's length of the top groove

Width of the groove in the bottom flange

Length of the groove in the bottom flange

Height of the groove in the bottom flange

The plane part's length of the bottom groove

Radius of the rounded corners in the cross-section:



Tgu = 1 1mm
rgo = 4mm

Iyo = 4mm
Iy = 2mm

Angles in the cross-section:

by, = T4deg
O = (180 — 136)deg

106deg

Pwtu
Oy o = 106deg
d)fg.u = 126deg

d)fg.o = 131deg

Radius of the groove in the bottom flange

Radius of the groove in the top flange

Radius of the top corner between web and top flange

Radius of the bottom corner between the web and the bottom
flange

Angle between the flange and the web

Angle between the fold and its center axis

Angle between web and bottom flange

Angle between web and top flange

Angle between bottom flange and bottom groove

Angle between top flange and top groove

B 1.2 Material Data for the Steel Sheet

fyb = 420MPa
fu = 420MPa
E = 210GPa
v:=03
E

Gy = ——— = 80.769-GPa

2:(1 +v)
"{MO =1.0
"{Ml =1.0
v = 1.25
skt:=2

Yielding of the sheet

Ultimate capacity of the sheet
Modulus of elasticity

Poisons ratio

Shear modulus

For cross-sectional checks
For instability checks
For welds

Safety class



1

Td= 1 + (3 — skt)-0.1 = 0909 patial factor
€ = ’w Buckling strain
e f
yb
. kg . -
Psheet = 10.2—2 if t)om = 0.85mm
m
kg . -
12—2 if thom = 1.0mm
m
kg . _
15—2 if thom = 1.25mm
m
kg . -
18—2 if thom = 1.5mm
m
Plastic strain:
b -3 . .
o= — =2x10 Calculated elastic strain
ES
600MPa — fyb
gp = 7 — 0.086 Calculated plastic strain to be incerted in the plastic analysis
E

S

100

Egtee] = 0,0.001 .. 0.085

fsteel(esteel) = (Es'esteel) if (esteel) < E_
s

E f.
S . yb
(100 “Esteel T fybj if (ssteel) > E,




Material behaviour with strain hardening

600 ———
[
—
— /
53 400
—6
z fsteel( Esteel)' 10
b 200
0
0 0.02 0.04 0.06 0.08 0.1
Esteel
€

B 1.3 Updated Lengths and Heights with regard to Sharp Corners

Correction for the corner between the top flange and the web:

To < S thom =1 Iyo S O.l-bpl =0 Rounded corners must be regarded

Correction for the corner between the bottom flange and the web:

Tou < Sthom = | Ty <0.1bg, =1 Assume sharp corners
o=t tnom
m- wu 2
dwfu . dwfu
g, = I| tan —sin| — | | = 1.387-mm
2 2
Bui= by + & = 23.537-mm Width of the bottom flange, on each side of the groove
= Lwu T & = 39.927-mm Length of the bottom part of the web

Correction for the corner of the groove in the top flange:

1 Iyn <0.1:b

Too <Sthom = 20 < pl = 0 Rounded corners must be regarded

Correction for the corner of the groove in the bottom flange:

Toy <Sthom =0 Toy <0.1'bg, =0 Rounded corners must be regarded

Correction factor when considering the rounded corner between the top flange and the web:



(bfg.u d)fg.o dwfo
Toy’ + Iog + Iy -2
90deg 90deg 90deg

§gp = 0.43: =0.021
(2~bﬁl +lout s+ lwm T lwfo + lwo + bp1)~2 + bpz
B 1.4 Calculated Areas and Distances
5 2 _5
Agy = tgbg, = 2942 % 10 “m “fu”
h u
Agy = tySgy = 5532 107 °m” Zqu= T
tS
Ago = tg(2b, + byp) = 6527 x 10 Yt Ho =T
tg hgo
Ago = lySgo = 4915 x 107 S m? Zgo = hs =~ =~
1
. wu
Ay = telyy = 4991 x 107 S m? Zwu = T F S“‘(d’W)'T
1
. . wm
Ay = telyym = 1.358 x 107 i’ Zyom = ts * SI0(Oy) Ly + By iy + 5in(Dyy ) >
1
. wo
AWO = tS'1w0 =53x 10_ 51‘[12 ZWO = hs a ts h Sll’l(d)w)'T
h
. w.fu
Ay gy = tgly gy = 1439 x 10 > m? Zy fu = ts * S Gy) Ly + 5
h
-5 2 . . w.fo
Ay fo = tyly fo = 1431 x 10 "m Zy o = tgt Sm(q)w)'lwu +hy q Sm(d)w)'lwm +
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B 2 LHP Sheet from Lindab

=]

A trapezoidal steel sheet is analysed numerically to fully understand the behaviour of the joints
connecting the sheets in the longitudinal direction.

B 2.1 Geometry of Tested Sheet:

Lg:= 6m Length of one sheet
L) = 200mm Length of the overlap
Lipt = Lg2 - Ly =11.8m Total length of the two connected sheets
Ls— Lo
a:=—— —29m Location of point load, measured from the sheet edge
3ad = 100mm Width of the applied load
byt = bg'3 Width of the tested sheet

B 2.2 Capacity of a Sheet

Second moment of area based on values from Lindab, decisive when upper and lower flange
respectively are compressed:

I:= |4460 — if thom = 0.85mm

5410-—— if t,, = 1.00mm

6760-—— if thom = 1.25mm

8330 —— if t,o,, = 1.50mm

4
=676 x 10°- 00
mm

When looking at a multi span roof; |.tot is a function of the support vs. field second moment of
area. In our case they are the same.

Values from Lindab, field moment and support moment:



_ . . i _
Mk.f =19 67-(kN-; } if thom = 0.85mm Mk.s = 13.26-
- ] i -
13.61- kN~; if thom = 1.00mm 18.33-
- V] i -
18.95- kN~; if thom = 1.25mm 25.96-
- V] i -
22.04- kN-; if thom = 1-50mm 31.02-
kN-m kN-m
M, = 1895-—— M, .=2596-——
k.f m k.s m
Md.f = Mk.f'bs = 15.16 m-kN Md.s = Mk.s'bs = 20.768 m-kN

Values from Lindab, shear force:

10.62-(

17.93-

V= if t

L |
=]

o = 0.85mm

= 1.00mm

—
=
-t
=
©]
B8
|

if t

nom 1.25mm

—
n

if t

nom 1.50mm

=z s|2 8|2 2|2

le

0

oo

(V%)
e N R
"
1]

kN
V) = 32.83—
m

Values from Lindab, reaction force:

Ry = ]5:30 ( ﬂ = (0.85mm
7.30- ( j} = 1.00mm
11.60- (k—N)} = 1.25mm
m
kN
17.10-| — = 1.50mm

if o = 0.85mm

if t

nom = 1.00mm

if t

nom = 1.25mm

if thom = 1.50mm



R —116k—N
k T

Values from Lindab, Shear buckling in flange and web respectively:

T kNY| . _ T kNY| -
V= || 14.2- — if tyom = 0.85mm V= || 18.9- — if tgom = 0.85mm
i KN ] [ (kN
18.6:| — || if t..... = 1.00mm 26| — || if t.. = 1.00mm
i ( m j_ nom L ( m ):| nom
i KN ] i kN
272 — || if t... = 1.25mm 40.7:| — || if t... = 1.25mm
i ( m j_ nom L ( m j:| nom
_371 N | if t 1.50 _583 kN if t 1.50
A — 1 = 1. mm D — 1 = 1. mm
i m | nom L m nom
Vep =272 kN V. 1 = 40.7 kN
fk “m w.k -

Values from Lindab, global shear buckling:

i kN 2\] . _
1534- ;-m if thom = 0.85mm

- N
1998-(—N-m2j if t
— m -

2876-(k—N-m2j if t
- m -

- N A
3850-(—~m2) if t

Velk =

nom = 1.00mm

nom = 1.25mm

= 1.50mm
m nom

3 2 kN
Vgl.k: 2.876 x 10" m ;

Values to Compare with Hand Calculations:

These values are calculated for the capacity of the sheet and the deflection of the sheet respectively
This can be compare with the elastic and plastic analyses which are performed.

Mg Mg
Wlindab.f = £ Wlindab.s = £
yb yb
. I .
“Lindab.f = = 149.826-mm 7y jpqap 5= W = 109.368-mm
Lindab.f Lindab.s

Since | is the same for the deflection and the ultimate capacity, as is the o, we assume the

capacity is based on the elastic analysis i.e. the full cross-section is active?
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B 3 Validating the Shell Element Model without Hinges
=]
A simplification is made in the Abaqus models with regard to the transversal grooves in the top

flange. Assuming that the top flange is flat in the analysis needs to be verified, this is the aim of
this chapter.

B 3.1 Cross-section of the Sheet
Area of the gross cross-section with sharp corners:

3 2
Ag.SC =4Aq + 2Agu +2A5, + 2 Ay + 2- Ay - = 1514 x 107-mm
+2 Ay fo T 2 A0 + 1A + 2~Ag0

Area of the gross cross-section considering the rounded corners:

32
Ag = Ag.sc-(l - SSC) = 1.482 x 10°-mm

gy (2h) + 20 (Zu) + 1Af0 (260) + 2-Ag0'(Z00) + 2Awu (Zwu) -
+2Awm'(zwm) + 2'Awo'(zwo) + ZAw.fu'(Zw.fu) + 2'Aw.fo'(zw.fo)

Zyp = N = 134.067-mm

Iy go =4 b%(zts)} + Ay (2 - zﬁl)2 + 280, (715~ zgu)2
o = +1Zp1)'( S)3 + A (2o - th)z + 2 Ag0 (70 th>2
+2 ts-(lwu-jizn(%)) + Ay~ 2g) | +2 L (lwm':izn(cbw)) + Agn(p ~ 7o) | -
S

n " Ay fu(Zp ~ Zwfu) |+ 2 - Ay fo'(Zw fo = th)2

6 4
Ig.sc =8.953 x 10 -mm

6 4
Iy = Ig.sc~(1 - 258C) =857 10 -mm

I
-8 Soms
Wel = _ = 1406 x 107-mm Sectional modulus at the top of the sheet
(b )



Ig.sc

elsc = ( = 1.469 x 105-mm3 Sectional modulus with regard to sharp

w
hg - th) corners

Z:= _th’(_ztp + O.1~mm) . (hs - th)

I
Wl dist(?) = ;g Sectional modulus along the height

B 3.2 Calculated Stresses in the Sheet

The stresses in the sheet based on a chosen applied load, not the critical value since elastic
analysis.

P := 600N Chosen point load to act on the sheet for an elastic analysis

Pi=P1 Time step in Abaqus

a4egt = 1000mm Distance from support to applied load in the test-sheet

Liogt = 6m Length of the tested sheet

ME( test = Pragogt = 0-6-kN-m Moment acting on the sheet inbetween the applied point loads

ME( test . . .

O dist test(?) = - Cross-sectional stresses in the center of the sheet according to

' Wel.dist(?) beam-theory.

Stresses in the elastic cross-section (calculated)

- 10 -5 0 5
10~
0'di'st.test( z)-

[MPa]

Compression at the top of the cross-section:

M
Ed.test
o _4266-MPa

Ofo.0.test =
Wel.dist(hs - th)



Compression at the bottom of the top flange:

“MEg( test
el.dist(hs T Ztp T ts)

g = = —4.178-MPa
fo.u.test W

Tension at the top of the bottom flange:

-M
Ed.test
Ofu.o.test = = = 9.299-MPa

Wel.dist(_ztp + ts)

Tension at the bottom of the cross-section:

_MEd.test

Ofu.u.test = = 9.386-MPa
Wel.dist(_ztp)

B 3.3 Abaqus Results
Sheet with transversal grooves:
Measured moments from Abaqus model inbetween point loads:

MAb.tg = 5.836-105N-mm = 0.584-kN-m MEg( test'] = 0.6-kN-m

Ratio of the moment applied and moment measured in Abaqus:

M
Ed.test 1038

MAb.tg

Stress measured at the middle of the top flange, longitudinal direction:

TAb.tg = —4.71426-MPa Average value from Abaqus
M
Ab.tg.Max
M = -0 -W_; = 0.663-kN-m g3 (2) = ———m
Ab.tg.Max Ab.tg" Vel dist.t
s s s Weldist®



Stress distribution in cross-section (transversal grooves)

100
50
e 5 0
z-10
E 20 5
— 100
— 150
- 15 - 10 -5 0 5
10 °
O'dist.tg(z)'
[MPa]

Stresses in the cross-section (node 85079), compared to calculated values

O Ab.fo.o.tg = 2:35638MPa 0 gist to( s ~ Zp) = ~4.714-MPa Tfo.o test = —4-266-MPa
O Ab.fo.utg = —3-92799MPa ~Ogistg(ls ~ Zp ~ ts) = 4618 MPa 0p gy = ~4.178-MPa
TAb fuotg = 10-375MPa O gist. tg(—ztp +t ) = 10.276-MPa Tfo test = 9-299-MPa
TAb.fu.u.tg = 10-6098MPa O ist.tg(~Zp) = 10-372-MPa Tfyutest = 9-386-MPa

Calculated sectional modulus that Abaqus uses:
M
Ab.t
Wap (g = — o = 2.043 x 107mm’
OAb.fo.o.tg

5 3
Wel.tg = W = 1.406 x 10"-mm
Sheet with flat flange, without transversal grooves:

Measured moment inbetween the point loads:

5
MAb.ﬂat = —-5.970-10"N-mm = —0.597-kN-m MEd.test'l = 0.6-kN-m

Ratio of the moment applied and moment measured in Abaqus:

M
Ed.test
— e 1005

Mp flat



Stress measured at the middle of the top flange, longitudinal direction:

O Ab.flat := —5.01766-MPa Average value from Abaqus
. ) ~MAb flat.Max
MAb.flat. Max = OAb.flat Wel = —0-706-kN-m Odist flat(?) = ———————
Wel.dist(?)

Stress distribution in cross-section (flat flange)

100

50

g 0
§ 210°

- 50

— 100

- 150
- 15 -10 -5 0 5 10

 gist flat(®10°
[MPa]

Stresses in the cross-section (node 19775), compared to calculated values

O Ab.fo.o.flat = —3-75968MPa ~Odist. ﬂat(hS th) = -5.018-MPa Tfo.o.test = —4-266-MPa
TAb fouflat = ~499458MPa —Oige fahg — 7y — ) = ~4915-MPa 0, o = —4.178-MPa
OAb.fu.o.flat = 9-34267MPa ~O it flat( ~Zep + 1) = 10.937-MPa Tfu o test = 9-299-MPa
O Ab.fu.u.flat = 9-73692MPa ~Odist. ﬂat( th) = 11.04-MPa Ofyutest = 2-386-MPa

Calculated sectional modulus that Abaqus uses:
_ Mab.flat 53
Wap flat= ———— = 1.588 x 10"-mm
O Ab.fo.o.flat

5 3
Wel.ﬂat = Wel =1.406 x 10" -mm
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B 4 Validating the Solid Element Model without Hinges

]

A short span solid element model is constructed in Abaqus in order to analyse the method of
computing the model. The calculated values bellow are used as a comparison.

B 4.1 Cross-sectional Data for one Section
Area of the gross cross-section with sharp corners:

Ag o= 2Ag + 1A # 2 Ay - = 14 10°-mm’

+2'Aw.fo

gu ™ 2850t 2 Ay fu

+ 2-AW0 + 1~Af0 + 2~Ag0

g.sc.l*

Area of the gross cross-section considering the rounded corners:
2
Ay1=A (1-9

3
o gse.l’ ) = 1.37x 10°-mm

SC

285 (2hy) + 1Agu (%) * 1Afo (260) + 2-Ag0'(Zg0) + 2Awu (Zwu) -

2A - 2-A - 2A. . 2.A .
Ztp.1 = " %wm (Zwm) * 2 Awo (Zw0> +Ag \l)v.fu (Zw.fu) t 2 Ay fo (Zw.fo) 14478 1-mm

Iy sc.1= 2Afu'(ztp.l - qu)2 + 1Agu'(ztp.l - Zgu)2 + l'Afo'(zfo - th.l)2 + 2'Ago'(zgo - th.l)
+2Awu'(ztp.l - Zwu)2 + 2AWm'(ztp.l - ZWm)2 + 2'Avvo'(zwo - th.l)2
+2Aw.fu'(ztp.1 - Zw.fu)2 + 2'Aw.fo'(zw.fo - th.l)2

6 4
Iy 1= Iy go (1 = 285) = 6.364 x 10°-mm
I

oyl S mm

Wel1= 77— = 1267 x 10"-mm Sectional modulus at the top of the sheet

(hs = 7p.1)

I . .

_ ysc.l 5 3 Sectional modulus with regard to sharp

Wel.s.sc = (hs_ 2 1) = 1324 x 10"-mm corners
p.
z) = _th.l’(_ztp.l + O.I-mm) . (hs - th.l)
I

Wel.dist.l(zl> = Z—ll Sectional modulus along the height

B 4.2 Calculated Moments Compared to Abaqus

The stresses in the sheet based on a chosen applied load, smaller than the critical one.

2



P = 720N Chosen point load to act on the sheet for an elastic
analysis

L) solid = 2-1m Total length of the model, including overlap

lg:=2.1m Length of one sheet
a ¢olid = Im Distance between edge and applied point load
L .i1—a .
Rp =P ( 2.solid Z'SOhd) = 0.377-kN  Reaction force at the left support
o L2 solid
Rpgg=P—Rp (¢ =0343-kN Reaction force at the right support

XS.2 = Om, 0.1m.. LZsohd

Moment acting on the short symmetrical sheet inbetween the applied point loads

MEd.s.s(Xs.Z) = | RAssXs2 I 05X5 <) golid

RAssXs2 Tt P'(XS.Z - a2.solid) if 35 solid < *s.2 < L2 solid

Moment distribution along the length

0
-0.1
E) 3
M X -10 =0.2
é Ed.s.s( s.2)
-0.3
-04
0 1 2 3
Xs.2
[m]
_d ; i
dMEd.s.s(Xs.z) - _MEd.s.s(Xs.Z) The derivates of the moment is the
dxg 5 shear



Derivative of M.Ed along the length

/

400

200

[kN]

dMEd.s.s(Xs.2) 0

- 200 /

— 400
0 0.5 1 1.5 2

Xs.2

[m]

Comparing calculated moments and moments in Abaqus:

M X
Ed.s.s\*1
xp = 1584.91mm M ap = ~1.667-10°N-mm MEggs(x1) = —0-177-kN-m ﬂ = 1.059
.Ab. S. M
1.Ab.s
M X
Ed.s.s\*2
Xy = 1624.53mm M ap ¢ i= ~1.538-10°N-mm Mg .s(X2) = —0.163-kN-m ﬂ = 1.06
.Ab. S. M
2.Ab.s
The moments correlate nicely, as do the reaction forces.
B 4.3 Calculated Stresses in the Sheet
Determining the location of the maximum moment:
a) solid = 1 m
Mg .s(X2) = —0.163-kN-m
Critical moment according to Lindab, in the field and over support respectively:
M, ¢ = 18.95-kN My ¢ = 25.96-kN Maximum values according to Lindab, per
’ ’ meter width
My ¢bg . . .
P olida = = 9.332-kN Maximum point load, with regard to the
X2 sheet's capacity
Stress distribution in the cross-section at maximum moment:
_ _MEd.s.S(aZ.solid) Cross-sectional stresses in the short
crdist.s.s(zl) = symmetrical sheet at x=2m, according to

Wel.dist. 1(21) beam-theory.



Stresses in the elastic cross-section (calculated)

100

50

3

[mm]

-50

— 100,

— 150
-10 -5 0 5

0-dist.s.s(zl)' 10 ‘

[MPa]

Stresses distribution in the cross-section at x=1584.91mm:
Compression at the top of the cross-section:

MEd.s.s(Xl)

el.dist. l(hs ~ Zp. 1)

(o = = —1.394-MPa
fo.0.s.s1 W

Compression at the bottom of the top flange:

MEd.s.s<X1)

Ofo.us.sl = = -1.359-MPa
Wel.dist.l(hs T Ztp1 T ts)
Tension at the top of the bottom flange:
M X
Ed.s.s{*1
Tfu.o.s.51°7 - S( ) = 3.983-MPa

el.dist. 1(_th. 1t ts)

Tension at the bottom of the cross-section:

MEd.s.s(Xl)

Wel.dist. 1(_th. 1)

Ofuussl = =4.018-MPa

Stress distribution along the longitudinal x-direction (top):

W indab = 6760£~bs — 5.408 x 10%-mm"” Second order of moment according to Lindab
mm



L= Iy 1 = 6.364 x 106~mm4 Second order of moment according to calc.

MEq s.s(X
11 Lindab.s(*s) = %S(IJS) hg — 2 1)
mdada
MEq s.5(X
el.

Stress distribution at the top flange, S11

0 L~
_6—1 . N ,’,
= 0-ll.calc.c.s(xs)'10 A it
E _ 2 \‘\ rd
— 6 N d
= 0-ll.Lindab.s(Xs)'lo \ /’
""" -3 \\ ,’
-4
0 1 2 3
XS
[m]
Stress distribution along the longitudinal x-direction (bottom):
M X
11 cales S(XS) - LS(S) 74 1) Tension in the bottom flange
.cale.t. I .
11
] MEd.s.s(Xs) Stress according to Lindab
O-ll.Lindab.t.s(Xs) = '<_th.1)

Il indab

Stress distribution at the bottom flange, S11

15
-6
=) 0-ll.calc.t.s(xs)'10 10 RN
=
-6 e S
= o)) Lindabes(Xs) 10 s — SN
0 & 3 \
0 1 2 3
s
[m]

Determining the location of the maximum stresses:



Omax.11.calc.c.s = o'll.calc.c.s(az.solid) = ~2.976-MPa The maximum compression

Omax.11.calc.t.s = crll.calc.t.s(aZ.solid) = 8.58-MPa The maximum tension

B 4.4 Comparison with Results from Abaqus
Stresses in Abaqus compared to calculated values:

The stresses from Abaqus can be compared with the calculated ones in order to validate the results.

RA Apss = 0-3771kN Rp = 0377-kN

R Aps.s = 0.3429kN Rp ¢ ¢ = 0.343-kN

M aps = —0.167-kN-m MEggss(x1) = ~0-177-kN-m
M Abs

N%Ms(zl) =

Wepdist.1(21)

Stess distribution based on maximum compression

100,

50

[mm]

-50

- 100

- 150

0-dist.s.s(zl)' 10 ‘
[MPa]

Stresses in the cross-section at x, compared to calculated values:

O Abfo.o.s = —1.23594MPa ~gist.s.shs ~ Zp.1) = ~1-315-MPa Ofo.0.5.5] = —1.394-MPa

TAb fous = —1.23594MPa ~Idist.s. s(hs tp.1 ~ ¢ ) =-1283-MPa  og) ¢ = —1.359-MPa
= “Odist.s.s|Zp.1 T ts) = 3.76-MPa Ofu.0.s.51 = 3-983-MPa

TAb fuos = 3-5709MPa p.

OAb fius = 3-5709MPa ~Ogist.s.sZtp.1) = 3.792-MPa Opyuss] = 4018-MPa

The reason for them not correlating as well might be that we calculate Ag, Ig and Wel with regard to

21



rounded corners.
Calculated sectional modulus that Abaqus uses:

M
.Ab.
Wy = — 225 1349  10%-mm’

9 Ab.fo.0.s

5 3
Wi = Wep 1 = 1.267 x 10”-mm

el.

22
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B 5 Calculations for the Shell Element Model

=]
A shell element model was constructed in Abaqus in order to analyse the behaviour of a loaded LHP
200 sheet. The joint was placed in the middle of the span, in-between two point loads. This gave
made the joint experience a moment but no shear. The analytical results are presented below as
well as a comparison of the analytical and numerical values.

B 5.1 Elastic Cross-sectional Properties
An elastic analysis of the capacity of the sheet is made in order to define the maximum moment for
cross-section. This value can then be compared with the model made in the FEM-program Abaqus.

Rounded corners will be considered by a simplification the area with sharp corners, according to
SS-EN 1993-1-3 5.1(4)

Area of the gross cross-section with sharp corners:

3 2
A@ o= 8Afu + 4Agu + 6Awu + 6'Aw.fu + 6-Awm+ 6'Aw.fo .. =4314 x 10" -mm
+ 6~AWO + 3~Af0 + 6~AgO

Area of the gross cross-section considering the rounded corners:

32
Aav= Ag.se(1 — B5c) = 4222 x 107-mm

ANg
8Afu-(zfu) + 4Agu-(zgu) + 3-Af0-(zf0) + 6-Ag0-(zg0) + 6Awu-(zwu)

+ 6Awm'(zwm) + 6'Awo'(zwo) + 6Aw.fu'(zw.fu) + 6'Aw.fo'(zw.fo)

Fapi™
Ag

= 141.021-mm

A;w:: 8Afu'(ztp - qu)2 + 4Agu'(ztp - zgu)z + 3~Afo~(zf0 - th)2 + 6'Ago'(zgo - th)2

+ 6Awu-(ztp - Zwu)2 + 6Awm'(ztp - Zwm)2 + 6'AW0'(ZWO - th)2

+ 6Aw.fu'(ztp - Zw.fu)2 + 6'Aw.fo'(zw.fo - th)2

7 4
Jai= Ig s (1 = 285) = 2.115 x 10"-mm

I =

Wam — & = 3918 x 10%mm

b= (h ~ ) = 27iex AU mm Sectional modulus at the top of the sheet
S p

Ig.sc

hg - th)

z:= _th’(_ztp + O.l-mm) . (hs - th)

— 4093 x 10°-mm"

Welllse = ( Sectional modulus with regard to sharp

corners



Waldist(2) =

I
g
; Sectional modulus along the height

B 5.2 Calculated Stresses in the Sheet

The stresses in the sheet based on a chosen applied load, smaller than the critical one.

P = 0.6kN Chosen point load to act on the sheet for an elastic analysis
P:=P-1 Time step in Abaqus
M
a=29m Distance between support and applied point load
Mgq = P-a=1.74kN-m Moment acting on the long sheet inbetween the applied point
loads
MEgq : . :
04ist.1(2) = _ Cross-sectional stresses in the center of the sheet according to
' Wel.dist(?) beam-theory.
Rop="P

Reaction force at left support, A

Rp = Reaction force at right support, B

Stresses in the elastic cross-section (calculated)

~ 15 ~10 _5 0 5
-6
9 gist. ()10

[MPa]

Stress distribution in the cross-section inbetween the point loads:

Compression at the top of the cross-section:

-M
Ed.l
Tf0.01 = = —4.441-MPa

Wel.dist(hs - th)

Compression at the bottom of the top flange:

-M
Ed.l
ol = = -4.338-MPa

Wel.dist(hs T Zp ts)

24



Tension at the top of the bottom flange:

-M
Ed.l
Ofuol = = 11.499-MPa

Wel.dist(_ztp + ts)

Tension at the bottom of the cross-section:
-M
Ed.l
Ofuul = — = 11.602-MPa
Wel.dist(_ztp)

B 5.3 Comparison with Results from Abaqus

Stresses in Abaqus compared to calculated values:

The stresses from Abaqus can be compared with the calculated ones in order to validate the results.

Mapg = 1.741-106N-mm = 1.741-kN-m Mgq1= 1.74-kN-m
M

Edl =0.999
Mab.1

The stress at the edges of the overlap are zero and close to the overlap the stress is effected by the
joint theoretically not carrying moment.

A= 4.99536m K= 6.957818m 101 =Xy — Xy = 1.962 m

Stresses inbetween the point loads. This does however not correlate with the stress within the l.ol
distance of the hinge where the stresses decrease due to the hinge itself.

O Ab.max.] = ~446269MPa

M
Ab.max.1
MAb.max.1= OAb.max.] Wel = ~1.749-kN-m Gdigtl?) = ————
Wel dist(?)

25



Stess distribution in the cross-section (long sheet)

~ 15 ~ 10 =5 0 5
—6
0 gist. ()10

[MPa]

Stresses in the cross-section at x=3550mm compared to calculated values:

TAb.fo.ol = ~4T6663MPa  —0 g (hg — 7)) = ~4.463-MPa Ofp.0.] = ~4441-MPa
OAb.fo.ul = ~443723MPa —O(ist. 1(hs ) = —4.359-MPa Ofo] = —4-338-MPa
OAb.fu.o.l = 12.7161MPa ~Ogist1(~Zp * ¢ ) = 11.555-MPa Tfuo] = 11:499-MPa
TAb fuul = 12.3083MPa —0gig 1(~zp) = 11.659-MPa Opyu] = 11:602-MPa

A local bending of the top flange is noticed due to the applied load. This does however not effect the

bottom part of the cross section.
Calculated sectional modulus that Abaqus uses:
Mab.

Wap = ——— = 3.652 x 10°-mm’
TAb.fo.o.l

5 3
Well = Wel =3.918 x 10"-mm
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B 6 Calculations for the Solid Model - Elastic

[

In order to capture the behaviour of the sheet when loaded and the more specific behaviour of the
joint; a solid element model was constructed in Abaqus. This model was made similar to the shell
element model with regard to loads and boundary conditions. However, it includes more details. The
calculations were made with regard to the model being elastic.

B 6.1 Cross-sectional Data for one Section
Area of the gross cross-section with sharp comners:

3 2
A@ S0 = ZAfu + 1Agu + ZAwu + Z'Aw.fu + 2-Awm+ 2-Aw.f0 ... =1.4x 10"-mm
+2~AWO + l-AfO + 2~AgO

Area of the gross cross-section considering the rounded corners:

32
Ag = Ag.sc.l-(l - SSC) =137 x 10”-mm

2Afu-(zfu) + lAgu~(zgu) + 1~Af0~(zf0) + 2-Ag0~(zg0) + 2Awu~(zwu)

ot 2Awm'(zwm) + 2'Awo'(zwo) + 2Aw.fu'(zw.fu) + 2'Aw.f0'(zw.fo)
Zipin = Agl = 144.781-mm

285 (2f0) + 1Agu(Zau) * 1Af0'(260) + 2-Ag0'(200) + 2Awu (Zwu) -
) +2Awm'(zwm) + 2'Awo'(zwo) + ZAw.fu'(Zw.fu) + 2'Aw.fo'(zw.fo)
Ztp.sc.1 = A

= 141.689-mm
g.sc.1

Ayssonn= 2Afu'(ztp.l - qu)2 + 1Agu'(ztp.l - Zgu)2 + l'Afo'(zfo - th.l)2 + 2'Ago'(zgo - th.1)2 -

+2Awu'(ztp.l - Zwu)2 + 2AWm'(ztp.l - ZWm)2 + 2'Avvo'(zwo - th.l)2

+2Aw.fu'(ztp.1 - Zw.fu)2 + 2'Aw.fo'(zw.fo - th.l)2

6 4
I 1= y.sc.l-(l - 2550) = 6.364 x 10 -mm

Isolid = Iy 1

I
S . mm’
Mlebadn= (hs — 7p.1) = 1267> 107-mm Sectional modulus at the top of the sheet
s~ “tp.



Iy.sc.l

Wels.Lsc = (hs ~ th.l)

z) = _th.l’(_ztp.l + 0.1~mm) . (hs - th.l)

= 1.324 x 105~mm3 Sectional modulus with regard to sharp corners

Iy
Wor e q(z) = — . .
MN@LM 1) 7 Sectional modulus along the height
by
ytp 1= 7 =04m
b
— -
Yeu' by - 5
b
fu
Yfu = bg ~ bgo ~ >
lwu
Ywu = bs — bgg — bgy — COS((])W)'T
) lw.fu
Yw.fu = bg ~ bgg — bgy — COS(¢W)'lwu - Cos(q)wf.u)' 5
_ lym
Ywm = bs — bgo —bgy - C(’S(cbw)'lwu - COS((bwf.u)'lw.fu - cos(d)w)' 5

Yw.fo = bs ~ bgo —bgy - COS(¢W)'lwu - COS(‘bwf.u)'lw.fu - COS((‘DW)'lwm

- COs(cbwf.o)'lw.fo

Ywo = bg — bgo - bg, - cos(d)w)-lwu - Cos(q)wf.u)'lw.fu - cos(¢w)~lwm

1
+ cOs(d’wf.o)'lw.fo - Cos(d)w)'%o

Ybpl = by~ bgo —bgy - COs(q)w)'lwu - COs(cbwf.u)'lw.fu - COS(‘bw)'lwm

Op1

+ c()S'(d)wf.o)'lw.fo - cos(d)w)'lwo 2

Yoo = b - bgO —bg, - Cos(d)w)'lwu - Cos(d)wf.u)'lw.fu - Cos(d)w)'lwm

g0

+ COs(d)wf.o)'lw.fo - COS((1>w)'1w0 - bpl T,

28



A
L sc1= 2Afu'(ytp.l - yfu)2 + 2%'(ytp.l - ygu)2 + 2'ts'bpl'(ybpl - ytp.l)2
+2Ag0 (Vo - ytlo-l)2

+ 2Awu'(ytp.l - ywu)2 + 2Awrn'(ytp.l - ywm)2 + 2'Awo'<yw0 - ytp.l)2

3
teb
2 2 'sTUp2
+2Aw.fu'(ytp.1 - yW.fu) + 2'Aw.fo'(yw.fo - ytp.l) + B
7 4
L1 = Ly ge17(1 = 285) = 9.043 x 10°-mm
Indata for the global model in Abaqus:
6 4 .
L= y.1= 6.364 x 10 -mm Second area of moment around y-axis
Iy =1,1=9.043 x 107-mm4 Second area of moment around z-axis
I, +1
11722 7 4
l1p= T, T 4.84x 10 -mm Cross bending
J:=1 Torsional constant
w
To:= Sectional moment
Ty = :
W Warping constant

B 6.2 Calculated Moments Compared to Abaqus

The stresses in the sheet based on a chosen applied load, smaller than the critical one.

b= T20N Chosen point load to act on the sheet for an elastic analysis
Lsolig = 4m Total length of the model, including overlap

Jg=2.1m Length of one sheet

a] golid = Im Distance between edge and applied point load

Rp =P =0.72-kN Reaction force at the left support

Rp =Ry ¢ =0.72:kN Reaction force at the right support



Xg = 0m,0.lm.. L 154
Moment acting on the short symmetrical sheet inbetween the applied point loads

MEd.s(Xs) = | RasXs 1 0=xg=a145q
R g% P(Xg ~ 2 g0lid) if 31 50lid < Xs < Lsolid ~ ?L.solid

R g%+ P(Xg = 2 g0lid) i Lsolid ~ ALsolid < Xs < Lsolid
+Pxg ~ (Lgolid ~ 21.s0lid)|

Moment distribution along the length

-0.2
g LN /
—Zﬁ MEd.S(xS)~ 100204 \ /
- 0.6
-0.8
0 1 2 3 4
XS
[m]
_d ; ;
dMg d.s(xs) = d_ME d.s(xs) The derivates of the moment is the
Xg shear

Derivative of M.Ed along the length

1x10°
500 /
é %d s(Xs) 0
500 /
- 1x10° I 2 3 4

[m]
Comparing calculated moments and moments in Abaqus:
M X
Ed.s(*1
xp= 1130mm My zp = ~7.278:10N-mm Mgy o(x1) = -0.72:kN-m A = 0.989
' ' My Ab
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MEg (x2)

x9.=2700mm My ap = ~7.303:10N-mm Mgy s(x2) = -0.72kN-m = 0.986
. . M
2.Ab
B 6.3 Calculated Stresses in the Sheet
Determining the location of the maximum moment:
_5
X-= 9 Approximate location of the maximum
. moment
Given
(dMEd.S(x) = 0)
Xroot.s = Find(x) Find the location of zero derivates
Xroots = 1-05m Location of maximum moment
Mpaxs = ME4 s(xroot s) = -0.72-kN-m The maximum moment at the location
Stress distribution in the cross-section:
_ ~Mgq 4(2m) Cross-sectional stresses in the short
Odist.s{*1) -~ Wy i l(zl) symmetrical sheet at x=2m, according to
el.dist. beam-theory.
Stresses in the elastic cross-section (calculated)
100
50
=) 0
é zq 103
— - 50
— 100
— 150
-20 - 10 0 10
-6
Gdist.s(zl)'lo
[MPa]

Stresses distribution in the cross-section at x=1130mm:

Compression at the top of the cross-section:

Mg 5(1130mm)
Of0.0.5 = = -5.681-MPa
Wel.dist.l(hs - th.l)

Compression at the bottom of the top flange:
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Mg s(1130mm)

Ofous = = —5.54-MPa

Wel.dist.l(hs “Ztpl T ts)
Tension at the top of the bottom flange:

Mg s(1130mm)

Ofuos = = 16.238-MPa

Wep dist.1(~Zp.1 + 1)

Tension at the bottom of the cross-section:

Mg s(1130mm)

Ofuus = = 16.379-MPa

Wel dist.1(~Zp.1)

Stress distribution along the longitudinal x-direction (top):

4
Tindab,= 6760 b = 5.408 x 10°-mm"

mm

MEd.s(Xs)
O_ll.Lindab(Xs) = I indab Bs ~ th.l)
inda
MEd.s(Xs)
O_ll.calc.c(xs) = W1
el.

Second order of moment according to Lindab

Second order of moment according to calc.

Stress distribution according to Lindabs
capacity

Stress distribution at the top flange, S11

0
\\
_6—2 N
=y 0-ll.calc.c(xs)'10 R
= 01 Lindab(Xs) 10 N
_____ -6 Mo
-8
0 1

Determining the location of the maximum congressional stress:

doyy .calc.c(xs) = 370-1 1 .calc.c(xs)
s

The derivates of the moment is the
shear
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Is

Approximate location of the maximum

A= |
congressional stress
Given

(d0'1 1.cale.c®) = 0)

Find the location of zero derivates

Xroohsy— Fnd(x)

Xroots = 1-05m Location of maximum stress

(op

max.11 cale.c = Gll.calc.c(xroot.s) = -5.681-MPa  The maximum stress at the location

Stress distribution along the longitudinal x-direction (bottom):

M X
Ed. L
Gll.calc.t(xs) = %'(_th.l) Tension in the bottom flange
( ) MEd.s(Xs) ( ) Stress according to Lindab
O11.Lindab.t\Xs) = 1tp.1
ILindab P
Stress distribution at the bottom flange, S11
| N
-6 15 /’/ \\\
= 0-ll.calc.t(xs)'10 s N\
E — 610 /// Q
= Gll.Lindab.t(Xs)' 10 Y N
————— st S
0
0 1 2 3 4
XS
[m]

Determining the location of the maximum tension:

_d i
do, l.calc.t(xs) = dTO_II.calc.t(xs) The derivates of the stress
S
b
AT > Approximate location of the maximum
. tension
Given

(d0'1 1.cale.tX) = 0)

Xrootey= Find(x) Find the location of zero derivates
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Xroot.s = 1.05m Location of maximum stress

Omax 11 cale.t = Gll.calc.t("root.s) = 16.379-MPa The maximum stress at the location

B 6.4 Comparison with Results from Abaqus

Stresses in Abaqus compared to calculated values:

The stresses from Abaqus can be compared with the calculated ones in order to validate the results.

Stresses in the cross-section at x=1130mm compared to calculated values:

OAb fo.os] = —487811MPa Ofo.0.5 = —0-681-MPa
OAb fous.] = —4-98002MPa Ofous = —0-54-MPa

OAb fuos] = 10.6678MPa Ofuos = 10.238-MPa
OAb fuus] = 10:4946MPa Ofuus = 16:379-MPa

Calculated sectional modulus that Abaqus uses:
M
W = ——B0 402 5 10%mm
Ab.s.1
O Ab.fo.0.s.1

5 3
Wel.s.l = Well =1.267 x 10" -mm
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B 7 Calculations for the Solid Model - Plastic
=

Due to the fact that the solid element model illustrates a non-linear behaviour, the model was
analysed with an included plastic behaviour. The load in these calculations was made higher in
order to capture the shape of the load vs. deflection curve.

B 7.1 Calculated Moments Compared to Abaqus
The stresses in the sheet based on a chosen applied load, smaller than the critical one.

b= 2880-0.4292N Chosen point load to act on the sheet for an elastic analysis
Lyolig = 4m T i i
otal length of the model, including overlap
ly=2.1m Length of one sheet
3l golig = 1 m Distance between edge and applied point load
Ra g p = P =1.236-kN Reaction force at the left support
RB.s.p = RA.s.p = 1.236-kN Reaction force at the right support

Xg = Om,0.1m.. Lsolid
Moment acting on the short symmetrical sheet inbetween the applied point loads
MEd.s.p(Xs) = | RaspXs i 0<xg=a)405q

“RaspXs + P(Xs ~ apsolid) If ALsolid < Xs < Lsolid = 2Lsolid

RpspXst P'(Xs - al.solid) ~ 1 Lgglid = 3 s0lid = Xs = Lsolid
+P{xg ~ (Lgolid ~ A1.solid)]

Moment distribution along the length

0
— -0.5
g -3
E MEd.s.p(Xs)'IO
= -1
- 1.5
1 2 3 4
Xs
[m]
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d . .
dMg d.s.p(Xs) - _MEd.s.p(Xs) The derivates of the moment is the

dxs shear

Derivative of M.Ed along the length

2¢10°
1x10° f—
E %d.s.p(xs) 0
~1x10° /
~ 210
0 1 2 3 4

Comparing calculated moments and moments in Abaqus:
MEd.s.p(Xl)

Ml.Ab.p

= 0.987

6
A= 2700mm - My pp o= ~1.253-10°N-mm Mg g o(x;) = ~1.236-kN-m

MEd.s.p(XZ)

M2.Ab.p

6
K= 1130mm M2.Ab.p = —1.259-10 N-mm MEd.s.p(XZ) = -1.236-kN-m = 0.982

B 7.2 Calculated Stresses in the Sheet

Determining the location of the maximum moment:
1

S
AT Approximate location of the maximum

. moment
Given

(dMEd.s.p(x) = O)

Find the location of zero
derivates
=1.05m Location of maximum moment

Xrootw = Fnd(x)

Xroot.s

M ) = —1.236-kN-m The maximum moment at the location

max.s.p = MEd.s.p(Xroot.s

Critical moment according to Lindab, in the field and over support

vannAntivAle

My ¢ = 18.95.-kN My ¢ = 25.96-kN Maximum values according to Lindab, per
’ ' meter width
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My ¢b
p

cr.solid =

Applied Load in the Abaqus model:

P
= 2.406-kN

Stress distribution in the cross-section:

> - 14.438-kN Maximum point load, with regard to the
Xroot.s sheet's capacity

cr.solid Applied point load in Abaqus if in 6 points
representing each point load

( ) _MEd.s.p(2'7m) Cross-sectional stresses in the sheet at
Odist.s.p\?1) = x=2.7m, according to beam-theory.
P Wep dist.1(21) ’ g &
Stresses in the elastic cross-section (calculated)
100
50
=) 0
é 2,10°
= - 50
~ 100 /
- 150
-30 -20 - 10 0

O-dist.s.p(zl)’ 10 °

[MPa]

Stresses distribution in the cross-section at x=2700mm:

Compression at the top of the cross-section:
MEg . p(2700mm)

O'fo.o.s.p = = -9.754-MPa

Wel.dist.l(hs - th.l)

Compression at the bottom of the top flange:

MEd.s.p(2700mm) 0.511.MP
Ofo.usp = =—J>l1-Mra
P Wel.dist.l(hs T Ztpl T ts)
Tension at the top of the bottom flange:
MEg g p(2700mm)
= 27.878-MPa

Ofu.o.sp =
P Wel.dist.l(_ztp.l + ts)

Tension at the bottom of the cross-section:
MEd.s.p(2700mm)

Tfuusp = = 28.12:-MPa

Wep dist.1(~Zp.1)
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Stresses distribution in the cross-section at x=1130mm:

Compression at the top of the cross-section:
MEd.s.p(l 130mm)

g =
fo.0.s.p.2 W

= -9.754-MPa
el.dist.1(s = Zp.1)

Compression at the bottom of the top flange:

MEd.s.p(l 130mm) 0.511.MP
Sfousp2 = = -Mba
P Wel.dist.l(hs T Zpl ~ ts)
Tension at the top of the bottom flange:
M (1130mm)
Ed.s.
Chuosp2 = —L — 27.878-MPa
Wep dist.1(~Zp.1 * 1)
Tension at the bottom of the cross-section:
M (1130mm)
Ed.s.
>P = 28.12-MPa

Ofuusp.2 =
P Wep dist.1(~Zp.1)

Stress distribution along the longitudinal x-direction (top):

mm 6 4
Auindab, = 6760 mm by = 3408 x 10"-mm Second order of moment according to Lindab

6 4
I}y = 6364 % 10" -mm Second order of moment according to calc.

M X
Ed.s.p( s) s . .
o 1.Lindab.p(xs) = I—.(hs - zth) Stress distribution according to Lindab
Lindab
M X
o (x ) = Lp(s) Calculated stress distribution
11.calc.p.c\®s Wy 1
cl.

Stress distribution at the top flange, S11

0
A 7
N\ //
—6 N 2
=) 0-ll.calc,p.c(xs)'10 -5 AN il
[a ) \ 7
> 6 B -
— O : X, 10_ N 4
__{1_._L1ndab.p( s) - 10 AN 7
- 15
0 1 2 3 4
Xs
[m]
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Determining the location of the maximum congressional stress:

d . .
doq calc.p.c(xs) = d—o'l l.calc.p.c(xs) The derivates of the moment is the
S Xg shear
A= 3 Approximate location of the maximum
) stress
Given

(do'l 1.calc.c(X) = O)

Krootes= Find(x) Find the location of zero
derivates
Xroot.s = 1-05m Location of maximum compression

O,

max.11.calc.cp = O1 l.calc.p.c(xroot.s> = —9.754.MPaThe maximum stress at the location

Stress distribution along the longitudinal x-direction (bottom):

crll.calc.p.t(xs> = MEdI%f(XS)(—ztp'l) Tension in the bottom flange
cr11.Lindab.p.t(xs) = I\/IIIT:;S:(bXS).(_th'I) Stress according to Lindab
maa

Stress distribution at the bottom flange, S11

40
_¢ 30 N
=y 0-ll.calc.p.t(xs)' 10 ,/ S
& 20 7 \
E -6 ,’ \\
= 0-ll.Lindab.p.t(Xs)'10 / N
————— 10— N
0
0 1 2 3 4
XS
[m]
Determining the location of the maximum tension stress:
d =4 The derivates of the stress
crll.calc.p.t(xs) T o'll.calc.p.t(xs)
S
1
o= 3 Approximate location of the maximum
2 tension
Given

(do_ll.calc.t(x) = 0)



Xrootey— Find(x) Find the location of zero
derivates
Xroot.s = 1:05m Location of maximum tension

(o3

max.11.cale.p.t = Gll.calc.p.t(xroot.s) =28.12-MPa The maximum stress at the location

B 7.3 Comparison with Results from Abaqus

The stresses from Abaqus can be compared with the calculated ones in order to validate the results.

Reaction forces at the supports compared to calculated values:
RAb.A.s.p = 1.234kN RA.s.p = 1.236-kN

Stresses in the cross-section at x=2700mm compared to calculated values:

OAb.fo.0.slp = —-11.4555MPa Tfo.0.5p = -9.754-MPa
OAb.fouslp = 6.50418MPa Tfo.us.p = —9.511-MPa
OAb.fu.o.slp = 35.5105MPa Tfu.0.5.p = 27.878-MPa
OAb.fuuslp = 35.5105MPa Tfuusp = 28.12-MPa

Stresses in the cross-section at x=1130mm compared to calculated values:

OAb.fo.0.slp2 = ~942553MPa Tfo.0.8.p2 = 9-7154-MPa
OAb.fo.uslp2 = ~60-62579MPa Ofousp2 = 9-511-MPa
OAb.fu.0.s.lp2 = 30-5697MPa Ofy.0.5.p.2 = 27-878-MPa
OAb.fuus.lp2 = 28.2001MPa Tfusp.2 = 28:12-MPa

Calculated sectional modulus that Abaqus uses:

M
1.Ab.
Wabslp = ——2P 1094 x 10" mm’
9Ab.fo.0.s.1p
M
Wabslp2=—————=1336x 10"mm

O Ab.fo.0.5.1.p.2

5 3
Welsip= Wer 1 = 1267 x 10”-mm

el.



[«]
B 8 Capacity of the Screws

[+]
Design of self-tapping screws according to Eurocode SS-EN 1993-1-3 table 8.2

The screws should be checked with regard to shear resistance and tension resistance.

B 8.1 Screws Loaded in Shear
Bearing resistance:

t:=ty=125mm Thickness of thinner sheet
t] = tg = 1.25-mm Thickness of thicker sheet
d:= 6.3mm Diameter of the fastener
ty=t=1
t
o:=32[—=1.425
d
o d-t
F = = 3.772-kN Bearing resistance
b.Rd
M2

Shear resistance:

Shear capacity of the screw is determined by testing but with some conditions apply. The
characteristic capacity is retrieved from EKS 10 table E-5.

Fy rk = 9800N
F
v.Rk
FyRd = = 7.84.kN
M2

Fyra= 1-2Fpra =1

B 8.2 Screws Loaded in Tension

Pull-through resistance:

dy, = 16mm Diameter of the head of the fastener
dytf,
F = = 6.72-kN Pull-trough resistance for static load
p-Rd M2

Tension resistance:

Tension capacity of the screw is determined by testing but with some conditions apply. The
characteristic capacity is retrieved from EKS 10 table E-5.
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F, ri = 9-8-kN
. . 1.25F, pi
t.Rd -~

M2

FyRdZFpRrd=1

= 9.8:kN
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[&]
B 9 Stiffness of the Joint in the Solid Model
[+

The stiffness in the joint is derived from the solid element model and will depend on the rotation the
joint in the model experiences. The rotation due to bending is subtracted from the total angle
measured and the rotation due to stiffness is what remains.

First we do not consider a change in angle when load is increased from the Abaqus results, only the
final value is used in the calculations for the elastic stiffness. Then the non-linear behaviour is
described for the plastic stiffness. In the end a comparison is made with regard to deriving the
stiffness from the deflection at the location of the joint.

B 9.1 Elastic Analysis of the Stiffness

The rotational stiffness of the joint is calculated based on the results from the deflection in
Abaqus. The total Angle in Abaqus consist of the change in angle due to the bending moment and
at the same time the effect of the mechanism in the hinge. The rotational stiffness can be derived
from this.

Ppp = 720N Largest applied load in Abaqus
P solid = 14-438-kN Critical load for the solid Abaqus model based on Lindabs capacity
Lioty= 4m Total length of the tested sheet, including overlap
aj:=1m Distance between left support and left point load
by:=Li—2a=3m Distance between right support and left point load
a,==1m Distance between right support and right point load
b.:=Lit—a=3m Distance between left support and right point load

Lot

Boint = Theoretical location of the hinge
2

Mo = Pppra = 2.088-kN-m Maximum moment if the joint is rigid is the applied load

n:= 0..400

AIZO = 0-kN

P .
p —P 4 cr.solid
n+l n 400

Angle at the left support after each increment due to bending moment:
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2 2
) P n'bl'Ltot b] Pn'ar'Ltot ar
oy(n) = . — + . _
1
6-EgIsolid L 2 6-EgIsolid L 2
tot tot

Angle at the right support after each increment, due to bending moment:

2
Pn' br' Liot br Pn' ay-Lyot a]

2

OzT(n) = +
6-Eglsolid L 2 6-EgIsolid L 2
tot tot

Angle due to the formation of the mechanism, is calculated based on the angles measured in
Abaqus:

Qpp 1= 1.565494-deg Qpp = 1.45419-deg Deflection angle, elastic model
b1(n) = oap 1~ ()

dy(n) = app r — oy(n)

Total angle if considering the load P:

2 2
PAb b1 Liot b PabarLiot ar
Op 1= 1= + 1= = 0.046-deg
6-Eglsolid L 2 6-EgIsolid L 2
tot tot
bp1= Qap ~ Op = 1.519-deg
Pat b L b 2 PayapL a 2
Ab Pr ~tot Ab ¢l ot 1
ap ;= - —— |+ - — 0.046-deg
6-EgIsolid L 2 6-Eglsolid L 2
tot tot
bp ;= OApy — Op = 1.408-deg
Rotational stiffness of the joint in Abaqus:
M
ref 5 N-mm
Krot.e = o o = 6756 10°- rad Rotational stiffness is for 2¢ at the
(3 - ¢P.lj + (3 - d’P.rj joint

B 9.2 Plastic Analysis of the Stiffness

The stiffness is calculated for the plastic analysis of the solid element model in Abaqus.

PAb.p = 2880-0.4292N = 1.236-kN Largest applied load in Abaqus

Mref.p = PAb.p'al = 1.236-kN-m Max!mum moment if the joint is rigid is the
applied load

n:= 0..400
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P .
p —P 4 cr.solid
n+1 n 400

Angle at the left support after each increment due to bending moment:

2 2

P -bi-Lig b, P -apLiot a
P e Kl et
s 'solid Liot s 'solid Lot

Angle at the right support after each increment, due to bending moment:

2 2
P bLiog | b, P -apLig a
. —_ —+ .
6-E 1.1 2 6-E.- 1. 1: 2
s 'solid Lot s 'solid Liot

O‘*r.p(n) =

Angle due to the formation of the mechanism, is calculated based on the angles measured in
Abaqus:

OAp.Lp = 4-080849-deg OAp.rp = 3.798136-deg Deflection angle, elastic model
b p(n) = Qpp 1 — o p(n)

q)r.p(n) = QAbrp ~ 0‘*r.p(n)

Total angle if considering the load P:

2 2
P -by-L b P -a-L a
Ab.p "l ~tot 1 Ab. tot
Oplp= 6 Epl =1 5 + p Ep Ir Tl-—= = 0.079-deg
s 'solid Lot s 'solid Liot
dp1p = AbLp ~ Op.lp = 4-001-deg
Pap byl b2 | Pyl a”
Ab.p " r “tot Ab ¢l ~tot 1
Oprp= 6Eplr =1 r2 +6EI = > = 0.066-deg
s 'solid Liot s 'solid Lot

prp = OAbrp ~ Oprp = 3-732-deg

Rotational stiffness of the joint in Abaqus:
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M .
ref.p =7.176 x 103.m Rotational stiffness is for 2¢

Krot.p = o ‘n' deg
E - dDP.l.p + 3 - q)P.r.p

B 9.3 Comparing the Plastic and Elastic Stiffness

The stiffness increases linearly with the moment

5, mm -3 m
Mefp = 1:236-kN-m Krotp = 4111 x 10 'N~E Krotp = 7-176 x 10 ~kN~gg
5 . mm m
Mof = 2.088-kN-m Kiote = 6.756 x 10 .N.E Kiote = O'OIZ.kN.dTg

B 9.4 Non-linear Plastic Stiffness

The stiffness is calculated for the plastic analysis of the solid element model in Abaqus. The load
increase gives a non-linear increase of deflection which is captured here.

Calculating with regard to change of angle:
Pap p= 1.236-kN Largest applied load in Abaqus

X4 = 360mm Deflection measured at this point from the edge of the sheet

Measured load increments and increased deflection in the Abaqus solid element model with plastic
analysis:

P
p
[Sp} = 1143,4234 25,0349 Values from excel are imported into P and &

1163,9866 26,8298
1171,6992 27,7708
1183,2682 28,4999
1200,6202 29,1305

AEva:: Pp~N A(/S\pv:: 6p~mm
Mrefp = 1.236-kN-m Maximum moment if the joint is rigid is the applied load

Angle at the support after each load increment due to bending moment:

2 2

oy = Pp'bl'Ltot b N Pp'ar'Ltot 1 ar
6-EgIsolid L 2 6-EgIsolid L 2

tot tot
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Moment for each load increment:

Mp = Pp'al

Angle at the support due to stiffness is calculated based on the angles measured in Abaqus:

5
0‘Ab.p = atan| —
Xd Total deflection angle from Abaqus model

q>p = QA ~ % Deflection due to stiffness

Rotational stiffness of the joint in Abaqus:

M
- P
Kiot.Ab = (ﬁ ~ 24 ) Rotational stiffness is for 2¢ at the joint
p
Moment at the joint depending on stiffness
1.5
P
£ |
24
+ . -3
2 Mplo /
5 0.5
=
0
0 100 200 300 400 500
K ot.Ab

Rotational stiffness [N*m/rad]
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Angle of the Joint due to Stiffness

1.5
L
g 1
i,
g Mp'10_3 /
g 0.5
=
%005 0 0.05 0.1 0.15 0.2
26,
Rotation [rad]
0

0 0

1 57.296

2 114.592

3 200.535

4 329.45

5 522.823

6 812.876 mm

Krot.Ab =| 7 867.248| ‘N

8 908.118

9 948.914

10 1.01°103

11 1.102°103

12 1.24:103

13 1.446:103

14 1.756°103

15

Calculating with regard to deflection in the middle of the span:

Papd= PAb,p Largest applied load in Abaqus

Liot

Fde= ——— =2'm Deflection measured at this point from the edge of the sheet
2



Measured load increments and increased deflection in the Abaqus solid element model with plastic

analysis:
Lo,
SAD = 0 0 Values from excel are imported into P and &
0,18 -2,4E-09
0,36 9,94E-10
0,63 1,64E-08
1,035 7,09E-08
1,642499 -1,8E-06
2,553751 0,000157
2,72461 0,008658
2,852755 0,184562
P A= Pap'N daba= dAp mm
Mref.p = 1.236-kN-m Maximum moment if the joint is rigid is the applied load

Deflection in the center of the span after each load increment due to bending moment:

In order to derive the rotational stiffness of the joint; the deflection caused by load needs to be
calculated on the sheet.

2

2
Pp-al-Ltot 3 43.1
L= 13-
48-E-1 1 2
s 'solid Liot

Moment for each load increment:

Mlﬁ = Pp-al

Angle at the support due to stiffness is calculated based on the deflection:

84 = 8ah ~ 9 Deflection due to rotational stiffness

)
Qg := atan X_d Angle at the support due to rotational stiffness
d’d =204 Angle at the joint in the middle of the span

Rotational stiffness of the joint in Abaqus:
Mp Rotational stiffness is for 2¢ at the joint
™ — d)d

Kiot.d =
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Moment at the joint depending on stiffness

1.5
L~
£ i
o
= -3
g Mp' 10 /
g 0.5
S .
0
0 100 200 300 400 500
Krot.d
Rotational stiffness [N*m/rad]
Angle of the Joint due to Stiffness
1.5
z —
E 1
= -3
2 My10
g 0.5
S .
0
-0.05 0.05 0.1 0.15

This is based on a constant moment applied inbetween the point loads. In the beam element model
the moment applied is much smaller.

Mioint.Ab = 8.16-10°N-mm = 8.16 x 10~

This moment is very small compared to the curve above due to the fact that the joint is placed where

the moment is teoretically zero.

bq
Rotation [rad]

3

-kN-m

Rotational stiffness based on deflection and change of angle respectively:

0

1 57.296

0

1 57.296
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2 114.592
3 200.535
4 329.451
5 522.823

Krotd 7[5 812.883
7 867.272
8 908.112
9 948.905
10 1.01103
11 1.102:103
12

The calculated rotational stiffness is therefore confirmed in two different calculation methods.

Kot = max(Kpop Ap)

=4.155 x 105-

mm

rad

N-mm

rad

Kot Ab =

2 114.592
3 200.535
4 329.45
5 522.823
6 812.876
7 867.248
8 908.118
9 948.914
10 1.01-103
11 1.102-103
12

mm

rad
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B 10 Global Analysis of a Gerber system - Continuous
=

The global analysis of the sheet is calculated and modeled in Abaqus. The system is a three span
continuous Gerber system with two joints placed in the mid-span. First it is calculated as a
continuous model exposed to an evenly distributed load, then an unevenly distributed load.

IL:=18m
MWV

l:= 6m
W

Critical moment according to LIndab, in the field and over support respectively:
M ¢ = 18.95-kN My ¢ = 25.96-kN

My ¢bg = 15.16-kN-m M} ¢'bg = 20.768-kN-m

B 10.1 Calculating the Moment Distribution for a 3-span Continuous Model:

kN N
qq=37T—=37—
m mm
M M
k.f kN k.s kN
Qerf = T = 3.158-; Qerg = T = 4.327-;

Calculating the support moment by simulating a fixed connection in the mid-span:
2

M ! 11.1-kN
=qq— = 11.1.kN-m
B~ 447,

MC::MB

Calculating the reaction forces:

1

Rey = Rpy

Find the support moment which makes the the field moment zero at the joint:
XB(C = Om,0.Im..1

2
*BC

2

Mgg c(*BC) = Mp ~ RgyXpe + dg:
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d
dMEq ge(xpe) = T Mg4BC
XBC

=l .5
_Z& MEd.BC(XBC)'lo ’ \

[kN]

dMEd.BC(XBC)

(*Bc)

The derivates of the moment is the
shear

Moment distribution

10\

/

/

Derivative of M.Ed

2107

1x107

0

—1x10%

~ 210t

The joint is placed where the design moment is zero i.e. this will always be the location of

the zero moment according to theory.

Given
(Mgg pc =0)
Xroot = Find(x)

Xroot = 1-268 m

Ajeinta = Xroot

MEg BC(#joint) = 0-KN-m

Approximate location where the
derivates is zero

The joint is placed where the moment is
zero

Find the location of the zero moment

Distance from support to zero moment

Calculating the global moment distribution:
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RB = RBV + RBh = 24.05-kN
RC = RB
RD = RA

X ;= 0m,0.1m..L
M

2
X .
MEd_g(X) = —RA'X + qd-? if 0<x<1

2
Rpx + qd-% —Rp(x—1) if 1<x <2l

2
X .
“Rpx+ qd~7 -Rp(x-1)-Re(x-21) if 21<x<L

_d
dMEgq (%) := &MEd.g(X) The derivates of the moment is the
shear

VEd.g(X) = |-Rp+qgx if 0<x<1
-Rp+qgx—Rp if 1<x<2]

_RA+qu—RB—RC lf 21SXSL

Moment distribution

20,

AN

E) i
M (x)-10 0
é Ed.g \/ \ /
— 10 <+ N
-20
0 5 10 15 20

[m]



Derivative of M.Ed

20,
10
— _3 /
é dMEq g(x)-10- 7 0 /
— 10
-20
0 5 10 15 20
X
[m]
Xjoint = 1 + 3joint
Given

(MEd.g<onint) = O)
Xroot2 = F ind(xjoint)

Xroot2 = 7.268 m

Mhax = MEd.g<Xroot2) = 0-kN-m

-1=1268m

Xroot2 Ajoint = 1268 m

Maximum field moment, first span:

1
f- >

Given

(dMEq g(x) = 0)
Xroot.f = Find(xf)

Xroot.f = 2:5M

MEd g max.1 = MEd.g(xroot.f) = —11.563-kN-m

Maximum field moment, mid-span:
6= 1.51

Given

Approximate location where the moment
is zero

The joint is placed where the moment is
zero

Find the location of the zero moment

The moment at the calculated location

They correlate!

Approximate location where the
derivates is zero in the first span

The derivates is zero where the
moment is its max or min

Find the location of the maximum
moment

The maximum moment in span 1 and 3

Approximate location where the
derivates is zero in the second span
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(dMEd g(xf) = 0) The derivates is zero where the
' moment is its max or min

P Find(xf) Find the location of the maximum
moment

Xroot.f = 9 M

MEd.g max.mid = MEd.g(Xroot.f) = —5.55-kN'-m The maximum moment in mid-span

The ratio of the support and field moment in the mid-span needs to be kept in order for the location
of the moment to be zero at the joints in the second span (mid-span).
Mp
ME T = -2
MEd.g.max.mid

The capacity of the sheet according to Lindab:

The moment which is decisive in design will dictate the moments in the sheet.

M p-bg = ~15.16-kN-m ~M ¢'bg = ~20.768-kN-m
MkB = rMMkf S = -30.32-kN-m MkB > _Mk.s'bs =0
_ M 5°bg

This means that according to the capacity given by Lindab is critical at the support. A critical
support moment gives an acceptable field moment, but a critical field moment gives a too high
support moment. The support moment is decisive.

B 10.2 Stress Distribution Evenly Distributed Load
th.l = 144.781-mm th.sc.l = 141.689-mm Zg.Ab = 141.54mm

10214851mm3

3 2 3 2
Ag.l =1.37%x 10"-mm Ag.sc.l =14x 10"-mm Ag.Ab = 7 68m

The difference is assumed to be with regard to how the arbitrary 3D beam element model has be
computed in Abaqus, with sharp corners. Therefore we assume a calculated sectional modulus
based on the model with sharp corners.

6 4
Jlgi= 1y e 1 = 6:648 x 10”-mm

— 1.405 x 10°-mm>
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Ig Ab = 2Afu'(Zg.Ab - qu)2 + 1Agu'(zg.Ab - Zgu)2 + 1'Afo'(zfo - Zg.Ab)2 + 2'Ago'(zgo - Zg.Ab)
+ 2Awu'(zg.Ab - ZWu)2 + 2Awm'(zg.Ab - Zwm)2 + 2'Awo'(zwo - Zg.Ab)2
+2Ay f(%g.Ab ~ Zw.fu)2 + 2 Ay o (Zy o — Zg.Ab)2

I

— g 4 3
WeLg T z 1 = 4.692x 10 -mm Sectional modulus according to calculations,
p-S¢. considering sharp corners
Ig Ab 4 3 . .
Wl g Ab = —— =4.688 x 10 -mm Sectional modulus according to Abaqus
.g. B
g.Ab

The Stress Distribution Along the Sheet:

~Mgq (%)
oy g(¥) = ————
Wel.g
Stress distribution x-direction
300,
200
~ AN AN
<
E c’x.g(x)~10_6 0 / \ /
- o \/ \/
200
- v v
—-300
0 5 10 15 20
X
[m]
dox_g(x) = d_Gx.g(X) The derivates of the moment is the
dx shear
Stress in span 1:
1
Xmax.gl =
2 Approximate location where the
Given derivates is zero
(dcx.g(xmax.gl) = 0) The max where the derivates is zero
Xg.max.1°= Find(xmaX-gl) Find the location of the zero
derivates
Xg max.] = 2-5M
Oy gmax.] = Gx.g(xg.max.l) = 246.424-MPa The maximum stress in span 1

2
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Stress in mid-span:

|
Xmax.gmid = I+ 5

Given
(doy g(*max.gmid) = 0)

Xg max.mid = FINd(Xmax omid)
Xo max.mid = 9 M

Oy g.max.mid = Ux.g(xg.max.mid) = 118.283-MPa

Stress at supports:

= O'X'g(l) = -236.567-MPa

= Gx.g(z'l) = —236.567-MPa

Approximate location where the
derivates is zero

The max where the derivates is zero

Find the location of the zero
derivates

The maximum stress in mid-span

B 10.3 Comparing with Values from Abaqus

Comparing the reaction forces:

9256.98N = 9.257-kN

RA Ab:

24054.8N = 24.055-kN

Rp Ab:

Re Ap = 24054.8N = 24.055-kN

9256.98N = 9.257-kN

Rp Ab:
2Rp ap + 2-Rp ap = 66.624-kN
aq'L = 66.6-kN

Comparing the moments:

Mg Ap = 1.10954-10 Nemm = 11.095-kN-m
7
Mg Ap = —1.15637-10 Nemm = —11.564-kN-m

—5.54893. 106N~mm = —5.549-kN-m

MpcAb:

Comparing the stresses at the supports:

OB.Ab = —205.4MPa 9B.Ab.calc =

-M
__BAb = —236.696-MPa

Wel.g.Ab

Ry = 9.25kN
Ry = 24.05kN
R = 24.05kN
Rpy = 9.25kN

2Ry + 2Rp = 66.6-kN

Mp = 11.1.kN-m

Mpc = MEd.g.max.mid = —-5.55kN-m

O'X.g.B = -236.567-MPa
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Comparing the stresses in the joint:

Tjoint Ab = 11.1434MPa

13

Tioint = Ox o 21 ~ Ajoin) = 3-101 x 107 ~MPa

Placement of joints vs. the location of the zero moment:

4ero.l.Ab 1+ ajoint = 7.268 m

4zero.r.Ab 2:1 - djoint = 10.732m

B 10.4 Deflection of the Sheet

Deflection of the 3-span continuous sheet, distributed loads:

— 3 ‘7 k_N
q4 -
I=6m
R =9.25-kN Mp = 11.I-kN-m
Rp = 24.05-kN
Mc = 11.1-kN-m
R = 24.05-kN

E,=2.1x 10°-MPa

Ig = 6.648 x 106-rnm4

ap(x) =x-1 az(x):=x-21
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3
23
8y(x) 1= — 1245 if0<x<lI
24Egl, 2 P
_MB'X'I X2
+— 1 - —
I 6-Egly 2 |
[ 3 2 3 2\ ]
dq-am,(x)-1 2a,,(x) ay(x) -Mp-a(x)-1 ay(x) .
1 - + 11 = L ifl<sx <12
24Egl, 2 K 6-Eglg 2
2
—MC-(I — am(x))-l (1 - am(x))
+ . -
I 6-Egly 2 |
[ 3 2 3) ]
qq-az(x)-1 2a3(x) az(x)
— |1 - + if [12<x<L
24Egl, 2 3
2
—MC-(I - a3(x))-l 1 (1 - a3(x))
I 6-Egly 12 |
5. (x) = L5, (x)
g i & The derivates of the
deflection
Calculated Deformation
0 \./ \ /
= - 10
3
£ s | \ ]
- 20 \/ /
-30
0 5 10 15 20
X
[m]

Maximum deflection first span:

Approximate location where the
derivates is zero in the first span

The derivates is zero where the
deflection is its max or min
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Xroot.1 -~ Find(xf)

Xroot.] = 2.754m

5 ~8(Xroot.1) = ~27.079-mm

g1~

Maximum deflection mid-span:

Xroot.mid -~ Find(xf)
Xroot.mid = 9 M

6g.mid = _6g(xroot.mid) = —8.944-mm

Maximum deflection third span:
1

Xe =L —
A P

Given

(d8(x¢) = 0)
Xroot.3 -~ Find(xf)

Xroot 3 = 15.246m

5 ~8(Xroot.3) = ~27.079-mm

g3~

Maximum calculated deflection in each span:

60310.g.1 = Sgl = -27.079-mm
6calc.g.mid = 6g.mid = -8.944-mm
60310.g.3 = 5g3 = -27.079-mm

Find the location of the maximum
deflection

The maximum deflection in span 1

Approximate location where the
derivates is zero in the first span

The derivates is zero where the
deflection is its max or min

Find the location of the maximum
deflection

The maximum deflection in span 1

Approximate location where the
derivates is zero in the first span

The derivates is zero where the
deflection is its max or min

Find the location of the maximum
deflection

The maximum deflection in span 3

B 10.5 Test with an Unevenly Distributed Load

The continuous sheet is now tested for a unevenly distributed load. The location of the hinge

remains. This is done to show the effect of a change in load distribution.
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Aload is applied to simulate the effect of snow drifting. Span 3 has an evenly distributed load. span
1 starts with zero load and the load than increases over the first span and the mid span until it
reaches its max at support C.

kN
Qtest. A = O; Load at support A
kN
dtest.D = O o Load at support D
. Atest.D Unevenly distributed load in span 1
Grest) = * and midspan
31
kN
Qtest. B = test(D) = 1-667'; Load at support B
kN
Qtest.C = Ygest(ZD) = 3-333~; Load at support C
Testjoint.c.1 = deesi! + Zoint) = 2019 Load at the left joint
= Ggest(1:2 _ 298150
dtest joint.c.r = qteSt( o ajOint) T m Load at the right joint
q 12 (q q ) 12
test.B’ test.C ~ Ytest.B)°
MR test = + = 7-kN-m Moment at support B
12 30
q 12 (q q ) 12
test.B’ test.C ~ Ytest.B)°
M test = + = 8-kN'm Moment at support C

12 20

M . MB test MC test — _AKN Max moment in the mid-span in
f.mid.test = T ’ = THKm order to keep zero moment at the

I T
M M location of the joint

Atest. B’ (qtest.C - qtest.B) 31

Rph.test = + = 6.5kN Reaction force
2 20
R _ Atest.B'] (qtest.C - qtest.B)'7'1 _ 85kN
Cv.test = = + 20 =08 Reaction force

Find the support moment which makes the the field moment zero at the joint:

_ Gtest.C ™ Ytest.B
qtest.B2(XBC) =T 1 *BC

2 2
XBC

2-3

XBC

MEd.BC.test(XBC) = MB test ~ RBh.test XBC * dtest.B’ 5 + qtest.BZ(XBC)'

_d ; ;
dMEd.BC.test(XBC) = —MEd.BC.test(XBC) The derivates of the moment is the
dxgc shear



Moment distribution

10
—_ 5
g _3
Z MEd.BC.test(XBC)' 10
\_/
_5
0 2 4 6
XBC
[m]
Derivative of M.Ed
10
5
Z' _3
e} dMpq B tes(XBC) 107 0
-5
~10
0 2 4 6
XBC
[m]

The joint is placed where the design moment is zero i.e. this will always be the location of

the zero moment according to theory. First we check that the field moment correlates with
the ratio.

|
*max = E Approximate location where the
. derivates is zero

Given

(dMEd.BC.test(xmaX) = 0) The derivates is zero where the moment
is max

Koo = Find(xmax) Find the location of the zero
derivates

Xroot = 3.099 x 103~mm
amax = Xroot Distance from support B to max moment

Boint = 1.268 x 103.mm Distance from support B to joint

comparing the moment from the evenly distributed and unevenly distributed load:
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MEd.BC.test(amax) = -3.762-kN-m

MEgg BC(#max) = —5-532kN-m

MEd.BC.test(ajoint) = 0.192-kN-m

MEgg BC(3joint) = 0-kN-m

Moment at support needed in order to keep the moment zero at the joint, based on the
relation between support moment and maximum moment in the middle of the span.:

rM'MEd.BC.tes‘[(arnax) = 7.525-kN-m

MR test = 7-kKN'm

Check the location of the zero moment:

Left side joint:
1
X oitn= 1

Given

(MEd.BC.test(onint) = O)

le ot = Flnd(XJOIIlt)
3
Aest | = Xpoot = 1.315 x 10" -mm

3
ajoint: 1.268 x 10"-mm

Right side joint:
23
Kokt = 1

Given

(MEd.BC.test(onint) = O)
Avooty = Find(xjoint)

Aest 1 = Xroot = 4.774 x 103-mm

3
1- ajoint =4.732 x 10"-mm

M test = 8-kKN'm

Approximate location where the
derivates is zero

The joint is placed where the moment is
zero

Find the location of the zero moment
Distance from support to left zero moment

The distances do not correlates!

Approximate location where the
derivates is zero

The joint is placed where the moment is
zero
Find the location of the zero moment

Distance from support to right zero moment

The distances do not correlates!

Calculating the global moment distribution for the tested loads:
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1

1
RA test = _MB.test'T + dtest B¢ = 0.5-kN

1

3

1
Rpy test = MB.test'T + Qest 7 = 45kN

R test = RBy.test 7 RBh.test = 11'kN

1 1 1
Reh.test = MC.test'T + test.C' + (qtest.D - qtest.C)'g = 13-kN
RC.test = RCh.test + RCv.test = 21.5-kN
1 1 1
= 12-kN

RD test = _MC.test'T + qtest.C'E + (qtest.D - qtest.C)'g

Check the reaction forces:

_ Gtest.D3!
RA test + RB test + RC test T RD test = T =1
X :=0m,0.Im..L
XZ
MEg g test®) = | RA test* + Qgest(0) 55 i 0<x <1
2

X .
_RA,tes‘['X + qtest(x)'g - RB.teSt'(X -1 if 1<x<21

2
X .
RatestX + dtest®) 37 = Rp test (X =D = Regegr(x =21 if 21 <x <L

The derivates of the moment is the

d
MEd g test®) = ——MEd g test(®) Thed

Moment distribution

A

10,

i 0
g 3 o
Z MEd.g.test(X)' 10
= - 10 J

-20

0 5 10 15 20
X
[m]
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Derivative of M.Ed

20
10 Y /,
E dMEd.g.test(X)’10_3 0 /\\//
o - 10
e

X

[m]

Location of the zero moment in the mid-span:

X: oo =1+ a;
ANJONAIA t
Jom Approximate location where the moment

Given is zero

(MEd.g.test(onint) = ()) 'Zl'gsjjoint is placed where the moment is
Xroot.test = T ind(onint) Find the location of the zero moment
Xroot.test = /315 m

Mzero.test = MEd.g.test(Xroot.test) - 5457 % 107 kN-m The moment at the calculated location
Xroot.test = /315 m

oint + 1=7.268m They do not correlate!

Maximum field moment, first span:

1
A= E Approximate location where the
i derivates is zero in the first span

Given

(dMEd.g.test(Xf> = 0) The denyatgs is zero where the
moment is its max or min

Xroot.test.1 = Fmd(xf) Find the location of the maximum
moment

Xroot.test.] = 1-897m

MEd.g.maX.test.l = MEd.g.test(Xroot.test.l) = —0.632-kN-m The maximum moment

Maximum field moment, mid-span:



Xo= 151 Approximate location where the
derivates is zero in the second span

Given

_ The derivates is zero where the
(dMEd.g.test(Xf) = 0) moment is its max or min
X oot test.mid = Find(xf) Find the location of the maximum

moment

Xroot.test.mid = 2-099 m

MEd g max.test.mid = MEd.g(Xroot.test.mid) = -5.532-kN'm 0 avimum moment

Maximum field moment, third span:

A= 251 Approximate location where the
. derivates is zero in the second span
Given
(dMEd.g.test(Xf) = 0) The denyatgs is zero where the
moment is its max or min
*root.test.3 -~ Find(xf) Find the location of the maximum

moment
Xroot.test.3 = 19-414m

MEd g max.test.3 = MEd.g(Xroot.test.3) = -1L549kN'm  po maximum moment

Compare to the capacity according to Lindab:

MEd.g.max.test.l <My pbg=1 MB test < Mg 505 =1
MEd.g.max.test.mid <My by =1 M test S Mg sbs =1

MEd.g.max.test.3 <My pbg=1

10.6 Stress Distribution Unevenly Distributed Load

“MEq g test(*)

ag X) =
X. g.test( ) W

el.g
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Stress distribution x-direction

20

The derivates of the moment is the

Approximate location where the

The max where the derivates is zero

Find the location of the zero

400,
300 / \
= 200 / \
[ -6
S 0'x.g.test(x)‘lo 100 /‘\ / \
= 0
NN
—200
0 5 10 15
X
[m]
doy o test(X) = d_o_x test(X)
& dx *& shear
Stress in span 1:
1
X ==
max.gl.test P : '
. derivates is zero
Given
(do_x.g.test(xmax.gl.test) = 0)
Xg max.1.test ‘= Find<xmax.gl.test)
derivates
Xo max.1.test = 1-897m
Ox.g.max.1.test = Ux.g.test(xg.max.1.‘[est) = 13.479-MPa

Stress in mid-span:

1

X 1+ —

max.gmid.test =

Given

Xg max.mid.test = F ind(Xmax.gmid.test)

Xg max.mid.test = 9.099 m

Ox.g.max.mid.test = o-x.g(xg.max.mid.tes‘[

Stress in span 3:

1

X =21+ —
2

max.g3.test *

): 117.893-MPa

The maximum stress in span 1

Approximate location where the
derivates is zero

The max where the derivates is zero

Find the location of the zero
derivates

The maximum stress in mid-span

Approximate location where the
derivates is zero
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Given

(d(’x.g.test(xmaxg?’-test) ) 0)

Xg max.3.test = Find(xmax.g3.test)

Xg max.3.test = 19-414m

Ox.g.max.3.test = 0-x.g(xg.max.&test) = 246.134-MPa

Stress at supports:

Gx.g.B.test = Ux,g_test(l) = —149.186-MPa

Ox.g.C.test = O'X_g.test(Z-l) = —170.498-MPa

The max where the derivates is zero

Find the location of the zero
derivates

The maximum stress in mid-span

B 10.7 Comparing with Values from Abaqus

Comparing the reaction forces:

RA Ab.test = 556.957N = 0.557-kN
Ry Ab.test = 10828.1N = 10.828-kN
RC Ab test = 21680.3N = 21.68-kN
RD) Ab test = 11954.5N = 11.954-kN

RA.test = 0.5-kN
Rp test = 11'KN
Re ogt = 21.5-kN

Rp st = 12-kN

RA Ab.test * RB.Ab.test T RC.Ab.test 7 RD.Ab.test = 45-02°kN

RA test T RB.test ¥ RC.test * RD test = 4 KN

gest. D 3! 45N

Comparing the moments:
MR Ab test := 60-65537kN-m
Mc Ab test = 8-33612kN-m
MAB Ab.test := —0-743554kN-m

MBC.Ab.tCSt = —3.74824kN-m

Mp test = 7'kKN'm
M test = 8'KN'm
MAB test = MEd.g.max.test.l = —0.632-kN-m

MBC( test = MEd.g.max.test.mid = —5.532-kN-m
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M(D.Ab.test = ~14.9966kN-m MeD test = MEd.g.max.test.3 = ~11.549-kN-m

Comparing the stresses at support B and C:

o = —123.2MPa
B-Abtest Oy g B.test = ~149-186-MPa
-M
B.Ab.test
OB Ab.caletest =~ = —141.978-MPa

Wel.g.Ab

(o] = —154.3MPa
C.Ab.test Gx.g.C.test = -170.498-MPa

-M
C.Ab.test
OC Ab.caletest =~ = —177.833-MPa

Wel.g.Ab

Comparing the stresses at the location of the joint:

joint. Ab.test.1 = ~7.29816MPa Gjoint.test.] = Gx.g.test(l + ajoint) = —4.102-MPa
Tjoint.Ab.test.r = 8-2048MPa Gjoint.test.r = Gx.g.test(m - ajoint) = 4.102-MPa
Placement of joints vs. the location of the zero moment:

1+ ajoint =7.268m a,010.1.Ab 1+ Atest] = 7315m
21— ajoint =10.732m 010 1.Ab 1+ Ayestr = 10.774 m

B 10.8 Deflection of the Tested Sheet

Deflection of the 3-span continuous sheet, distributed loads:

kN kN N kN
Atest. A = 0'; Atest.B = 1'667'; Atest.C = 3'333'; Qtest.D = 5';
I=6m
RA.test = 0.5-kN MB.test = 7.kN-m
Rp test = 11-kN M test = 8-kN-m

R fest = 21.5°kN
E,=2.1x 10°-MPa

Ig = 6.648 x 106~mm4

Xiest == Om,0.1m..L

Ae}m(Xtest) = Xgest ~ | Mxtest) = Xpegt — 12



[ 3 . 2 4 ]
5 ( ) Qtest.B *test’ ; OX st . Xtest '3 £ 0 < <1
X = |7 - ] 0 <x o <
test| “test 360-E.-1 5 4 test
S°g 1 1
| 2
. ~MB test Xtest Xtest
| 6El 2 |
- ; ) _
q -a(x -1 a_(x
test.B m( test) .(1 B m( test)) 1<
24-Egl, 1
13 2 3 2 4
. (qtest.C - qtest.B)'am<Xtest>' 'am(xtest) am(Xtest) am<xtest>
] 120-Eg 1, I 2 4 |
3 2 3 i
qtest.C'a3(Xtest)'l 2a3 (Xtest) aS(Xtest) .
41 = + if 21 < Xiest S
2Byl 2 E
3 2 4
. (qtest.D - qtest.C)"“‘3(Xtest)'1 ; 10a3(xtest) . a3(xtest) 3
360-Eg 1, 2 4
2
. _MC.test'(l - aS(Xtest))'l . (l - a3(Xtest))
I 6-Egly 2 |
0B esi(Stest) = T Biesi(Xres1) .
test| “test) - A%, test| “test The derivates of the
Calculated Deformation
10,
E - 10
3
g étest(xtest)' 10 \ /
-20 \ /
-30 /
— 40
0 5 10 15 20
Xtest
[m]

Maximum deflection first span:
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1
Xei= —
AT

Given
(détest(xf) = O)

Aroottostaa Find(xf)
Xroot.test.] = 1-800 % 10 3m

- 10
Stest.1 = _Stest(xroot.test.l) =3.514x 10 -mm

Maximum deflection first span:

XpS= L- E

Given

(détest(xf) = O)
Rroobtostd= Find(xg)

Xroot.test.3 = 15-164m

Stest.3 = _Stest(xroot.test.?a) = —-37.613-mm

Maximum calculated deflection in each span:

- 10
Scalc.test.] = _6test(xroot.test.1) =3514%x 10 -mm
Scalc.test.mid = _Stest(xroot.test.mid) = —9.806-mm

Scalc.test.3 = _6test(xroot.test.3) = —37.613-mm

Approximate location where the
derivates is zero in the first span

The derivates is zero where the
deflection is its max or min

Find the location of the maximum
deflection

The maximum deflection in span 1

Approximate location where the
derivates is zero in the first span

The derivates is zero where the
deflection is its max or min

Find the location of the maximum
deflection

The maximum deflection in span 3
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A

B 11 Global Analysis of a Gerber system - Cantilever

=]
The sheet is also analysed with regard to the splice acting like a hinge. This gives a more relevant
stress distribution.

L=18m Total length, 3 spans
l=6m Length of span
Qjoint = 1.268 m Location of joint in the mid-span

B 11.1 Calculating the Moment Distribution for a Cantilever Model:

kN kN
s, = 24— = -g-b.=0.118-—
k m 85 = Pgheet 8 05 m
. KN
ai= 0891358+ 15 = 3741~
kN N
=37—=37—
A4.c m m

Calculating the support moment by including the hinges in the mid-span:

- dg o (1 = 28joint)

Py = = 6.409-kN Point load acting at the end of the
2 5 cantilever due to mid sheet
joint

Mp .= qd.c-T + ajoint'Pl = 11.1-'kN-m Support moment B

Mc. = Mg, Support moment C

Calculating the reaction forces:

Rphec = dd.c joint T Py =111-kN Partial reaction force support B
Reve = RBhe Partial reaction force support C
1 1 .
Rp o= _MB.c'T + qd.c'g = 9.25-kN Reaction force support A
1 1 . .
Rpy = MB.c'T + qd.c'g = 12.95-kN Partial reaction force support B
Rp .= Rpyc* Rppc=24.05kN Reaction force support B

Rc.=Rp¢ Reaction force support C



Rp.=Rp, Reaction force support D

dgcL = 66.6:kN

RA.c + RB.c + RC.c + RD.c = 66.6-kN

Angle of deflection:

2
B P1-8j5int . 4d.c %oint

my = = 0.263-de
27 2El 6-Eg 1 ¢

g g

Calculating the global moment distribution:
X :=0m,0.Im..L

2
L
Mgg g (%)= |-Rp X + 94 if 0<x<1
X2
“Rp X+ qd.c'? —Rpo(x-D if 1<x<1+ Boint
2
x—1-a.;
( Jomt) )
dde™ 5~ P(x = 1= ajgjng) if 1+ ajojne <x <21~
X2
Ry X+ g~ Ry (= D) f 21— ajgin S x <21
x2
Rp X+ qd,c'? - RB.C'(X -1 - RC.C'(X =2I) if 21<x <L

Moment distribution

20,

AN

El i
g M o NN
— 10 <+ N
-20
0 5 10 15 20
X
[m]

4joint
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d
dMgq g (%) = &MEd.g(X)

shear
VEd.g.c(X) = dMgq (%)
Derivative of M.Ed
20
10

/

= -3
_Z& Mg (9107 0

/

- 10
-20
0 5 10 15
X
[m]
Check the moment at the joint:
Xjoint.c = ! * 3oint
Given
(MEd.g.c(onint.c) = 0)
Xroot2.c = Find(xjoint.c)
Xroot2.c = 7.268 m
= = 2846 x 107 kN
Mzero.c = MEd.g.c(XrootZ.c) = Ta.0ab X “KIN-m

Xr00t2.c —1=1268m ajoint = 1268 m

Maximum field moment, first span:
1
Xpoi=—
f.c 2
Given
(dMEd.g.C(Xf.c) = 0)
Xroot.f.c = Find(xf.c)

Xroot.fic = 2-5M

MEd.g max.1.c = MEd.g.c(Xroot.f.c) = —11.563-kN-m

20

The derivates of the moment is the

Approximate location where the moment
is zero

The joint is placed where the moment is
zero

Find the location of the zero moment

The moment at the calculated location

They correlate!

Approximate location where the
derivates is zero in the first span

The derivates is zero where the
moment is its max or min

Find the location of the maximum
moment

The maximum moment
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d The location of the zero derivates

Xzero = Xroot.fic

Maximum field moment, mid-span:

Xfoy= 151 Approximate location where the
derivates is zero in the second span

Given

M -0 The derivates is zero where the

( Ed.g.c(xf.c) = ) moment is its max or min

Xroobhior= Find(xf_c) Find the location of the maximum
moment

Xroot.f.c = 9 M

MEd.g.max.mid.c = MEd.g.c<Xroot.f.c) = —5.55-kN-m The maximum moment

B 11.2 Stress Distribution Evenly Distributed Load

th.l = 144.781-mm th.sc.l = 141.689-mm Zg Adov= 141.54mm
3
3 2 3 2 10214851mm 3 2
Ag.l =1.37%x 10"-mm Ag.sc.l =14x 10"-mm A§ A= W = 1.405 x 10" -mm

The difference is assumed to be with regard to how the arbitrary 3D beam element model has be
computed in Abaqus, with sharp corners. Therefore we assume a calculated sectional modulus
based on the model with sharp corners.

Ig = 6.648 x 106-rnm4

Wel.g = 4.692 x 104~mm

3

The Stress Distribution Along the Sheet:

Mg g (%)

g X) =
e = —

el.g
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Stress distribution x-direction

300,

200

[\

100

/
/

0-x.g.c(x)' 10 0
— 100

[MPa]

\ /

/
\/

\/

— 200

- 300

Stress in mid-span:

1
1+

Xmax.gmid.c = 5
Given
(do_x.g.c(xmax.gmid.c> = O)

Xg max.mid.c = Find(x

Xo max.mid.c = 0 M

Ox.g.max.mid.c = Ux.g.c(xg.max.mid.c

Stress at supports:

Ox.gB.c™

max.gmid.c)

[m]
doy , (%) = d—crx () The derivates of the moment is the
& dx *& shear
Stress in span 1:
Xmax.gl.c = 1 Approximate location where the
2 derivates is zero
Given
(dox.g.c(xmax.gl.c) = 0) The max where the derivates is zero
Xg max.l.c '~ Fmd(xmax.gl.c) Find the location of the zero
derivates
Xo max.l.c = 2-5M
Ox.gmax.l.c = O_x.g.c(xg.max.l.c) = 246.424-MPa The maximum stress in span 1

Approximate location where the
derivates is zero
The max where the derivates is zero

Find the location of the zero
derivates

oy o) = ~236.567-MPa

): 118.283-MPa

The maximum stress in mid-span
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Oy g.C.c = Ox.g(2:]) = -236.567-MPa

B 11.3 Comparing with Values from Abaqus

Comparing the reaction forces:

RA Ab.c = RA Ap = 9257-kN Ry o= 9:25'kN
Rp Abc = Rp Ap = 24.055kN Rp o = 24.05-kN
RC Abc = Re Ap = 24.055kN Re o = 24.05-kN
Rp Ab.c = Rp Ap = 9257-kN Rp ¢ = 9:25:kN

2Ry .+ 2Rp = 66.6kN

A o'l = 66.6-kN

Comparing the moments:

MAB.c.Ab = MaB Ap = ~11.564-kN-m MaB ¢ = MEd g max.1.c = ~11:563kN-m
MBc c.Ab = MBC.Ab = 73-349-kN'm Mpc ¢ = MEd.g max.mid.c = —5-55kN'm

Comparing the stresses at the supports:

op Ap = —205.4-MPa Oy g B.c = ~236.567-MPa

Comparing the stresses in the joint:

Tjoint Ab = 11.143-MPa 1 (= 7.268m

* oin

14

Gjoint.c = O'X.g_c(l + ajoint) = 6.065 x 10 -MPa

B 11.4 Deflection of the Sheet with Regard to Cantilever

Deflection of the 3-span continuous sheet, distributed loads:

d4.c T m
I=6m

3
ajoint: 1.268 x 10" -mm
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Ry o= 9:25kN Mp = 11.I.kN-m
Ry = 24.05kN Mc = 11.ILkN-m

R = 24.05kN
5
Eg=2.1x 10°-MPa

Ig = 6.648 x 106~mm4

Deflection of left part cantilever, based on two integrals of the moment:

2 2
d SRR
EI_=RAC'X— +RBC'(X—1)
5 . .
dx
3 2
Y =g X e T R
ax A 6 2 1

4 3
_ x AdcX Ry o (x =1
Ely(x) = Rp o— — +

+Cy;x+C
6 24 6 1 2

Boundary conditions y(0)=0 and y(I)=0 gives the valus for C1 and C2
CZ =0

4 3
13 qd.c'l N RB.C'(l - D

24 6
Cl = | = —22.2~kN~m2

Global deformation:

The deflection of the beam is based on the two side sheet acting as cantilevers and the middle
sheet as simply supported.

AnlX) = x — 1 Aa(X) =X — 21 a(x)=x-1- 3oint

X := 0m,0.lm..L
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4
3 dg.c X

X
RAC? - 1 + ClX + C2
‘Sg.c(x) = if 0<x<1
ES~Ig
4 3
K AdcX Rpc(x -1
RAC.__ + +C1'X+C2
Y6 24 6 .
1 1f1§x£1+aj0int
g
~ 3 A -
R (1 + ajoint) qd.c'(l + ajoint)
Ac 24
3
Rp ¢(1+ 2joint ~ 1)
B.c joint
+ p + C1~(1 + ajoint) +Cy
if l+a; . .<x<21
oint
Egly ]
3 2 3
_qd.c'ac(x)'(l - 2'aj0int) | 2-a,(x) ag(x)
+ |1 = +
24-E_-1 2 3
L S8 (1 - 2ajoint) (1 N 2ajoint)
| 3 L-x* R L I’
(L-x)> 9dc@T-%) el —-x)—1]
RD.C. - + + Cl(L - X) + C2
6 24 6 if 9]
= i —a; .
. joint
Eg Ig

(L-x" Ydc®- SN

R +Ci-(L-x)+C
De™ ¢ 2 L=+ G
= if 21<x <L
Eglg
Deformation of Sheet Considering Cantilever
10
0

/

\

/

g 8.o(%)-10% 10

\

/

- 20

N

-30
0

10

[m]

15 20

-4
0By o(x) i= =3 o(X)

The derivates of the
deflection
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Maximum deflection first span:

1
Xe o= —
/wﬁﬂv 2

Given

(d5g.c(xrc) = )
Xroot.1.c = Find(xf.c)

Xroot.1.¢c = 2734 m

8 =8 ) = -27.079-mm

g.l.c g.c(xroot.l.c

Maximum deflection mid-span:

L
Xe = —
/wﬁﬂv 2

Given

(d5g.c(xrc) = )
Xroot.mid.c = Find(xf.c)

Xroot.mid.c = 9 M

) ) = 1.137-mm

g.mid.c = g.c(xroot.mid.c)

Maximum deflection third span:

1
Xe =L —
/wﬁﬂv 2

Given

(d5g.c(xrc) = )
Xroot.3.c = Find(xf.c)

Xroot3.c = 15.246m

6g.?a.c = Sg.c(xroot.&c) = —27.079-mm

Maximum calculated deflection in each span:

) = 5g.1 = -27.079-mm

calc.g.l.c

Approximate location where the
derivates is zero in the first span

The derivates is zero where the
deflection is its max or min

Find the location of the maximum
deflection

The maximum deflection in span 1

Approximate location where the
derivates is zero in the first span

The derivates is zero where the
deflection is its max or min

Find the location of the maximum

deflection

The maximum deflection in span 1

Approximate location where the
derivates is zero in the first span

The derivates is zero where the
deflection is its max or min

Find the location of the maximum
deflection

The maximum deflection in span 3
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6calc.g.mid.c = 6g.mid = —8.944-mm

) 8, 2 =-27.079-mm

calc.g.3.c = 9.3

B 11.5 Test with an Unevenly Distributed Load on Cantilever

The continuous sheet is now tested for a unevenly distributed load. The location of the hinge
remains. This is done to show the effect of a change in load distribution.

A load is applied to simulate the effect of snow drifting. Span 3 has an evenly distributed load. span
1 starts with zero load and the load than increases over the first span and the mid span until it

reaches its max at support C.

ok
Atest.A.c - m
_ kN
Atest.D.c - m
Atest.D.c
Atest.c(X) = 31

N
AtestB.c = dtest.c() = 1.667-;

. kN
Atest.C.c = dtest.c(2D = 3.333-;

kN

Atestjointiody = qtest.c(1 + ajoint) = 2'019';

kN

Atestjointom = qtest.c(l'2 - ajoint) = 2'981';

Point load on the joint:

Cltest.joint.c.l'(1 - 2'a‘joint)

. (qtest.joint.c.r - qtest.joint.c.l)'(l - 2'ajoint)

Load at support A

Load at support D

Unevenly distributed load in
span 1 and midspan

Load at support B

Load at support C

Load at the left joint

Load at the left joint

Prest.1 = > . = 4.052-kN

P = qtest.joint.c.l'z(l B 2'ajoint) N (qtest.joint.c.r - qtestioint.cJ)'(l - 2'ajoint) _ 4.608-kN
qtest.B.c'ajoint2 2(qtest.joint.c.l - qtest.B.c)'ajoint2

MB test.c = Ptest.l'ajoint + ) + P = 6.667-kN-m
qtest.joint.c.r'ajoint2 2(qtest.C.c - qtest.joint.c.r)'ajoint2

M test.c = Ptest.r'ajoint + 5 + P = 8.428-kN-m
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Max moment in the mid-span in
order to keep zero moment at the
location of the joint

= —4214-kN'm

MB.test.c MC.test.c
™ ™

M¢ mid.test.c = min( >

) (qtest.joint.c.l - qtest.B.c)'ajoint
RBh.test.c = Prest.] Atest.B.c ¥joint © 5

= 6.389-kN

_ (qtest.C.c - qtest.joint.c.r)'ajoint
Rey test.c = Prestr T Atest.joint.c.r #joint + )

= 8.611-kN

Check the reaction forces:

1 | .
RA test.c = _MB.test.c'T + qtest.B.c'g = 0.556-kN Reaction force A

1 1 . .
Rpy test.c = MB.test.c'T + qtest.B.c'g = 4.444-kN Partial reaction force

RE test.c = RBv.test.c T RBh.test.c = 10-833-kN Reaction force B

1 1 1 . .
Reh test.c = MC.test.c'T + cltest.C.C'E + (qtest.D.c - qtest.C.C)'g = 13.071'kN  Partial reaction force

R( test.c = Rehtest.c T Rev.test.c = 21:682-kN Reaction force C

1 1 1 .
RD test.c = _MC.test.c'T + (qtest.D.c - qtest.C.c)'g + qtest.C.c'E = 11.929-kN  Reaction force D

RA testc T RB.testc t RC.test.c T RD.test.c = 45°kN

est.D.c 3!
_OSLUC T 45N

X := 0m,0.lm..L
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2
X :
MEg g test.e(®) = || RAtesteX + qtest.c(x)'zj if 0<x=<I

2
X .
“RatesteX * qtest.c(x)'g ~ RB test.c (X — 1)} if I<x<T+ajgin
- ) -
x—1-a. .
( Jomt) .
dtest.joint.c.l’ ) if T+ ajging <% <21 = a1
2
x—1-a. .
( Jomt)
+ (qtest.c(x) - qtest.joint.c.l)' 6 -
_+ _Ptest.l'(x - 1= ajoint) |
i OF
“RA test.c®  test.cX) 23 RB test.c (X = D | if 21— ajqine <x <21

2
(x) :
RA test.c X + dtest.c(X)- 6 RB test.c (X =D = Regegp o (x = 2D | if 21 <x <

dMEd.g.teSt. (X)) = j_MEd. g.test.c(x) T:e derivates of the moment is the
X shear

Moment distribution

10
£ 0 //\ /\
=) By \/
E MEd-g.test,c(X)' 10
-20
0 5 10 15 0
X

[m]



Derivative of M.Ed

20
10 ¥ /’
z dMpg g.test.c(x) 107 o /‘\//
o - 10
-20

5 10 15

X

[m]

Location of the zero moment in the mid-span:

Xioitoy= 1 T oint

Given
(MEd.g.test.c<onint.c) = O)

Xroot.test.c = F md(xjoint.c)

Xroot.test.c = /-268 m

Mzero.test.c = MEd.g.test.c(Xroot.test.c) = 0-kN-m

Xroot.test.c = /-268 m

Maximum field moment, first span:

Xﬁ[} =

o | —

Given

(dMEd.g.test.c(Xf.c) = 0)
Xroot.test.1.c = Find(xf.c)

Xroot.test.1.c = 2 M

MEd.g.maX.test.l.c = MEd.g.test.c(Xroot.test.l.c) -

Maximum field moment, mid-span:

ajoint +1=7268m

20

Approximate location where the
moment is zero

The joint is placed where the
moment is zero

Find the location of the zero moment

The moment at the calculated
location

They correlate since the cantilever is
made with regard to the joint

Approximate location where the
derivates is zero in the first span

The derivates is zero where the
moment is its max or min

Find the location of the maximum
moment

0.741-kN-m The maximum moment span 1
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Xe = 1.51

Given

(dMEd.g.test.c(Xf.C) = 0)

Xroot.test.mid.c ‘= Find(xf.c)

Xroot.test.mid.c = 2-055 m

MEd g max.test.mid.c = MEd.g.c(xroot.test.mid.c) = —5.544-kN-m

Maximum field moment, third span:

X o= 2.51

Given

(dMEd.g.test.c(Xf.C) = 0)

Xroot.test.3.c ‘= Find(xf.c)

Xroot.test.3.c = 19431 m

MEd g max.test.3.c = MEd.g.c(Xroot.test.3.c) = —~11.554-kN-m

Compare to the capacity according to Lindab:

MEd.g.max.test.l.c <My pbg=1

MEd.g.max.test.mid.c

MEd.g.max.test.3.c <My pbg=1

Approximate location where the
derivates is zero in the second
span

The derivates is zero where the
moment is its max or min

Find the location of the maximum
moment

The maximum moment

Approximate location where the
derivates is zero in the second
span

The derivates is zero where the
moment is its max or min

Find the location of the maximum
moment

The maximum moment

MR test.c < Mg gbs=1

<My pbg=1 Mc test.c <Mggbs=1

B 11.6 Stress Distribution Unevenly Distributed Load

o ) “ME( g test.c(X)
x.g.test.c\X) =
£ Wel.g
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Stress distribution x-direction

400

300,

/

20

The derivates of the moment is the

Approximate location where the
derivates is zero

The max where the derivates is zero

Find the location of the zero

= o 200 / \
S Tx.g test(¥) 100 /'\ / \
= 0
NN
—200
0 5 10 15
X
[m]
doy g.test c(®) = d_o_x g.test c(x)
.g.test. gx X-gtest. shear
Stress in span 1:
1
Xmax.gl.test.c = 5
Given
(do_x.g.test.c(xmax.gl.test.c) = O)
X = Find(x )
g.max.l.test.c max.gl.test.c derivates
Xo max.1.test.c = 2 M
Ox.g.max.1.test.c = Ux.g.test.c(xg.max.l.test.c) = 15.787-MPa

Stress in mid-span:

1

Xmax.gmid.test.c = I+ 5
Given
(do—x.g.test.c(Xmax.gmid.test.c) = 0)

Xg max.mid.test.c ‘= F md<xmax.gmid.test.c>

Xo max.mid.test.c = 2-055m

Ox.g.max.mid.test.c ‘= o-x.g.c(Xg.max.mid.test.c)

Stress in span 3:

1
21 + —
2

Xmax.g3.test.c =

The maximum stress in span 1

Approximate location where the
derivates is zero
The max where the derivates is zero

Find the location of the zero
derivates

= 118.162-MPd he maximum stress in mid-span

Approximate location where the
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Given

(dcx.g.test.c(xmax.g3.test.c) = O)

Xg max.3.test.c ‘= Find(xmax.g3.test.c)

Xg max.3.test.c = 15-431m

Ox.g.max.3.test.c = 0-x.g.c(xg.max.B test.c

Stress at supports:
Ox.gB.test.c =

Ox.g.C.test.c = Ox.g.test.

) = 246.235-MPa

derivates is zero

The max where the derivates is zero

Find the location of the zero
derivates

The maximum stress in mid-span

Oy g test.c(D) = ~142.082-MPa

o(2:) = ~177.603-MPa

B 11.7 Comparing with Values from Abaqus

Comparing the reaction forces:

R A Ab.test.c = RA.Ab.test = 0-557 kN

RB Ab.test.c = RB.Ab.test = 10-828-kN
R Ab.test.c = R Ab.test = 21.68 kN

Rp Ab.test.c = RD.Ab.test = 11.954kN

RA test.c = 0-556-kN
Rp fest.c = 10-833-kN
RC.test.c = 21.682-kN

Rp test.c = 11.929-kN

RA Ab.test t RB.Ab.test T RC.Ab.test 7 RD.Ab.test = 45-02°kN

RA testc T RB.test.c * RC.test.c ¥ RD.test.c = 45°kN

Atest.c 31 30.kN

Comparing the moments:

Xroot.test.1.c = 2m
Xroot.test.mid.c = 2-055 m
=15431m

Xroot.test.3.c

21=12m
21 = 8y = 10.732m

MB Ab.test.c = MB.Ab.test = 6:655-kN-m

Location of maximum field moment in span 1
Location of maximum field moment in span 2
Location of maximum field moment in span 3

Location of maximum support moment

Location of joint

MB test.c = 6:667-kN-m
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Mc Ab.test.c ‘= MC.Ab.test = 8-336-kN-m M fest.c = 8-428-kN-m

MAB Ab.test.c = MAB.Ab.test = ~0-744 kN-m MAB.test.c = MEd.g.max.test.l.c = -0.741-kN-m
MB(C . Ab.test.c = MBC.Ab.test = ~3-748 - kN-m MBC test.c = MEd.g.maX.test.mid.c = =5.544-kN-
McD. Ab.test.c = MCD.Ab.test = ~14-997-kN-m MeD test.c = MEd.gmax.test.3.c = ~11.554-kN-mw

Mkfbs =15.16-kN-m

M ¢bg = 20.768-kN-m

Comparing the stresses at support B and C:

OB Ab.test = —123-2-MPa

GX.g.B.teSt.c = —142.082-MPa
) ~MpB Ab.test.c
OB.Ab.calc.test.c = W = —141.978-MPa
el.g.Ab
OC.Ab.test = ~154.3-MPa Ox.g.C.test.c = ~177.603-MPa
) ~Mc Ab.test.c
OC.Ab.calc.test.c = W = —177.833-MPa
el.g.Ab
Comparing the stresses at the location of the joint:
~ 14
joint.Ab.test.] = —7.298-MPa Ojoint.test.l.c = O-X.g.test.c(l + ajoint) =3.835x10 = -MPa
— 13
Tjoint. Ab.test.r = 8-205-MPa Ojoint.test.r.c -~ O-X.g.test.c(zl - ajoint) =-1551x 10 ~-MPa

Placement of joints vs. the location of the zero moment:

1+ ajoint =7.268m 1+ Apest] = 7.315m

2.1 ¢ = 10.732m 1+ dostr = 10.774m

~ %oin

B 11.8 Deflection of the Tested Sheet

Deflection of the 3-span continuous sheet, distributed loads:
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kN kN

test.Ac = 0" m Qtest B.c = 1.667-—m
kN KN
Atest joint.c.1 = 2019~ deest joint.c.r = 2981~

RA test.c = 0-556-kN
Rp test c = 10.-833-kN
RC.test.c = 21.682-kN
RD.test.C = 11.929-kN
I=6m

5
Eg=2.1x 10”-MPa
I, = 6.648 x 106-rnm4

g

Xiest = 0m,0.1m.. L

Mxtest) = Xgest ~ |

Deflection of left part cantilever, based on two integrals of the moment:

qtest.c(xtest>'xtest

MB test.c = 6:667-kN-m

M( test.c = 8:428-kN-m

Mxtest) = Xpegt — 12

2

- qtest.c(xtest)'xtest

23

3

d2y
El ) = RA test.c Xtest ~
dx
dy _ Xtest
EI& = RA test.c’ 2

Xtest

qtest.c(xtest)'xtest

18 +C 1.test.1

4

Ely(x) = Rp test.c 6

Boundary conditions at y(0)=0 and at y(I)=0 gives the valus for C1 and C2

3
C) test.] = OKN-m

13
_RA.test.c'Z +

72

4
qtest.c(l)'1
72

— 1.667-kN-m>

C1 test] =

Deflection of right part cantilever, based on two integrals of the moment:

k
Atest.C.c = 3'333'; Atest.D.c = 5';

Mxtest) = Xpegt 1 - joint

+ €1 test.I Xtest T C2.test ]
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2

2
d7y qtest.c(xtest)'xtest
El 5 RA test.cXtest ~ ) + RB.c'(xtest - l) + RC.test.c'(xtest - 21)
dx
2 3 2
- dy _ RA test.c Xtest qtest.c(xtest)'xtest . RB.test.c'(Xtest - 1)
dx 2 18 2
2
RC.test.c'(Xtest - 21)
+ 5 + C1 testr
3 4 3
RA test.c Xtest qtest.c(xtest)'xtest RB.test.c'(Xtest - 1)
Ely(x) = P - - + B

. RC.test.c'(Xtest - 21)3
3

+ C1 testrXtest T C2.test.r

Boundary conditions at y(L)=0 and at y(2I)=0 gives the valus for C1 and C2

3 4
RA.test.c'(ZD ~ qtest.c(2l)-(21)
6 p
3 3
RB.teSt.C.[(Zl) - 1] + Rc,test.c'[(zn - 21]
6 3 )
C == d _ _34.167-kN-m
1.test.r )

Calculating the start at finish for the middle sheet, in-between the joints:

I+ a'oint))'(l + ajoint)4

= = —19.266-mm

RA.test.c'(1 + ajoint)3 3 qtest.c(( J
6 72
3
RB test.c| (1 + @igint) — |
) _+ s p join) ~ ] + C1 test1"(1+ 2joint)
s (ES'Ig)
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4 2 3 4
_qtest.joint.c.r'(ajoint) 6'(ajoint) 4(ajoint) . (ajoint) 5011
= . - =-2911-mm
7t 24Egly 2 3 4
3oint _ oint djoint
4 2
. _(qtest.C.c - qtest.joint.c.r)'(ajoint) 1()'(ajoint>
120-E 1 2
S8 4joint
3
—10-(a: :
t
2 {oing)”
3
djoint
4 5
_5 a: . a: -
t t
N (JOIH) N (_]011’1)
4 5
3joint 3joint
p 2
. “Ftest.r'%joint "3oint . djoint
L 2ESIg 3'aj0int )
y; + L.15mm
Y(xtest T4 'ac(xtest)
3joint
4
RA test.c Xtest qtest.c(xtest)'xtest
6 - 7 + C1 test.l Xtest
6tes‘t.c(xtest) = EI if 0<xgeg =1
(EsTg)
_R 3 -
A test.c Xtest
6
4
N _qtest.c(xtest)'xtest
72
R )
B.test.c'(xtest - )
+ 6 + C1 test. Xtest

(ES'Ig)

y1- y<xtest>

_(qtest.c(xtest)

* ~Atest.joint.c.]

j'ac(xtest)'(l - 2'ajoint)3

= if 1< XteSt <l+ ajoint

if 1+ ajoint <

360-Eg 1

5 . _lo'ac(xtestl2 )
(1 - 2ajoint)
. ac(xtest)4'3

(1 - 2aioint\)4
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~\Ytest.joint.c.1) @\ Xtest) \! ~ “"3joint) -
{oesiomel )0~ 2s0m)

3

24-ES-Ig
[ 4 2
“Atest.joint.c.r %joint 'am(xtest)
24-E 1 2
S8 3joint
—4 am(xtest)3
.
3
joint

. am(xtest)4

. _2'ac(xtest)2 )
(1 - 2ajoint)2
. ac(xtest>3

(1 - 2ajoint)3 A

M restell - (3(tesdT | 1= (o3(1esd) T

4
joint
. _(qtest.C.c - qtest.joint.c.r)'ajoint4. 1O'am(xtest)2
120-Eg 1, L2
Jjoint
. _lo'am(xtest)3
3
djoint
-3 am(xtest)4 . am(xtest)5
4 5
3joint joint
. _Ptest.r'am(xtest)z'ajoint.(1 ~ am(xtest)J
L 2'Es'Ig 3'ajoint
—qtest.c(aB(Xtest))'(a3(xtest))'l3' L 2(33(Xtest))2 . (aB(Xtest))3
24-Es-Ig 12 13
_(qtest.D.c - qtest.c(a3(Xtest)))'(a3(xtest))'l3 -
+ N 7 cee
360-E-1
S e . _10(a3(xtest))2
E .
(a3(xtest))4 3
14

if 21— ay

] e B 12 S X
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L o L
T
a5 (xe) =95 (x
test.c( test) = test.c( test) The derivates of the
dXgegt ;
deflection
Calculated Deformation Unevenly Distributed Load
10
0 A\ /
E ; \ \ /
g ’Stest.c(xtest)' 10—-10 \/ \ /
-20 4
=30, 10 15 20
Xest
[m]

Maximum deflection first span:

Xpi=1

Given

(dBtest.c(x£) = 0)

Kroottestda= Find(xg)

Xroot test.] = 4354 m

Stest.1.c = Stest.c( Xroot.test.1) = 6-348-mm

Maximum deflection span 3:

po¥ L - %

Given

(d‘stest.c(xf) = 0)
O Find(xf)

Approximate location where the
derivates is zero in the first span

The derivates is zero where the
deflection is its max or min

Find the location of the maximum
deflection

The maximum deflection in span 1

Approximate location where the
derivates is zero in the first span

The derivates is zero where the
deflection is its max or min

Find the location of the maximum
deflection
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Xroot.test.3 = 19-35 M

dtest.3.c = atest.c(xroot.test.3) = —22.798-mm

Maximum calculated deflection in each span:

Ocalc.test.l.c = atest.c(xroot.test.l) = 6.348-mm
dcalc.test.mid.c = 6test.c(xroot.test.mid) = -12.731-mm
Ocalc.test.3.c = atest.c(xroot.test.3) = —22.798-mm

The maximum deflection in span 3
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]

B 12 Design of a Trapezoidal Steel Sheet
[~]
B 12.1 Effective Cross-section:

We assume that the dimensions of the grooves, which act like stiffeners, are made with regard to
the fact that these must not buckle. In order to account for buckling the effective cross-section will
be calculated according to SS-EN 1993-1-5.

The upper flange:

The grooves are considered internal stiffeners and according to SS-EN 1993-1-3 5.5.3.3 (4) the
flange can be assumed as simply supported, giving an evenly distributed effective area. The effective
area is considered in the compressed part of the cross-section i.e. the top flange and parts of the
web.

be = 2:byp + by + 254

bl = bpl + OSbgO

Effective cross-section is calculated on the parts of the sheet which are compressed; the top flange
the upper part of the web as well as part of the middle part of the web decided by the NA.

Ag =4.222 x 103~mm2

th = 141.021-mm
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Ig = 6.648 x 106~mm4

The top flange is in evenly distributed compression

Pi=1
B+YP)=>0=1
ks =40

Outer side of the top flange is part 1:

Np.fo.l ~ 00553 +9)

>1.0
2
>‘p.fo.1

)\p.fo.l — 0.055(3 + )
2
>‘p.fo.l

1.0 if

otherwise Prol = |

The middle part of the top flange is part 2:

p2

t
S
. S—Y Y
Ap.fo.2 284-¢ [k

Np.fo — 0-0553 + )
5 > 1.0

>‘p.fo.2
)\p.fo.z - 0.055(3 + )

2
Ap.fo.2

1.0 if

otherwise Pfon = 0.112

The effective widths of the cross-section then becomes the following:

beff.fo.1 = Pfo.1-Pp1 = 29-23-mm

befffo.2 = pf0.2'bp2 =51.771-mm



Age off = 2Aq, + Agu T2A0, T 2 A iyt 2 Aym T 2 Ay o T 2 Ay o
With consideration to sharp corners

+t (beff.fo.l'2 + beff.fo.2) + 2'Ago

Aeff = ASC.Cff.(l — SSC) = 866193mm
285, (7f) + Agu (Zgu) * ts(Petffo.12 + Peffo.2) (%ho)
+2-Ag0Z0 + 2A5y (Zwu) + 2Awm (Zwm) + 2 Awo (Zwo)

= 113.464-mm

+ 2AW.fu'zw.fu + 2'Aw.fo' Zw.fo
Aeff

Ztp.eff =
beff.foz
bsﬂ'.f01 12
l% E - — - —
/
NA e S SR
/
e th.eﬁ I,?//J'II
/
VAN |
Effective cross-sectional area for a compressed groove
Ag = tg(sgo + 0-5begr o 1+ 0-5befr g 2)
t
S
? + thj + (Sgo't )(

t
0] + (ts~0.5-beff.f0.2)'(

s
(ts'o's'beff.fo.l)'(; + hg
Ag

Pgo

3

Ztp.s =

= 10.598-mm
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beff. fo2
beff.fo 1 /2

N
b,
w
|
=
1

When calculating the second moment of area, |, for the groove; for the outer flange a width of 15t is
contributing and for the inner the minimum width of 15t or 0.5beff is contributing, according to SS-EM
1993-1-3 5.5.3.4.2

(15-ts < 0.5~beff.f0.2) =1

The second moment of area is calculated excluding the bt*3/12 part, since its contribution is very
small.

t 2 hoo )
- s go| | _ 3 4
I =2 ts-(15~ts)-(hg0 to - ztp.s) + ts-sgo-(ztp.s - 7] = 1.332 x 10”-mm

The critical stress for a flange with two symmetrically placed grooves, SS-EN 1993-1-3 5.5.3.4.2(3):
1

4
2
.= 3.65 501 ’(3’be _ 4'b1) Buckling length for a flange with two
b 3 symmetrical grooves
tS
Sw = (hs - ts)'Sin(d)w) = 186.244-mm The length of the angled web

(2:be + 5y)(3'be — 4°Dy)
Kwo = jb1~(4~be —6by) + 5, (3bg — 4D)
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1
ky = |Kyo if o >2 kw can be put to 1 to be on the safe side.
S,
w
21, (1Y
kwo - (kwo - 1)- s_ - s_ otherwise
W w
3
4.2k Eg It
Ocrg = . Critical stress for the groove
) A 2
s 8:b; -(3-be - 4-b1)
The web:
o
| \
/
© ."l:"l
L I,-".".
.":-"|l
(&) _“_ : ‘J-":"II
O g — 7
Nl | i
/
/
= Y /
—— NA——+ g
I.'::."I
/
/!
/
ff
.":":
!
r
Z
LN L off /
/ _\\ ."f::
1 v/ .l'"
t
S
ec:=hg - “peff ~ 7
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hga = hy; £o

hy = hy + hgy + Lyysin oy,

Deciding which parts are in the compressed zone:
e, >h, =1

e.>hy=0

Effective cross-sectional area for a compressed fold in the web, according to SS-EN 1993-1-3

5.5.3.4.3:
Stress in the compressed flange when

f,
_
Ocom.Ed = MO the capacity of the cross-section is
reached
ES

SeffO = 076tS — = 21.243-mm

' A IMO Ccam Fd

A i

O

()]

o]
L
/
|
//"//‘
/
£ th.eff

/’:\ /
I
> — \4’4

The web is fully effective for this thickness of the sheet, however the dimensions are first determines
according to SS-EN 1993-1-3 5.5.3.4.3(5) and then revised according to (6). The bottom web fold is

in tension therefore when calculating we assume one fold.
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e = 80.911-mm
ha = 40.757-mm
hb = 150.999-mm

hsa = 5.8mm

t
(lwu'Sin(q)w) +hy gt 1wm'Sin(¢w)> - (th.eff - Esj
Sy = sin(d) ) = 37.225-mm
W

Seff 1 = Seff.0 = 21.243-mm

0.5~ha
Seff2 = 1+ . “Seff.0 = 26.593-mm
c
i h, +h
Seff 3 = 1+ 0.5~( a Sa):|~seff_0 = 27.354-mm
c

Seffn = I.S'Seff'o = 31.864-mm

The whole part is effective if true; giving updated measurements:

Seff.1 + Seff2 2 lwo = 1

1

Sefiu = Lh — 18.829-mm
24 05—
e
[ 0.5-haJ
1+
e _
Seffid = IWO'TCh =23.571-mm lwo = 0.042m
24 : a Seff.l + Seff.Z =0.042m
e

The whole part of the web is effective if true; the values need to be revised:

Seff.3 + Seffn = 5n = |
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WZ Sn' =17.195-mm
0.5(hy + hgy)
2.5+
e

1.5-sIl
Sefbn = 050 1 = 20.03-mm Sy = 37.225-mm

: ( a sa) _ 2

254 —MmM8M8M8M8= Seff.n + seff.3 = 37.225-mm
e
2 . .
Ay, = ts'(seff.z + Seff3 + lw.fo) = 65.27-mm Effective area of the top web fold:
] 1wu 2 Not relevant since the bottom web fold is in

ASb = tS. Seffn + T + lw.fu = 64.379-mm tension

The local axis of the gravity center for the upper web fold ((parallel to the web):
1 t t
. w.fo S s .
(ts'lw.fo)'(sm(d)f)' ) + Ej + (ts'seff.Z)'E + (ts'Seff.3)'(sm(¢f)'lw.fo + ts)

z =
tp.sa -
Asa

Zipsa = 4.322-mm hg = sin(cbf)~lw_fo + 2ty = 10.454-mm

The second moment of area is calculated excluding the bt*3/12 part, since its contribution is very
small.

2 2
. tg tg 3 4
Isa = ts'seff.Z' th.sa — E + ts'seff.3' hf — th.sa - E ... = 1.066 x 10" -mm

he)?
gl fo'| Ztp.sa ~ o

Critical stress for the fold, according to SS-EN 1993-1-3 5.5.3.4.3(7):

s1= Lyo * lw fo * lwm * 0.5-(1W_ﬁl + 1wu)

Sy =81 — lwo - 0'5‘lw.fo

3
105k Eg /Isa-ts s

Agasy(s1 — 82)

kuZI

(o] = 313.708-MPa

cr.sa”
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Reduced areas with regard to distortion buckling:

oo (hy + 0.5hgy)
s -

Cc

The modified stress with regard to flange grooves and web folds in a sheet, according to SS-EN
1993-1-3 5.5.3.4.4. This value is used for the distortional buckling and when checking the capacity

of the sheet later.

Cr.s

. 4
cr.s
1+ | B
( ; crcr.sa]

Ocr.mod =

4

’ = 216.805-MPa

The slenderness with regard to web folds and flange grooves:

f.
_ yb
X = |[——— =139

Ocr.mod

Reduction factor ¥, according to SS-EN 1993-1-3 5.5.3.1(7)

Xq:= | 1.0 if Ng<0.65

(147 = 0.723-Xg) if 0.65 <Xg <138

0.66 if >\d >1.38
N
f.
_ yb B 2
Aq red = Xg-Ag - 47.313.-mm
TMO0 Ccom.Ed
A
sred .

tored = | if Ag red < Ag

S

to otherwise

Xd'Asa

sa.red N (hy + 0.5hgy)

A

Cc

tsared = (Xd'ts) if Agared < Asa

tg otherwise

= 67.221-mm2

X4 = 0.474

Asgeds= Min(Ag, Ag req) = 47.313-mm’
tg red = 0-593-mm

Asa rodv = min(Asa’Asa.red> = 65.27-mm2
toared = 1-25-mm
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Values of the effective cross-section where the full web is load-carrying but only an effective part of
the top flange is load carrying, and Rounded corners will be considered by a simplification of the

area with sharp corners, according to SS-EN 1993-1-3 5.1(5):

i
!
/
NA ———— e I
/
i
/
I
z /
tp.tot.eff -
.'::f
) /
_/ \_J'.-'I{II

Distances for calculating the z.tp location

—

S

AW
fav=ts -
Sy= 1+ l‘;_u.sin(%)
Zp eff ~ Dy fu ‘leu'Sin(d)W) _ ts-sin(¢w)
X Seff.nj_sin( o)

S5 1= tg + 1wu-sin(d>w) + hw.fu +
6= s+ 1wu'Sin(d)w) +hy gt [th.eff ~hyfu lwu'Sin(d)W) ~ s

Ceft3 j-sin(d)w) - 0.142m

S7:1=tg+ 1wu-sin(¢w) +hy gt [1Wm
h
. . w.fo
58 = ts + 1wu.sln(d)w) + thll + lwm'Sln(d)w) + )
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Seff.2

Sg = tg + lwu'sm(d)w) +hy gt lwm'Sin(¢w) +hy g + sin(d)w)
S
S10°= hg — tg = o 'Sin(d)W)
t
sp1:= hg - ES

S12= hg — (hgo +tig- th.s)

2
Ac.eff = 2'tS'S€ff.n + 2'Asa.red + 2'tS'S€ff.1 + 2t805befff01 + Z'As.red = 358.849-mm
. 2
Ao eff = 2:t5'0-5bggp fo 1 + 2Ag roq = 131.163-mm
2
Atot.sc.eff = 2 Afy + Agu + 2 A5 T 2 Ay fy = 771.693-mm

+2'ts'(th.eff — hwfu — lquln(d)W) — tS)
+2'ts'seff.n + 2'Asa.red + 2'ts'seff.l + 2'ts’O'Sbeff.fo.l + 2'As.red

2
Atot.eff = A‘tot.sc.eff'(1 - 6sc) = 75521'mm

2 Ay (51) + Agu(52) + 2 Ag(53) + 2Ay £ (54) -
+2'ts'(ztp.eff ~hy g - 1Wu'Sin(d)w) - ts)'(SS) + 2'ts'seff.n'(s6)
+2"[sa.red'seff.3'(s7) + 2'tsa.lred'lw.fo'(SS) + 2'tsa.red'seff.Z'<S9)
+ 21 Sefp 1°(510) + 25 0-5begr o 1°(S11) + 2-Ag red'(512)

Atot.eff

Zip tot.eff = = 102.086-mm

The second moment of area is calculated excluding the bt*3/12 part when its contribution is very

small.
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2 2
Liot.sc.eff = 2'Agu'(z‘[p.tot.eff - Sl) + Agu'(ztp.tot.eff - S2)

) 3
t.-(l. -sin d)
D ( bl 12( W)) + Awu'(ztp.tot.eff B 83)2
B 3
ts(hyw.fu
+2. % + Ay fu'(Hp.toteff S4)2

ts'(ztp.eff —hy - lwu'Sin(d)w) N ts)3

12

+2

fts'(ztp.eff ~hy g - lwu'Sin(d)w) - ts)'<ztp.tot.eff - 55)2

ts'(seff.n)3

2
+2 B + ts'seff.n'(s6 - th.tot.eff)

3
tsa.red'(seff.3) 2
2 + tsa.red'seff.3'(s7 - th.tot.eff)

3
fsared (1w f
w + tsa.red'lw.fo'(SS - th.tot.eff)2

+2-

+2

3
tsa.red'(seff.z) 2
+2 2 + tsa.red'seff.Z'(S9 - th.tot.eff)

2 2
+ 24 tgSefr 1°(510 ~ Ztp.tot.eff) } + 250.5bgr 5 1(S11 ~ Zep tot.cff)

2
+ 2'As.lred'(SIZ - th.tot.eff)

6 4
Lot eff = Itot.sc.eff'(1 - 2'ésc) =3.682x 10 -mm

I = I-bS = 5.408 x 106~mm4

comp * Compare value with that from Lindab

B 12.2 Moment and Shear Force Distribution

Applied evenly distributed load on the global beam model and the resulting moment and shear force
distribution.

MEq o(%)
The distributed moment

VEd.g(X) The distributed shear force
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Moment distribution

20,

10 A A
Mg (9107 0 \\/ /\
\L/

— 10

[kKNm]

-20
0 5 10 15 20
X

[m]

Derivative of M.Ed

2<10*

1x10* /

z VEd.g® 0 /
~ 1x10*
~ 210
0 5 10 15 20
X
[m]
Rp =9.25-kN My = OkN-m MaBi= MEd.g.max.l = —11.563-kN-m
Rp = 24.05-kN Mg = 11.1-kN-m Mge= MEd g max.mid = —3-35-kN-m
Re = 24.05-kN Me = 11.1-kN-m Mep = Mgg g max.1 = —11:563-kN-m
Rp=9.25-kN Mp = OkN-m

REg.g = max(Rp.Rp,Re,Rp) = 24.05-kN
MEd,g,s = _max(MAaMB,Mc,MD) =-11.1.kN-m

Mg g f = -min(Mpp.Mpc.Mcp) = 11.563-KN-m

B 12.3 Capacity of the Sheet:
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Moment capacity:

I
tot. eff
Wigp i= o = 3.963 x 10 -mm’ Wy = 3.918 x 10°-mm’

(hs - th.tot.eff)
Wel
Weff < T =1

The moment capacity for compression and when taking into account the effect of modified critical
stress depending on stiffeners in both the flanges and the webs for calculating distortional
slenderness.

f f
M = LbW = 16.644-kN-m b = 420-MPa
c.Rd eff
MO0 Mo
Ocr.mod Ocr.mod
MRdmod = ——— Wegr = 8.591-kN'm = 216.805-MPa
MO0 Mo

The effect of shear deformations:
According to SS-EN 1993-1-5 the shear deformations should be regarded.

L, = 6m L, = 6m Length of span 1 and 2
b
fo
by=— Le = 025:(L; + Ly)

Shear deformations need to be regarded if the following criteria is not met:
L

e
bp<— =0
0™ 50
o . 2AS
bO'ts
an-b
00
K= =0.12
Le
Bpos = ]1.0 if K<0.02 Bneg = [1.0 if K<0.02
1
5 if 0.02<k<0.70 " if 0.02 <k <0.70
1+ 64K 1+60|K-— + 1.6%2
00-x
if Kk>0.70
5.9k if kK>0.70
8.6:Kk
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. 0.55 + 0.25
Bo = ml“[ﬁpos’(Tj'Bpos}

beff = BpOSbO = 264.733-mm

betf fo.2 T befffo.1 < befr = 1

At the edge supports

Criterion fulfilled and we do not need to check
shear deformations!

The combination of buckling and shear can be regarded by calculating an effective area of the

compressed flange:

3 j (beffo.12 + Pefr fo.2) ts

bO'ts

on-b
00
= = 0.06
Le
/@1808/\:: 1.0 if kK <0.02 /‘@“5@\:: 1.0 if K <0.02
1
if 0.02 <k <0.70 ’ if 0.02 <k <0.70
2
1+ 64K 1+60|K-— + 1.6-|<L2
2500-
if K>0.70
59K if K> 0.70
8.6k
_ _ A 042
Bpos = 0978 Breg = 0756 coff = 3588 10" *m
L _ 2
Aeff.fo = Afo.eff Bpos = 128.256-mm
2
Denefin= Aefffo T (z'ts'seff.n + 2 Agared 2'ts'seff.l) = 355.942-mm
5p = max( Ly Lym: o)
$q4°= Lyu * bwfu * lwm T lw.fo T lwo = 213.937-mm
Sy = 186.244-mm
1
3
I,-2
2.10
k= 534+ —— =
t Sd

slenderness of the web:
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Sd[5.34 fyp | b
Ay = max | 0.346.—. EEC LA 1 L | I
to | k E tg | Eq

S r S S

We assume that the continuous sheet in practice is supported with stiffeners at the ends giving the
following capacity:

fiy 1= [(0-58-F) if Xy, <0.83

£
(0.48-Lb] if 0.83 <X, < 140
N

W
f
b
04822 | if X, > 140
A\ fiy = 149.892-MPa
h
: =~ 5ty
Vi Rd = Sln(L—W%sm
b.Rd = = 37.765-
M0

Reaction forces:

Buckling due to support moment and concentrated loads must be considered i.e. crippling of the
web. The local resistance for transverse loads is calculated according to SS-EN 1993-1-3 6.1.7.4.

€max = 4-49mm €min = 2-79mm :Ehccentbricity of the fold relative the system line of
e we

emax

tg

2< <12=1 The condition is fulfilled!

The resistance is calculated first like an un stiffened sheet and the multiplied with a reduction factor
to compensate for the folds in the webs.

by = 2-bg, + bgu = 79.154-mm Width of area where the load is applied
. ®max 7 ©
Kgg R = min| 1.45 — 0.05- ,0.95 + 35000-t, " > =1.174 At the supports
S bd .sp

Conditions to be fulfilled:
- the clear distance from the reaction force/point load to a free edge must be 40 mm or more.
- the cross-section must fulfill the criteria according to SS-EN 1993-1-3 6.1.7.3 below
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T,

max( wu)

Tou-Tgo>Two-

ty

<10=1

h
t—:V < 200-sin(6,,) = 1

45deg < ¢, < 90deg = 1

Since the sheeting is continuous over the supports we assume category 2 according to Figure 6.9
SS-EN 1993-1-3

l=6m Length of first span

o= 0.15 Category coefficient

S, := 150mm The size of the support

s
Ss
VEd.g(1 - ?j‘ -
Ss
VEd.g I- ;

= |sg if B, <02

SS
VEdg I+ ;
Ss
VEd.g I+ ;

(1omm) if B, >03

(03 - By)(ss — 10mm)
0.1

=0.079

By =

+

if 02<B, <03

r:= min(r r, ) = 2-mm

WO’ wWu
2
at > T B 1- 01 [~ |05+ 002E 24+ bw
s ybs ' t ) ) tg . 90deg
Ry, R = = 12.12:kN
™M1
Capacity for one web with regard to support

Ry RAR = Ry Rd Kas R = 1423-kN reactions.

Combined bending moment and concentrated force according to SS-EN
1993-1-3 6.1.11:

MEd.g.f = 11.563-kN-m Maximum moment in field
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MEd.g.s =-11.1-kN-m Maximum moment at support

M, rq = 16.644-kN-m Moment capacity
REd.g = 24.05-kN Maximum reaction force at support
2R, Rd.R = 28:46-kN Capacity of two webs
Vi Rd = 37.765-kN Shear capacity with regard to buckling
Mg ¢ = 15.16 mkN Maximum moment in field according to Lindab
M, ¢ = 20.768 m-kN Maximum moment at support according to Lindab
-M
Ed.g.
_Edgs . _,
M¢ rd
R
Ed.
i < 1 — 1
2Ry RdR
Mp Ry My Ry
+ <125=0 + <125=1
Mcrd  2RwRdR Mcrd  2RwRdR

The combination of moment and reaction force at the support sets the limit of what the beam can
handle. No reduction with regard to the peak has been taken. The moments are lower than the
capacity given by Lindab.

B 12.4 Moment Capacity of the Sheeting:

_ qc1r'(l - Z'ajoint) Point load acting at the end of the
cr ) cantilever due to mid sheet
ajoint2
Mp ¢r = qcr'T + 3oint Per Support moment B

1 1
Rp o1 = der3joint + Pep + MB.cr'T + qcr'z Reaction force support B

M R
Ber _"Boa _, The moment and shear capacity with

Mcrd  2RwRdAR regard to 100 % utalisation.
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2

3joint qcr'(l - 2'ajoint)
Aer 5 + ajoint'f .
M¢ Rd
2
qcr'(1 - 2'ajoint) 3oint qcr'(1 - 2'ajoin‘[) 1 1
derjoint + T, der 2 + ajoint'f 1 + qcr'z
+
2Ry RAR
1 kN
Qor = F — =2447 —
2 12 m
4joint (1= 2:8jing)
T e 5
M¢ rd
2
(1= 23oint) | Foint (1= 2-aj5int) 11
. 3oint T 5 + 5 * 3oint 5 1 + 5
L 2Ry RdR ]
The critical load given the combination of moment and shear at the support.
kN . L
Qe = 2.447-— Critical load for evenly distributed load
m
P . qcr'(1 - 2'aj0int) — 4939kN Point load acting at the end of the
er 2 oo cantilever due to mid sheet
2
: “oint S rt moment B
MB.Cr = qcr'T + ajoint'Pcr = 7.341-kN-m uppo ome
1 1 .
Rp o= _MB.cr'T + qcr'E = 6.118-kN Reaction force support A

1 1 .
Rp o1 = der Foint + P+ MB.cr'T + qcr'g = 15.906-kN Reaction force support B

2
|
MaB.cr = Rperl + qcr'; = 7.341-kN-m

B 12.5 Diaphragm Action:

Diaphragm action is not needed to be combined with the transversal load-bearing capacity,
however it must fulfill the following criteria:

Stress in the edge beam consist of a force couple meaning that the shear flow is evenly distributed.
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R = b Shear flow in the sheet
S
VEg )
Tpd(X) = ———— Shear due to diaphragm action
by'tg
f.
b
TEg(0m) <025 - = 1
™1

Force in connectors (controls were also made in chapter 8):
Mg oD
m

FyEd= 4'ajoint'5i“(¢w)

‘b = 1.821-kN Vertical force on the connectors

Shear capacity of the screws
F, pRq = 7-84kN

FuEd<FyRrd=1

Local buckling of the web:

Rpqg 2Ry RrqRr =1

Global buckling:

2
(Vb.Rd'Ltot )
Vg o) S Ry

2
Liot
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]

B 13 Summary of Section Modulus

[

Sectional modulus for:

solid without hinge
shell with hinge

solid elastic with hinge
solid plastic with hinge
beam model.

NookwN=

Measured values from Abaqus:

5 3

1 WAb.tg: 2.043 x 10" -mm

2w 1588 x 10°-mm’
Ab.flat = * mm

3 W .= 1349 x 10°-mm°
Abs ™ mm

4 Wy =3.652% 10°-mm
Abl =3 mm

5 W o= 1492 x 10°-mm°
Ab.s.l ™ mm

6 W 1336 x 10°-mm’
Abslp2 = mm

4 3

shell without hinge, including transversal grooves
shell without hinge, flat flange

Calculated values:

5 3
Wel.tg = 1.406 x 10" -mm

5 3
Wel.ﬂat: 1.406 x 10”-mm

Wi = 1267 x 10°-mm’

el

W= 3918 x 10°-mm’

5 3
Wel.s.l =1.267 x 10"-mm

5 3
Welslp =1.267 x 10" -mm

Wel.g = 4.692 x 104~mm3

ratio:
w
Ab.t
078 1453
Wel.tg
w
Ab.flat 1129
Wel.ﬂat
w
AbS _ ) 064
el.s
w
Abl =0.932

Well

Calculated values (disregard
rounded corners):

Wi o = 1460 x 10°-mm’

el.sc

5 3
Wel.sc: 1.469 x 10" -mm

W ~ 1324 % 10°-mm>

el.s.sc

5 3

Wellsc = 4:093 x 10"-mm
5 3
Welslsc = 1.324 x 10"-mm

5 3
Welslsc = 1.324 x 10"-mm

ratio:

w
_Abtg = 1391

el.sc

w
Ab.flat 1081

el.sc

Wab.s

=1.019
el.s.sc

W
Abl =0.892

el.l.sc
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w \"
Ab.s.l 117 Ab.s.l 1127
Wel.s.l Wel.s.l.sc
6 Wab.s.Lp. Wab.s.Lp.
_Abslp2 o, _Abslp2 oo
Wel.s.l Wel.s.l.sc
7 Wel.g.
Wel.g

The solid models seem to correlate very well between the calculated values based on the disregard
of rounded corners (which Eurocode demands for the cross-section).

]
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B 14 Comparing Lindab and the Numerical Model

The moments that Lindab set to be the capacity over support and in field compared to the numerical
values retrieved from Abaqus.

kN-m . .
My, = 20.768-kN-m My = 25.96-—— Support moment capacity according to
m Lindab
kKN-m . . .
-My ¢ =-15.16-kN-m M ¢ = 18.95.—— Field moment capacity according to
’ ' m Lindab
M o= 40.6143kN-m Maximum support moment in beam model
M iq = —21.9106kN-m Maximum field moment in mid-span
Moy £ = —41.9872kN-m Maximum field moment in outer span

The conclusion is that the capacity of the beam element model computed in Abaqus has a higher
capacity than what Lindab assumes.

Calculated capacities for the cross-section with regard to the combination of shear and moment ovel
the support:

MR ¢r = 7-341-kN-m Maximum calculated field moment

Mp o = 7.341-kN-m Maximum calculated support moment

M, rq = 16.644-kN-m Compressional capacity of the sheet

Load in Abaqus when yielding over the support:

_ N kN .
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