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In this master’s thesis the structural analysis of a kinetic steel sculpture is performed. The
sculpture will be built into the new residential area called Asemanranta in Hameenlinna.
Sculpture consists of a ring with a diameter of 6.8 m which is supported by posts made of
steel. The ring is attached to the posts with the shafts and when the sculpture is operating the
ring is rotating around 1.4 revolutions per minute.

The structural analysis is performed by using FE-analysis, Hot Spot -method and guidelines
of the Eurocode. All dimensioning and load determinations are performed according to SFS-
EN 1991 and SFS-EN 1993.

The main goal of the master’s thesis is to make sure that the sculpture can carry its self-
weight and it can operate in circumstances it has been designed to. Determined
circumstances take into account local wind, snow, and thermal loads that may lead to the
yielding, unstableness or vibrating of structural members. Fatigue assessment is also
performed to ensure that sculpture could operate the designed lifetime in normal predictable
conditions.

The result of the analysis is that the sculpture fulfils the specified requirements, and the
structure can resist all predictable load cases that may occur during its lifetime.
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Tassa diplomitydssa tutkitaan liikkuvan terdasveistoksen rakenteellista kestavyytta.
Terasveistos tullaan sijoittamaan uudelle asuinalueelle nimeltddn Asemanranta, joka
sijaitsee Hameenlinnassa. Terésveistos koostuu halkaisijaltaan 6,8 metrin kehé&st4, joka on
tuettu teraspilareilla. Kehd on liitetty pilareihin akseleilla ja terdasveistoksen ollessa
toiminnassa, keh& pyorii akseleiden ympari noin 1,4 kierrosta minuutissa.

Rakenneanalyysi suoritetaan kayttdmalla FE-analyysid, Hot Spot -menetelmaa ja
Eurokoodin ohjeistuksia. Kaikki mitoitukset ja kuormitusten maédrittdmiset tehdaan
standardien SFS-EN 1991 ja SFS-EN 1993 vaatimusten mukaisesti.

Diplomityon pdadtavoite on varmistaa, ettd terdsveistos kykenee kannattelemaan oman
painonsa ja, ettd se kykenee toimimaan olosuhteissa, joihin se on suunniteltu. Maaritetyt
olosuhteet ottavat huomioon tuuli-, lumi- ja lampétilakuormat, jotka voivat johtaa
rakenneosien myotdamiseen, epdstabiiliuuteen tai varéhtelyyn. Rakenteelle suoritetaan
myos vésymistarkastelu, jotta voidaan varmistaa, ettd terdsveistos kykenee toimimaan
suunnitellun toiminta-ajan normaaleissa ennustettavissa olosuhteissa.

Rakenneanalyysin tuloksena voidaan todeta, ettd terdsveistos tayttda sille annetut
vaatimukset ja veistos kestda kaikki ennustettavat kuormitustilanteet, jotka voivat ilmeté sen
toiminta-ajan aikana.



ALKUSANAT

Haluan kiittdd Hefmec Engineering Oy:t4 loistavan diplomity6aiheen tarjoamisesta seka
ohjauksesta ja tuesta koko diplomitydprosessin aikana. liman jatkuvaa tukea (ja painostusta)
diplomityén valmistuminen olisi varmasti venynyt hyvinkin pitkélle tulevaisuuteen, sill&
pakottavaa tarvetta valmistumiselle ei tdman diplomity0n tekoaikaan varsinaisesti ollut.
Diplomityon tekemiseen annettu tuki on kuitenkin vain pieni osa niista evéistd, jotka olen
Hefmeciltd saanut suunnittelijan tyoéurani aloitukseen, ja siitd haluankin antaa

erityiskiitoksen koko Hefmecin tydyhteisolle.

Haluan kiittdd myos LUT-yliopistoa, TKT Antti Aholaa ja Prof. Timo Bjorkia seka totta kai
muuta henkil6kuntaa kattavasta ja riittdvan syvallisesta terasrakennesuunnitteluun liittyvasta
opetuksesta. Monet syvaluotaavat detaljit saattoivat tuntua opintojen aikana turhalta
tydeldmén kannalta, mutta niin vain niihin tormasi jo ensimmaéisen tydvuoden aikana. Tasta

hauskana esimerkkind lujuusopin laminaattirakenteet ja eri aineista yhdistetyt palkit.

Erityiskiitokset annan Koneenrakennuskilta ry:lle loistavista tapahtumista seka muille
laheisille kiltalaisille ja etenkin pojat—pilalla -porukalle, joiden kanssa koettiin vauhdikkaita

hetki&, niin opintojen kuin vapaa-ajankin merkeissa.

Mikael Ekholm

Riihimaella 2.8.2022



SYMBOLS AND ABBREVIATIONS

ac
Aref
As
AsL
Al

AL

Bp,Rd

Co

Cdir

Ce

Ct

Clat
Clat,0
Clat,single
CsCd

Cseason

Ct

Altitude above Sea Level

Throat thickness of the weld

Factor of galloping instability

Reference area of the structure or structural element

Tensile stress area of a bolt

Total area where the snow load is affected

Total area of the surfaces parallel to wind direction

Total area of the surfaces perpendicular to wind direction
Reference width of the cross-section where the vortex shedding
occurs

Design punching shear resistance at ultimate limit state

Terrain orography factor

Directional factor

Exposure coefficient

Force coefficient for the specific structure or structural element
Lateral force coefficient

Basic lateral force coefficient

Lateral force coefficient for a single structural element
Structural factor

Season factor

Thermal coefficient

[N]



do

d2
Dkm
dm
dring
FAT
Fb,rd
Fpc
Fr
FsL
Fs.Rd,ser
FtEd
FtRrd
fu

fub
Fv.Ed
Fv Ed,ser
Fv.rd
Fw
Fw(s)
Fw,Ed

FW,Rd

Inwind depth that is measured perpendicularly between
plate and torsional axis

Nominal diameter of the ring

Pitch diameter of a bolt

Diameter of contact area between head and plate
Bolt head diameter

Diameter of ring

Fatigue class according to SFS-EN 1993-1-9
Design bearing resistance at ultimate limit state
Preloading force

Resultant force applied to the weld

Total snow load force

Design slip resistance of the bolted joint at serviceability state

Design tensile force at ultimate limit state

Design tensile resistance at ultimate limit state

Ultimate tensile strength of the weakest part joined
Ultimate strength of a bolt

Design shear force at ultimate limit state

Design shear force at serviceability state

Design shear resistance at ultimate limit state

Resultant wind force

Load caused by vortex shedding

Design value for the force per unit length applied to a weld

Design weld resistance per unit length

[m]

[m]
[mm]
[mm]
[mm]
[m]
[MPa]
[N]
[N]
[N]
[N]
[N]
[N]
[N]
[MPa]
[MPa]
[N]
[N]
[N]
[N]
[N]
[N]

[N/mm]



k2
Ki
Kr
Ks

Kw

m(s)
Mi,e

Mtotal

n]_'y
ni,y

Nr

Op(2e)

Re

Height of the structural element

Wind turbulence intensity

Mode shape factor

Factor that is depending on the shape of the bolt
Turbulence factor

Terrain factor

Factor for slip resistance of bolted joint

Effective correlation length factor

Length or height of the structure or structural element
Length of a weld

Factor for fatigue analyses

Torque that is loading the mounting bracket of the electric motor
Vibrating mass per unit length
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Kinematic viscosity of the air
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AT Temperature change [K]

AR Shear stress range [MPa]
Atc Shear fatigue class [MPa]
A Cut off limit [MPa]
Os Structural damping as the logarithmic decrement

€0 Bandwidth factor

¢ Factor for specific structural element

A Factor for correlation length calculations

U Slip factor

Mo Friction coefficient of threads

Mi Snow load shape coefficient

Mk Friction coefficient of bolt’s head

p Air density [kg/m?]
00,4t Nodal stress at distance of 0,4 times plate thickness from weld toe [MPa]
01,0t Nodal stress at distance of 1,0 times plate thickness from weld toe [MPa]
Ob Bending stress [MPa]
Ohs Hot Spot -stress (structural stress) [MPa]
Om Membrane stress [MPa]
os Structural stress [MPa]
Diy Mode shape of the structural element

Abbreviations
HS-method Hot Spot -method, structural stress method

VIV Vortex induced vibration
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1 Introduction

In this master’s thesis the structural analysis of Daily Mirror -Kinetic steel sculpture will be
carried out. The project is performed in cooperation of Hefmec Engineering Oy, artist
Johanna Rope and city of Hameenlinna. The main goal of the study is to determine
required structural members, joints and optimize the structure so that it doesn’t lose its
stability in any excepted situation. Eurocodes 1 and 3 are utilized to examine requirements
that are set for outdoor constructions and the structure is analysed in respect of these
requirements. These requirements are for example snow loads, wind actions and natural

frequency aspects.

1.1 Daily Mirror -kinetic steel sculpture

Daily mirror is a kinetic steel sculpture that will be built to the city of Hameenlinna. It will
be located in a new residential area called Asemanranta and the general shape is designed
by artist Johanna Rope. Hefmec Engineering Oy is taking care of mechanical design and

structural analysis.

The Daily Mirror sculpture consists of two posts that are bolted to the concrete foundation
and between the posts there is 6.8 meters wide ring that is rotating around. The motion is
created with an electrical motor. The basic operation of the sculpture is presented in Figure
1.

Figure 1. The operating sculpture
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The sculpture is supposed to operate for 15 years, and the electric motor is controlled with
twilight switch so that the ring starts to rotate at the dawn and stops before sundown. After
15 years the sculpture will be locked to upwards position, and it will be converted to static

sculpture.

The ring is supported to the posts with shafts made of 1.4401 stainless steel and SKF FYJ
100 TF flange bearings, and the rotational motion is created with Kraftmek IEC90S B5
electric motor. The motor is bolted to the end of the post with mounting bracket. Between
the ring shaft and electric motor is flexible coupling that allows a slight movement and
misalignment between the components. The ring is attached to the ring shafts with bolted
flanges. The main dimensions of the sculpture are presented in Figure 2 and section view in

Figure 3.

9097

@ 6800

8165

==

Figure 2. The main dimensions of the Daily Mirror -sculpture
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Figure 3. The section view of the preliminary structure

Dimensions and materials of the structural members and joints are estimated during the
mechanical design process, and these can be changed during the study if needed. Changes
need to be done so that the general shape and design of the structure are not critically

changed. Materials used in the preliminary structure are presented in Table 1.



Table 1. Materials used in the preliminary structure.
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Dimensions
Component Type Material
Outer @ | Inner @ | Thickness
Plates for foundation
Plate 700 mm 30 mm S355J2+N
bolts
Posts Hollow bar | 355 mm | 335 mm 10 mm S355J2+N
Shaft flanges, bearing
Plate 20 mm S355J2+N
flanges and end caps
Ring Plate 4 mm S355J2+N
_ X5CrNiMo17
Ring shafts Rod 100 mm
1.4401

Ring shafts are made of stainless steel to prevent corrosion damages on machined surfaces

which can make maintenance more complicate and shorten the lifetime of bearings.

1.2 Objectives

In this master’s thesis the structural analysis of kinetic sculpture excluding buckling analysis

will be performed. Also, the fatigue analysis is performed for the main joints of the structure

and the fatigue analyses of other joints are excluded from the thesis. In addition, detailed

mechanical designing or the design of the concrete foundation are not included in the scope

of the study. Component selection criteria and automation will be designed individually after

strength analysis. The strength analysis is mainly performed by using numerical methods

(FEM) therefore the analytical methods of the analyses performed are not presented in this

thesis.

The goal of the study is to ensure the strength of the structure so that it can operate through

the planned life cycle. Outdoor sculptures are affected on wind, snow and temperature

loads and the effects of those are examined with static analysis including ultimate capacity

and stability as well as fatigue and vibration analysis. Load conditions are determined
according to SFS-EN 1991-1.
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2 Load conditions

Load conditions are determined according to Eurocode 1 SFS-EN 1991-1-3, -1-4 and -1-5

standards.

2.1 Wind load

SFS-EN 1991-1-4 gives instructions how to determine wind actions that must be taken
account when designing outdoor structures such as buildings and civil engineering structures
up to height of 200 m. Wind actions consists of actual wind force that is parallel to wind
direction, friction force, vortex shedding that is perpendicular to wind direction and

galloping, divergence, and flutter phenomena. (SFS-EN 1991-1-4).

2.1.1 Wind force

The wind force stands for a resultant force that is parallel to wind direction and tries to
deform the structure along the wind direction. Load case and deformation direction are

presented in Figure 4.
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Wind force

Figure 4. Deformation caused by wind force

Resultant wind force can be calculated using force coefficients or using surface pressure
theory (SFS-EN 1991-1-4 p. 44). In this case the wind force is calculated by using local force

coefficients. The resultant wind force Fw can be calculated by equation:

IS CsCqyCy * qp(ze) : Aref (1)

Where csCq is the structural factor, cr is the force coefficient for the specific structure or
structural element, gp(ze) is the peak velocity pressure at reference height ze and Avef is the
reference area of the structure or structural element under study (SFS-EN 1991-1-4 p. 45-
46).
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For structures with a height less than 15 meters the value for the structural factor cscq can be
taken as 1.0 (SFS-EN 1991-1-4 p. 48). When determining the force coefficient cf, the
sculpture is considered as a large signboard. The value for the force coefficient ¢+ may be

taken as 1,80 when following expression is valid:

h
Zg > Z (2)

where zg and h are heights presented in Figure 5. (SFS-EN 1991-1-4 p. 108). Corresponding

values for factors zq and h are presented in Figure 6.

b
I i | |
e e
e — mlm.wfm h
] € | e 1
T 1 1
h 4
r 9
Z, Zy |Ze Z4
r b
A iV v i i i i &

Figure 5. Dimensions of a signboard (SFS-EN 1991-1-4 p. 110)
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Figure 6. Dimensions of the sculpture

The peak velocity pressure gp(ze) can be determined by equation:

a0 (Ze) _ [1 + 7Iv(Ze)]2° P VUm (Ze) (3)

where I,(z) is wind turbulence intensity, p is the air density (1.25 kg/m®) and vm is mean

wind velocity. (SFS-EN 1991-1-4 p. 40).
The wind turbulence intensity Iv(ze) may be calculated by equation:

ki

I,(z,)) = ————
co(@) - In (5-)

(4)

where k; is the turbulence factor, co(z) is the terrain orography factor and z, is the roughness

length. Recommended value for the turbulence factor k; is 1.0. (SFS-EN 1991-1-4 p. 38).
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The terrain orography factor c, is taken account if the orography of the area is increasing
wind velocity more than 5 % (SFS-EN 1991-1-4 p. 38). In this case there are not hills, cliffs
or mountains near the structure so the value for the factor co may be taken as 1.0 (SFS-EN
1991-1-4 p. 35).

The roughness length zo can be determined from Figure 7. The structure will be place on

urban area so the value for the roughness length is 0.3 m.

Terrain category 2z Znin
m m

0 Sea or coastal area exposed to the open sea 0,003 1

| Lakes or flat and horizontal area with negligible vegetation and without obstacles 0,01 1

Il Area with low vegetation such as grass and isolated obstacles (irees, buildings) with 0,05 2

separations of at least 20 obstacle heights

Area with regular cover of vegetation or buildings or with isolated obstacles with 0,3 5
separations of maximum 20 obstacle heights (such as villages, suburban terrain,
permanent forest)

IV Area in which at least 15 % of the surface is covered with buildings and their average |1,0 10
height exceeds 15 m

NOTE: The terrain categories are illustrated in A.1.

Figure 7. Values for the roughness length zo (SFS-EN 1991-1-4 p. 36).

The mean wind velocity vim may be calculated by equation:

Um(2) = ¢;(2) - ¢o(2) - vy (5)

where c; is the roughness factor and vy, is the basic wind velocity (SFS-EN 1991-1-4 p. 34).

The roughness factor can be calculated by equation:

¢/ (2) = ky - In (%) (6)

where k; is the terrain factor depending on the roughness length and can be calculated by

equation:

z 0.07
k, = 0.19 <—°) @)

Zo,11
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where zo,1 is the roughness factor for terrain category Il presented in Figure 7. (SFS-EN
1991-1-4 p. 34)

The basic wind velocity vo may be calculated by using equation:

Vp = Cgir * Cseason * Vb,0 (8)

where cgir is the directional factor, Cseason IS the season factor and v o is the fundamental value
for the basic wind. The recommended values for Cgir and Cseason IS 1.0. (SFS-EN 1991-1-4 p.
32). The recommended value for the basic wind velocity Vs is 23 m/s. (SFS-EN 1991-1-4
p. 144).

2.1.2 Friction force

Wind velocity may cause friction forces that acts on the surfaces that are parallel compared
to wind direction. The force is caused by friction between air and parallel surfaces. The
friction forces may be ignored if the total area of parallel surfaces is less than 4 times of the
total area of perpendicular surfaces. (SFS-EN 1991-1-4 p. 46). In this case, the expression
mentioned before is valid and friction forces can be ignored. Total areas of parallel and

perpendicular surfaces are presented in Figure 8 and Figure 9.



Total area: 4755684.72 millimeters”2
HEF107520-1 ®HEF106077/HEF106078-1@HEF107520
File: HEF106077 Config: Kiinnitystarvikkeilla

Figure 8. Total area of the surfaces parallel to wind direction (A; = 4.8 m?)

Total area; 26955490.56 millimeters®2
HEF107499-1@HEF106077/HEF107370-1@HEF 107499
File: HEF106077 Config: Kiinnitystarvikkeilla

Figure 9. Total area of the surfaces perpendicular to wind direction (AL = 26.9 m?)

A
Ratio of surfaces = —=0.17 < 4 9
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2.1.3 Vortex shedding

Wind or every kind of flow past cylinder shaped element can cause vortex shedding and as
a result the structural element experiences variable aerodynamic forces that can cause vortex
induced vibration (V1V). Under certain circumstances VIV can cause the vortex shedding
frequency to match with the natural frequency of the structure and lead to synchronization
of frequencies. (Singh & Mattal 2005 p. 1085). The vortex shedding is illustrated in Figure
10.

U*=4.40

Figure 10. Vortex shedding phenomena (Singh & Mittal 2005 p. 1094).

The effect of vortex shedding must be examined when the following expression is valid:
Ucrit,i > 1.25- VUm (10)

where vgrit, is a critical wind velocity for vibration mode i. The critical wind velocity is
typically normal or frequent wind velocity and because of that the fatigue effects and
therefore number of cycles of vibrating must be examined. (SFS-EN 1991-1-4 p. 196).

The critical wind velocity vriti may be calculated by using equation:

b-n
Veriti = Stl’y (11)




22

where b is the reference width of the cross-section where the vortex shedding occurs, niy is
the natural frequency of the structure and St is Strouhal number of the structural element.
(SFS-EN 1991-1-4 p. 196).

The natural frequency is determined by finite element analysis and Strouhal number may be

determined from Figure 11.

Poikkileikkaus 5t

0,18

kaikilla Reynoidsin luvun ansaollla

kuvasia E.1
49 |
.. H h

05=db<10

4 d + db=1 0,11

| | db=15 0,10

* b

| | dh=2 0,14
lineaaringn intarpoloant ™

+d{ db=1 0,13

4
}7 dbh=2 0,08
- - b
+

+ d + db=1 0,18
| db=2 0,12
| b
lineaarinan interpoloint
db=13 0,11
o
db=20 0,07

lineaarinan interpolointi
HUCM. Strouhalin luvun anvojen eketrepolointi subteen db funktiona ei ole sallittua.

Figure 11. Strouhal numbers for different structural elements (SFS-EN 1991-1-4 p. 200).
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The load caused by vortex shedding may be calculated by equation:

FW(S) = m(s) ' (277-' : ni,y)2 : (pi,y(s) " YFmax (12)

where m(s) is vibrating mass per unit length, @iy is the mode shape of the structural element
normalised to values of 1.0 at the location of maximum displacement and yrmax is the
maximum displacement over time of the point where the mode shape is equal to 1.0. (SFS-
EN 1991-1-4 p. 204).

The normalised mode shape of the structure @iy may be determined by equation:

oy = () (13)

where factor { may be determined from Table 2. (SFS-EN 1991-1-4 p. 244).

Table 2. Determining of the factor { (SFS-EN 1991-1-4 p. 244-245).

4 Structure or structural element
0,6 Slender frame structures without load sharing wall or clad
1,0 Structures with a central core, peripheral columns, and shear bracings
15 Slender cantilever buildings or building with concrete core
2,0 Towers and chimneys
2,5 Towers with steel supports (lattice)

The maximum displacement yr,max may be calculated by using equation:

Yr, 1 1
F:aX:F'E'K'Kw’CIat (14)

where b is width of the structure (perpendicular to the wind direction), Sc is the Scruton
number, K is the mode shape factor, Ky is the effective correlation length factor and cjat is
the lateral force coefficient. (SFS-EN 1991-1-4 p. 204).

Scruton number can be determined from the equation:

2 65 ~ml-,e

Sc b b2

(15)
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where §s is the structural damping as the logarithmic decrement and mie is the equivalent
mass of the fundamental mode per unit length. (SFS-EN 1991-1-4 p. 202). The structural

damping can be determined from Figure 12.

Structural type structural damping, &
reinforced concrete bulldings 0,10
steel buildings 0,05
mixed structures concrete + steel 0,08
reinforced concrete towers and chimneys 0,03
unlined welded steel stacks without external thermal insulation 0,012
unlined welded steel stack with external thermal insulation 0,020
steel stack with one liner with external thermal insulation 2 hb <18 0,020
20<h/b<24 0,040
Wb =26 0,014
steel stack with two or more liners with external thermal insulation 2 hb <18 0,020
20sh/b<24 0,040
Wb =26 0,025
steel stack with internal brick liner 0,070
steel stack with internal gunite 0,030
coupled stacks without liner 0,015
guyed sieel stack without liner 0,04
steel bridges welded 0,02
+lattice steel towers high resistance bolts 0,03
ordinary bolts 0,05
composite bridges 0,04
concrete bridges prestressed without cracks 0,04
with cracks 0,10
Timber bridges 0,06 -0,12
Bridges, aluminium alloys 0,02
Bridges, glass or fibre reinforced plastic 0,04-0,08
cables parallel cables 0,006
spiral cables 0,020

|AC> deleted text <AC|

NOTE: The values for timber and plastic composites are indicative only. In cases where aerodynamic effects are found to be significant in the
design, more refinded figures are needed through specialist advice (agreed if appropriate with the competent Authority.

3For intermediate values of h/b, linear interpolation may be used

Figure 12. Values for logarithmic decrements of structural damping (SFS-EN 1991-1-4 p.

252).

In this case the structure is considered as a mixture of steel and concrete (posts, 6s = 0.08)

and steel building (ring, s = 0.05).

The equivalent mass of fundamental mode mie may be calculated by equation:

folm(s) - ®%(s) ds
fol Di(s) ds

e —

(16)



25

where m(s) is mass per unit length and | is length or height of the structure or structural
element. (SFS-EN 1991-1-4 p. 248).

The mass per unit length can be expressed as:

Meotal
- S

m(s) = i (17)
where myota IS the total mass of structure or structural element and s is:
0<s <1 (18)
The correlation length factor Kw may be determined by using equation:
L oL (LY
KW=3-%-(1—%+§- % ) (19)

where m is determined from Figure 13, L; is the distance between two node points (Figure

13) and 4 is calculated by using equation:

1= (20)

l
b
where | is length of the structure or structural element. (SFS-EN 1991-1-4 p. 211-212).

The mode shape factor K can also be determined from Figure 13.
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Structure mode shape Kw K
Diy(s)
0,13
see F.3 5 L/b |1 Lib 1 [Lifb\z
with £ — 2,0 e | - J
N1 4] A 3 A
m=1
0,10
see Table F1 [ LJIb ]
n=1; cos| —-|1 -
m=1 2 A
0,11
see Table F.1 L o1, (oL/b)
n=1; J—‘+7-SI E-l'l-—'—
me A A )
0,10
modal analysis > (1 (s)| ds
mods ) !l ()]
m=3 O U—
Y [l () ¢
=1
NCTE 1 The mode shape, @, y(s), is taken from F.3. The parameters n and m are defined in Expressicn |AC> (E.8) <AC| and in Figure E.3
NOTE2 A= lib

Figure 13. Factors for correlation length factor calculations (SFS-EN 1991-1-4 p. 212).

The lateral force coefficient ciar may be determined in the respect of the basic lateral force

coefficient ciat,0. The formula is presented in Figure 14,

Critical wind velocity ratio Clat

ch.i
—= 0.83 Ciat = ClaLo
Vindj

i
(T
Ciat = 3-24 Lm} “Ciarg

\ Viny )

083 < L=t - 125

mLj

125 < Vc’:lj Ciat = 0
vm.L|
where:
Gat 0 is the basic value of ¢ as given in Table E.2 and, for circular cylinders, in Figure E.2
Verit |AC= is the critical wind velocity (see E.1.3.1) <AC|

Vnij  |AC= s the mean wind velocity (see 4.3.1) in the centre of the effective correlation length as defined in Figure E.3 <AC|

Figure 14. Lateral force coefficient compared to basic value in the respect of critical wind
velocity (SFS-EN 1991-1-4 p. 208).
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The basic lateral force coefficient ciato can be determined from Figure 15.

Clato 1.0 17T TTTTTT] 111 LT
09 - T i HH
0.7 L
0,6 - AR -
05 - | e
03 +————— _ R — et L —~—
0,0 | | a:!j 1 5il [ ila | Re
10" 3 5 710° 3 5710° 3 5710 3

Figure 15. Basic value of the lateral force coefficient in respect of Reynolds number Re
(SFS-EN 1991-1-4 p. 208).

The Reynolds number of structural element can be calculated by equation:

b v
Re(Veries) = — (21)

where v is the kinematic viscosity of the air (v~ 15 x 10® m?/s). (SFS-EN 1991-1-4 p. 202).

The lateral coefficient factor can be modified in conditions where vertical cylinders are
placed in a row or grouped arrangement. Different configurations are presented in Figure 16.
(SFS-EN 1991-1-4 p. 215). In sculpture, posts are forming grouped structure so the posts

may be investigated as a system of structural elements.
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Figure 16. In-line and grouped system of cylinders (SFS-EN 1991-1-4 p. 216).

The lateral coefficient factor may be modified by using following equations:

Clat = 15 Clatsingle ~ When 1<2<10 (22)

a
Clat = Clat,single when I =15 (23)

The lateral coefficient factor ciat may be linearly interpolated when the ratio of distances a
and b has value between 10 and 15. For fatigue assessment the total amount of load cycles

caused by vortex shedding can be determined by using the following expression:

Ucrit,i 2 Ucrit,i 2
N=2-T-ny,i-so-( ) -exp(—(—)) (24)
Vo Vo

where T is the lifetime of structure in seconds, &, is bandwidth factor that describes the band
of wind velocities with VIV and v is V2 times modal value of the Weibull distributed wind
velocity. (SFS-EN 1991-1-4 p. 214). To simplify calculations, the wind velocity vo may be
taken as (SFS-EN 1991-1-4 p. 214, note 2):

vy =021, (25)

The bandwidth factor ¢, can be taken as the value of 0.3 (SFS-EN 1991-1-4 p. 214, note 3).
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2.1.4 Galloping

Another phenomenon that can cause instability behaviour of the structure is galloping.
Galloping means a self induces vibration of a relatively flexible structure. The structure may
experience galloping when deformation occurs in cross wind bending mode. Usually, non-
circular cross sections like L-, I-, U-, T- and C-profiles are prone to galloping. In galloping
the vibration starts at a critical galloping wind velocity vce and the amplitude of motion

increases rapidly with increasing wind velocity. (SFS-EN 1991-1-4 p. 220).
The critical galloping wind velocity vcec may be calculated by equation:

2-Sc

UCG = . Tlljy . b (26)

where ac is the factor of galloping instability, niy is the first cross-wind mode frequency of
structure. For ac the value of 10 can be used if the factor is unknown. (SFS-EN 1991-1-4 p.
220-222).

2.1.5 Divergence and flutter

Divergence and flutter are phenomena that can cause instabilities in flexible plate-like
structures for example signboards or bridges. In SFS-EN 1991-1-4, there are mentioned three
different criteria for plate-like structures that are prone to divergence or flutter. All these
criteria must be satisfied before divergence or flutter phenomena must be investigated. (SFS-
EN 1991-1-4 p. 231). The criteria are:

1. The structure or part of it has elongated cross-section with b/d ratio less than 0,25.

2. The torsional axis of structure is parallel to plane of the plate and perpendicular to
the wind direction. Also, the centre of torsion must be at least d/4 downwind of the
windward edge of the plate. Factor d is the inwind depth that is measured

perpendicularly between plate and torsional axis.

3. The lowest natural frequency of the structure is the same as in the torsional mode or
the lowest torsional frequency is less than 2 times the lowest translational frequency.
(SFS-EN 1991-1-4 p. 232).
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In this case the criteria number two is not valid since the distance between windward plane
and torsional axis is only 60 mm. Because of that the structure is not prone to divergence or

flutter and the phenomenon can be ignored. The structure is presented in Figure 17.

60

Torsional axis

Figure 17. The distance between windward plane and torsional axis.

2.2 Snow load

Snow load can be determined based on SFS-EN 1991-1-3. Snow loads are divided to two
different types which are drifted and undrifted snow load. Drifted snow load describes
situation where snow has been moved from one location to another for example by the action
of wind. Undrifted snow load describes equally distributed snow load that is only affected
by the shape of the plane of supporting structure. (SFS-EN 1991-1-3 p. 16-28). In this case,
the ring of the sculpture is always either rotating or stopped into position where it is
perpendicular compared to ground level, so the drifted snow load is not possible in normal

circumstances.

Snow load in persistent or transient circumstances s [KN/m?] may be calculated by using

equation:

s=pi Ce- Cp-sk (27)
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where i is the snow load shape coefficient, Ce is the exposure coefficient, C; is the thermal

coefficient and sk is the characteristic value of the snow load on the ground. (SFS-EN 1991-

1-3 p. 28).

The snow load shape coefficient can be determined from Figure 18. The recommended value

for p1 (0°) in the National Annex is 0.8.

Angle of pitch of roof a 0°<a<30° 30° < < 60° o >60°
uq(or)
V> o_
u4(0°)=0,8 Hl(00)(6030002) 0,0
up(o)
0.8 0. 8(60: T)o:) 0,0
30
(o) 0,8 +0,8 0/30° 1,6 -

Figure 18. The shape coefficients for snow load (SFS-EN 1991-1-3 p. 32).

The exposure coefficient may be determined from Figure 19.

Topography - '7' Ce
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.
b 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 19. Recommended values for Ce in different topographies (SFS-EN 1991-1-3 p. 30).

The thermal coefficient C; considers circumstances where the heat leakages of the building
decrease the snow load on the roof. This may happen for example when using glass roofs
which thermal transmittance is relatively large (> 1 W/m?K). For all other cases the factor

Ci can be takes as 1.0. (SFS-EN 1991-1-3 p. 30).



The expression for the characteristic value for snow load sk can be determined from the

Figure 20.
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Climatic Region

Expression

Alpine Region

s = (0,642 + 0,009) [1 +(£5

Central East

sk = (0,264Z-0,002) |1+

Greece

s = (0,420Z - 0,030)

Iberian Peninsula

Mediterranean Region

s, =(0,498Z-0,209) |1 +

[1+(
[1+(
5= (0:190-0085) [ 1+
[+

Central West

A
sk=(0,164Z-0,082) + 5=

Sweden, Finland

A

sk = (0.790Z + 0,375) + 7=

UK, Republic of Ireland

A
sk =(0,140Z-0,1) + -

Figure 20. Snow load in respect of altitude (SFS-EN 1991-1-3 p. 64).

In Finland, the equation below is used:

A
s = (0.790 - Z + 0.375) + —

336

(28)

where Z is the zone number given in Figure 21 and A is the altitude above sea level.
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Figure 21. Snow load on ground level [KN/m?] (Bergman 2019 p. 15).

The total snow load force Fs. may be calculated by equation:

Fg, = s+ Agy, (29)

where Ag, is the total area where the snow load is affected.



34

2.3 Thermal load

Thermal loads describe the actions that occurs when the temperature of structure get higher
or lower within a specified time interval. Thermal actions must be investigated especially
when designing loadbearing structure to ensure that thermal actions and movement will not
cause detrimental stress concentrations at the weak points. The effect of thermal loads can
be eliminated by joints that allow movement or by including increased local stresses in the
design. (SFS-EN 1991-1-5 p. 22).

The maximum and minimum shadow temperature can be determined from Figure 22 and

Figure 23.

65N

Figure 22. The minimum shadow temperature (SFS-EN 1991-1-5 Annex 6 p. 3)



Figure 23. The maximum shadow temperature (SFS-EN 1991-1-5 Annex 6 p. 4)
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The maximum value may be modified to take account solar radiation effect. The expression
is presented in Figure 24.

Season Significant factor Temperature Tyt in °C
Relative absorptivity 0,5 Tmax + Ta
depending on surface bright light surface
colour
Summer 0,7 Tmax + T4
light coloured surface
0,9 Tmax + T5
dark surface
Winter Trmin
NOTE: Values of the maximum shade air temperature Tp,5y, minimum shade air shade temperature Tp;;,, and solar radiation effects Ty, T4, and
Ts may be specified in the National Annex. If no data are available for regions between latitudes 45 °N and 55 °N the values Ty = 0 °C,
T4=2°C, and T5 = 4 °C are recommended, for North-East facing elements and Ty = 18 °C, T, = 30 °C, and T; = 42 °C for South-West or
horizontal facing elements.

Figure 24. The effect of solar radiation (SFS-EN 1991-1-5 p. 28)
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In this case the sculpture is considered as dark surface and Ts is taken as a value of 42 °C

since the installation direction is unknown.

The most critical part for thermal actions in the sculpture is the ring and its bearing flanges.
That is why thermal actions in the ring are calculated. Thermal effect on the diameter of ring

Adring can be calculated by equation:

Adring = Q¢ " do - AT (30)

where ast is the linear expansion coefficient of steel (Figure 25), do is the nominal diameter

of the ring and AT is the change in temperature.

Material o (x10°8°C)
Aluminium, aluminium alloy 24

Stainless steel 16

Structural steel, wrought or cast iron 12 (see Note 6)
Concrete except as under 10

Concrete, lightweight aggregate 7

Masonry 6-10 (see Notes)
Glass (see Note 4)
Timber, along grain 5

Timber, across grain 30-70 (see Notes)

NOTE 1 For other materials special advice should be sought.

MOTE 2 The values given should be used for the derivation of thermal actions, unless other values can be verified by tests or more detailed
studies.

NOTE 3 Values for masonry will vary depending on the type of brickwork; values for timber across the grain can vary considerably according to
the type of timber.

MOTE 4 For more detailed information see:

EN 572-1: Glass in Building — Basic soda lime sificate glass — Part 1: Defintions and general physical and mechanical properties;
PrEN 1748-1-1: Glass in Building — Special basic products — Part 1-1: Borosilicate glass — Definition and description;

prEN 1748-2-1: Glass in Building — Special basic products — Part 1-1: Glass ceramics — Definition and description;

prEN 14178-1: Glass in Building — Basic akaline earth silicate glass products — Part 1: Float glass

NOTE 5 For some materials such as masonry and timber other parameters (e.g. moisture content) also need to be considered.
See EN 1995 - EN 1996.

NOTE 6 For composite structures the coefficient of linear expansion of the steel compenent may be taken as equal to 10x10°%°C to neglect
restraining effects from different ar-values.

Figure 25. Coefficients of linear expansion (SFS-EN 1991-1-5 p. 62)



37

3 Theory and research methods

Theory and research methods used in this thesis are presented in this chapter. Static analysis
and natural frequency of the structure is analysed by using FE-analysis by Solidworks -
software and its Simulation -add-in. Fatigue assessment is mainly conducted with Hot Spot
-method however nominal stresses is used in assessments where using the Hot Spot -method
is not possible. Fatigue assessment is conducted according to SFS-EN 1993-1-9. Bolted
joints and welds are analysed according to SFS-EN 1993-1-8.

3.1 Hot Spot -method (structural stress)

Typically fatigue assessment of welded components is conducted by using nominal stresses
and fatigue classes that defines properties of different joint types. The problem in the
nominal stress method is that it ignores dimensional variations of different welded joints. In
addition, welded structures are usually so complex that exact values for nominal stresses are
hard to determinate. (Niemi, Fricke & Maddox 2018 p. 1).

Using Hot Spot -method or structural stress method (HS-method, abbreviation will be used
later in this thesis) is worthwhile in structures where potential fatigue crack growth will
appear on the upper or lower weld toe. When using HS-method the actual dimensions of
detail will be taken into consideration. Structural stress includes the stress concentration that
is caused by detail itself but not the local non-linear stress peak. The local non-linear stress
peak is caused by the notch effect at the weld toe. (Niemi, Fricke & Maddox 2018 p. 1). The

potential crack initiation points are presented in Figure 26.
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Figure 26. Potential fatigue crack initiation points in welded structures (Niemi, Fricke &

Maddox 2018 p. 6).

Hot Spot -stress or structural stress includes membrane and shell bending stresses but does
not take account non-linear stress peak that is caused by the geometrical properties of weld

toe. Expression of Hot Spot -stress is illustrated in Figure 27.

Member o
thickness 2

-
-
-
-

A

Figure 27. Structural stress as the sum of membrane and bending stresses (Niemi, Fricke &

Maddox 2018 p. 7)
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Definition of Hot Spot -stress can be divided into two different types that depend on the
location of critical weld toe. In type a, the critical weld toe is located on the surface of plate
and in type b on the edge of plate. (Niemi, Fricke & Maddox 2018 p. 6) The difference
between types a and b is presented in Figure 28.
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Type "b" ‘/

L Ll

Type "a
hot spot

Figure 28. Difference between two Hot Spot -types (Niemi, Fricke & Maddox 2018 p. 6)

Hot Spot -stress can be determined by using linear surface extrapolation (LSE) which means
that nodal stresses are determined from the stress plot and those are used to calculate actual

Hot Spot -stress by equation:
O-hS = 1,67 * 0-0.4-t - 0,67 . O-l.Ot (31)

where oo,4t and o1,0t are nodal stresses at distances of 0,4- and 1,0-times plate thickness from
the weld toe. (Niemi, Fricke & Maddox 2018 p. 29). The points where nodal stresses are

determined are presented in Figure 29.
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Relatively coarse mesh
(fixed element sizes)
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Figure 29. Nodal stress points for linear stress extrapolation (Niemi, Fricke & Maddox

2018 p. 23).

Nodal stresses are determined by using FE-analysis. Welded joint is modelled in FE-model

and meshed so that examined nodes are at the correct distance from the weld toe (Figure 29).

International Institute of Welding (11W) has given guideline for the element sizes that may

be used in FE-model when obtaining Hot Spot -stresses. Recommended element sizes are

presented in Figure 30.
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Types of model and weld toe: Relatively coarse models Relatively fine models
Type a Type b Type a Type b
Element Length x Width | Shells: <t x tandt x w/ 10 mm = 10 mm < 0.4 % tand <4 mm x 4 mm
r 0.41 x wi2*
Solids: <t x tandt x w' 10 mm x 10 mm < 0.4t % tand <4 mm x4 mm
041 x wi2*
Extrapol. Points Shells: 0.5¢/1.5¢ (mid-side 5 mm/15 mm (mid-side 0.44/1.0¢ (nodal points) 4 mm/8 mm/12 mm (nodal
pis.)” points) points)
Solids: 0.5¢/1.5¢ (surface 5 mm/15 mm (surface 0.441.0¢ (nodal points) 4 mm/8 mm/12 mm (nodal
centre) centre) points)

Figure 30. Recommended element sizes for Hot Spot -model (Niemi, Fricke & Maddox
2018 p. 22).

3.2 Static analysis

The structure is analysed with finite element method by using Solidworks- CAD-software
and its Simulation -add-in. Linear analysis and Intel Direct Sparse solver are used in all

cases. In static analyses following aspects are considered:

1. Static capacity of the structure (Von Mises -stress compared to the yield stress of

material)
2. Displacement that occurs with the specific load case
3. Bolt forces

The analyses are performed in nine different load cases and configurations. Cases 1-8 are
performed by analysing the whole structure and in the case number nine, the electric motor
bracket is examined. The wind loads are calculated based on the equations presented in
chapter 2.1.1 and snow loads based on the equations presented in chapter 2.2. Wind load is
also calculated with the mean annual wind velocity and the value for that is 5 m/s
(llmatieteenlaitos 2022). The effect of concrete core of the posts is only considered in
configurations three and five and in other case the concrete core is ignored to simplify the
analysation process. That way of analysation is on the safe side and the strength of the
structure is not depending on the concrete core. Load cases and configurations are presented
in Table 3.



Table 3. Load cases and configurations considered in static analyses
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Number Load case Configuration Loads applied
] The ring perpendicular compared to .
1 Gravity only . . Gravity: 9.81 m/s?
ground, without concrete core in the posts
Wind load, mean wind . ) .
o . The ring perpendicular compared to Gravity: 9.81 m/s?
2 velocity in Hdmeenlinna ] .
ground, without concrete core in the posts Force: 4 350 N
(5 m/s)
Wind load, maximum . . .
) ) ) The ring perpendicular compared to Gravity: 9.81 m/s?
3 operating wind velocity ] )
ground, without concrete core in the posts Force: 8 650 N
(10 m/s)
Wind load, maximum . . .
) ) ) The ring perpendicular compared to Gravity: 9.81 m/s?
4 operating wind velocity ) )
ground, with concrete core in the posts Force: 8 650 N
(10 m/s)
. Wind load, storm wind (23 The ring perpendicular compared to Gravity: 9.81 m/s?
m/s) ground, without concrete core in the posts Force: 19 800 N
5 Wind load, storm wind The ring perpendicular compared to Gravity: 9.81 m/s?
(23 m/s) ground, with concrete core in the posts Force: 19 800 N
The ring perpendicular compared to Gravity: 9.81 m/s?
7 Snow load ] )
ground, without concrete core in the posts Force: 2 700 N
The ring parallel compared to ground, Gravity: 9.81 m/s?
8 Snow load . .
without concrete core in the posts Force: 27 800 N
Torque caused by
Wind load, storm wind ) wind load when
9 Electric motor bracket o
(23 ml/s) the ring is locked
=16 830 Nm

The material models used in the analyses are presented in Table 4. Mechanical properties of
used material are determined according to SFS-EN 10025-2, SFS-EN 10088-3 and
guidelines of Finnish Transport Infrastructure Agency. S355 plates are mostly 20-30 mm
thick so the reduced yield strength 345 MPa is used (SFS-EN 10025-2 p. 24).



Table 4. Material models used in the FE-analyses (SFS-EN 10025-2 p. 24) (SFS-EN
10088-3 p. 20) (Finnish Transport Infrastructure Agency 2000 p. 10)

) Elastic Poisson’s Yield Tensile Mass
Material Model type ) ]
modulus ratio strength strength density
Linear Elastic
S355J2+N ] 210 GPa 0.3 345 MPa 490 MPa 7850 kg/m?3
Isotropic
X5CrNiMo | Linear Elastic
) 193 GPa 0.29 200 MPa 500 MPa 8000 kg/m3
17 1.4401 Isotropic
Concrete Linear Elastic
] 22 GPa 0.2 1.03 MPa | 2500 kg/m3
C20/25 Isotropic

The structure is modelled by using shell- and solid-elements. Components modelled with
shell-elements are presented as highlighted in Figure 31. Shell-element are modelled so that
the bottom sides of the elements are facing outwards (agreed way in Hefmec Engineering,

easier define shells in case the model has a lot of shell elements).

Figure 31. The components that are modelled with shell-elements.
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Virtual wall -boundary condition is applied to the bottom face of the posts” foundation plates
and plates are attached to virtual wall with foundation bolt -fixtures. Bolted joints are
modelled with bolted connection -interaction. Strength data is applied to the foundation bolts
and bolted connections to analyse strength of the joint. M36-foundation bolts are presented
in Figure 32 and bolted connections in Figure 33.

Figure 32. Foundation bolt -fixtures applied to attaching plate.

Figure 33. Bolted connections used in the FE-model.
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To stabilize the ring and prevent the rotation of the model, a rigid connection is placed
between the end face of the ring shaft and shaft carrier. The rigid connection is presented in
Figure 34.

Figure 34. The rigid connection between the ring shaft and the shaft carrier

The contact interactions are applied between components that are not welded together. No
penetration -contacts without friction are used. No penetration -contacts are also applied
between concrete core and surfaces of the posts when analysing the effect of concrete core.
Interactions used in the FE-model are presented in Figure 35 - Figure 38.
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Figure 36. Interactions used in endcaps, shaft carriers and shafts.



Figure 37. Interactions used the joint of ring halves.

Figure 38. Interactions of the whole structure.
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Wind load, snow load and gravity are applied to the ring like presented in Figure 39 and
Figure 40.

Figure 39. Forces applied to FE-model

Figure 40. Forces applied to FE-model
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The FE-model is meshed by using automatic meshing tool in Solidworks Simulation. Mesh

control is applied to parts that are modelled by using solid elements except the concrete core.

Mesh properties are presented in Table 5 and meshed model in Figure 41.

Table 5. Mesh properties used in FE-model

Element type

Mesher

Maximum element size

Minimum element size

Blended curvature-

(concrete core)

based mesh

Shell 50 mm 7.5 mm
based mesh
Blended curvature-
Solid 15 mm 7.5 mm
based mesh
Solid Blended curvature-
50 mm 7.5 mm

Figure 41. Meshed model used in load cases 1-8. Orange color indicates the bottom side of

shell elements.
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Figure 42. Element mesh at bottom and top end of the posts. Orange color indicates the

bottom side of shell elements.

Figure 43. Element mesh at the joints of ring halves. Orange color indicates the bottom

side of shell elements.
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The mounting bracket for electric motor is also analyzed to ensure that it can resist the torque
caused by storm wind when the ring is locked. Bracket is modelled with blended-curvature
based mesher with 10 mm maximum and 5 mm minimum element size. Hollow section
beams are modelled with shell elements and plates with solid elements. The FE-model is
fixed to virtual wall with M24-foundation bolts and additional geometry is placed to present
the electric motor. That additional geometry is connected to bracket with 18 M12-bolted
connections. Torque force is applied to the outer surface of the additional geometry and the

value for that is calculated with equation:

1
My = 5 Frying - 1700 mm = 16 830 Nm (32)

Values used in the equation are presented in Figure 44, used FE-model in Figure 45 and

meshed FE-model in Figure 46.

FR,wind =%-19800 N
|

1700

Figure 44. Expression for the torque affecting in the mounting bracket
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Figure 45. Forces and boundary conditions used in the analysis

Figure 46. Meshed FE-model for mounting bracket analysis. Orange color indicates the

bottom side of shell elements.
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3.3 Natural frequency and vibration

Natural frequency analysis is performed by using Solidworks Simulation -add-in. Analysis
is performed as a frequency analysis and by using Intel Direct Sparse -solver. In frequency
analysis no penetration contacts cannot be used so all the joints are bonded together hence
the bolted connections are not used. FE-model is meshed with same element sizes than in
static analysis and same material models are used. Global motion of the structure is
restrained with fixed-boundary condition that is place to the bottom end of the posts. Fixed

boundary condition is presented in Figure 47 and global interactions in Figure 48.

Figure 47. Fixed boundary condition at the bottom face of the posts.



. Bonded interaction

Figure 48. Global interactions of the FE-model
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3.4 Fatigue analysis

Vibration that is caused by vortex shedding may cause fatigue crack initiation in the
structure. Therefore, the lateral forces and number of cycles that occurs by vortex shedding
in different natural frequencies are calculated based on the equations presented in chapter
2.1.3. Vortex shedding may occur on the surface of the posts or the ring therefore both cases
are examined. Calculated forces and number of cycles are used in fatigue assessment and
fatigue life is examined for different welded details using Hot Spot -method. Fatigue
assessment is also conducted with the wind load that is caused by mean wind velocity (5
m/s) in Hdmeenlinna area. Forces caused by vortex shedding, number of cycles and critical

wind velocities are presented in Table 6 and Table 7.

Table 6. Forces caused by vortex shedding and number of cycles on the surface of the

posts and critical wind velocities.

Natural frequency Displacement [mm)] Critical wind
[H2] Lateral force [N] (only mode shape 1) Number of cycles velocity [m/s]
2.0 204.7 0.3208 210 029 559 3.9
24 297.7 - 243 094 796 4.7
3.0 465.1 - 224 618 221 5.9
3.3 562.8 - 193 198 739 6.5
6.6 2250.91 - 815 453 13.0
14.0 10128.1 - 1 27.6
14.4 10715.1 - 0 284
15.8 12899.9 - 0 31.1
16.2 13561.3 - 0 31.9
16.9 14758.6 - 0 33.3
21.2 23224.3 - 0 41.8
25.8 34396.2 - 0 50.8
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Table 7. Forces caused by vortex shedding and number of cycles on the surface of the ring

and critical wind velocities.

Natural frequency Displacement [mm)] Critical wind
Ha] Lateral force [N] (only mode shape 1) Number of cycles velocity [ms]
2.0 3.8 0.016 122 852 469 2.2
24 5.5 - 189 317 101 2.6
3.0 8.6 - 292 840 327 3.3
33 10.4 - 340 191 680 3.6
6.6 414 - 259 109 246 7.2
14.0 186.2 - 42 427 154
14.4 197 - 20 380 15.8
15.8 237.2 - 1284 17.3
16.2 249.4 - 551 17.8
16.9 271.4 - 118 18.6
21.2 427 - 1 23.3
25.8 632.4 - 0 28.4

To simplify the analysation process, the Hot Spot -models are analysed with 1000 N
reference force and stresses at critical points are determined. After that, the stresses in

cases presented in Table 6 and Table 7 are extrapolated from the reference stresses.

Hot Spot -stress may be calculated by using equation 31 and local stresses go.4t and o1.0t are
determined by using FE-analysis. After the Hot Spot -stress is determined, the fatigue life
may be determined by using equation (Niemi, Fricke & Maddox 2018 p. 72):

FAT?

N=2-10°. 3
Aoy

(33)

where FAT is the fatigue class of the welded detail and Aans is the calculated Hot Spot -
stress. The value of FAT is taken as 90 MPa in load-carrying fillet welds and 100 MPa in
non-load carrying welds (Niemi, Fricke & Maddox 2018 p. 41).

Fatigue assessment is performed for the most critical details of the structure. These details
are presented Figure 49. Hot Spot -models are modelled by using the requirements presented

in chapter 3.1.
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Figure 49. Welded details that are the most critical for fatigue crack initiation. Possible
crack initiation location is presented with the red line. In the posts and in the shaft carrier
the upper weld toes are critical, in the shafts both weld toes are examined and, in the ring,

the lower weld toe is critical.
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Element mesh is created so that nodes are located at distance of 0.4t and 1.0t from the weld
toe and blended curvature based mesher is used. Mesh control is applied to the areas where
the Hot Spot -stresses will be obtained. In those areas the maximum element size is 2 mm
and minimum 1.5 mm. No penetration contacts are applied to the joints that are not welded
together. Hot Spot -models with boundary conditions and forces are presented in Figure 50

- Figure 52 and meshed models in Figure 53 - Figure 55.

Figure 50. Hot Spot -model of the shaft and the shaft carrier. Reference force 1000 N is
applied to the end of the ring attaching plate.
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Figure 51. Hot Spot -model of the ring. Reference force 1000 N is applied to the face of the

ring.

Figure 52. Symmetric Hot Spot -model of the post. Reference force 1000 N is applied to
the face of the post.
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Figure 53. Meshed Hot Spot -model of shaft and shaft carrier. Maximum global element
size is 10 mm and minimum 0.5 mm. Mesh control is added to Hot Spot -areas and the

maximum value for element size is 2 mm and minimum 1.5 mm.

P
S

Figure 54. Meshed Hot Spot -model of the ring. Maximum global element size is 30 mm
and minimum 3.6 mm. Mesh control is added to Hot Spot -areas and the maximum value

for element size is 2 mm and minimum 1.5 mm.
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model of the ring. Maximum global element size

Figure 55. Meshed symmetric Hot Spot

-area is modelled with solid elements and the

is 30 mm and minimum 1.0 mm. Hot Spot

-areas

rest of the post is modelled with shell elements. Mesh control is added to Hot Spot

and the maximum value for element size is 2 mm and minimum 1.5 mm.
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3.5 Bolted joints

Capacity of the bolted joints is determined analytically according to SFS-EN 1993-1-8 and
numerically by using FE-method. Fatigue assessment of the bolts is performed analytically
according to SFS-EN 1993-1-9 with the loads determined by FE-method.

3.5.1 Static capacity

Capacity of bolted joints is determined according to SFS-EN 1993-1-8. Bolted joints are
divided into five different categories that depend on the required properties of the joint (SFS-
EN 1993-1-8 p. 21). Categories are presented in Figure 56.

Category Criteria Remarks
Shear connections
A Fopa < Fira No preloading required.
bearing type Fypa = Fygra Bolt classes from 4.6 to 10.9 may be used.
B ?”Ed'wf ?s’ms“ Preloaded 8.8 or 10.9 bolts should be used.
slip-resistant at serviceability vEd = Rd For slip resistance at serviceability see 3.9.
Fipa < Fora
c Fipq = Fira Preloaded 8.8 or 10.9 bolts should be used.
A . Fipa < Fora For slip resistance at ultimate see 3.9.
slip-resistant at ultimate Firg = Noara Noweza 522 3.4.1(1) ).
Tension connections
No preloading required.
Dl ded ?ﬂ i ?’R‘i Bolt classes from 4.6 to 10.9 may be used.
non-preloacs tha = pRa By ra see Table 3.4.
E Fipg < Firg Preloaded 8.8 or 10.9 bolts should be used.
preloaded Fipa < Bord Bprqg see Table 3.4
The design tensile force Fig4 should include any force due to prying action, see 3.11. Bolts subjected to
both shear force and tensile force should also satisfy the criteria given in Table 3.4.

Figure 56. Categories for bolted connections (SFS-EN 1993-1-8 p. 22)

In this case, bolted joints should be slip-resistant at serviceability state and bolts are
preloaded when the sculpture is installed. Therefore, the categories B and D are examined.

Based on the Figure 56 the requirements for the joints are:

Fv,Ed,ser < Fs,Rd,ser (34)



Fv,Ed < Fv,Rd

Fyed < Fora

Figqa < Fira

Figq < BpRra
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(35)

1)

)

©)

where Fyedser is the design shear force at the serviceability limit state, Fsrdser is the design

slip resistance at the serviceability limit state, Fyeq is the design shear force at the ultimate

limit state, Fsrqd is the design slip resistance at the ultimate state, Fyrd IS the design bearing

resistance, Ftgq is the design tensile force at the ultimate limit state, Ftrq is the design tension

resistance and Bprq is the design punching shear resistance. (SFS-EN 1993-1-8 p. 22)

There are also maximum and minimum values for the positioning and spacing of holes for

bolts. These values are presented in Figure 57 and Figure 58.

1)2)3)

Distances and Minimum Maximum
spacings. -
S];e Fi & 31 Structures made from steels cnnfoqmng to Structures made from
EN 10025 except steels conforming to .
EN 10025-5 steels conforming to
EN 10025-5
Steel ex.posed to. the | Steel not expu.sed to Steel used
weather or other the weather or other rotected
corrosive influences | corrosive influences | ""P
End distance ¢; 1.2d, 4t + 40 mm ;?:rlilég;fni
Edge distance e; 1.2d, 4t + 40 mm ;?:rlilég;fni
Distance e; P
in slotted holes L.5do
Distance ey P
in slotted holes 1,5do
Spacin 2.2d. The smaller of The smaller of The smaller of
pacing p1 o 14¢ or 200 mm 147 or 200 mm 14¢us0 o1 175 mum
. The smaller of
Spacing p10 141 or 200 mm
. The smaller of
Spacing pi 28¢ or 400 mm
Spacin 5) 2.4d. The smaller of The smaller of The smaller of
pacing p2 o 147 or 200 mm 147 or 200 mm 144y o1 175 mim

Figure 57. Minimum and maximum dimensions of holes for bolts (SFS-EN 1993-1-8 p.

23)
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Figure 58. Symbols for edge distances, end distances and spacing of bolts (SFS-EN 1993-
1-8 p. 24)

The shear resistance of the bolt may be calculated by using equation:

Fypa = 22w 2 @9)
Ym2
where factor ay is factor that depends on the strength class of a bolt, fu is ultimate strength
of a bolt, As is the tensile stress area of the bolt and ym2 is the partial safety factor of the joint.
(SFS-EN 1993-1-8 p. 27). Factor av can be determined from Table 8, ultimate strength of
the bolt fu, from Figure 59, tensile stress area As from Table 9 and partial safety factor ym2

from Figure 60. Recommended values for partial safety factors are presented in Table 10.



Table 8. Values for factor av (SFS-EN 1993-1-8 p. 27).
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Bolt class Factor ay
4.6,5.60r8.8 0,6
4.8,5.8,6.80r10.9 0,5
Bolt class 4.6 48 5.6 5.8 6.8 8.8 10.9
7 (N/mm®) 240 320 300 400 480 640 900
1o (N/mm®) 400 400 500 500 600 800 1000

Figure 59. Nominal values for the yield and ultimate strength for bolts (SFS-EN 1993-1-8

p. 20).

Table 9. Tensile stress areas of M20-, M24- and M36-bolts. (Bjork et al. 2014 p. 134)

Size
M20 M24 M36
Tensile stress area As 245 mm? 353 mm? 817 mm?

Resistance of members and cross-sections Ino - P and pp see EN 1993-1-1
Resistance of bolts

Resistance of rivets

Resistance of pins 2

Resistance of welds

Resistance of plates in bearing

Slip resistance

- at ultimate limit state (Category C) G

- at serviceability limit state (Category B) VM3.cer

Bearing resistance of an injection bolt 4

Resistance of joints in hollow section lattice girder IMS

Resistance of pins at serviceability limit state M6 ser

Preload of high strength bolts I

Resistance of concrete . see EN 1992

Figure 60. Partial safety factors of bolted joints (SFS-EN 1993-1-8 p. 18).
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Table 10. Recommended values for partial safety factors (SFS-EN 1993-1-8 p. 18).

Safety factor M2 M3 VM3 ser VM4 M5 YM8,ser M7
Value 1.25 1.25 1.1 1.0 1.0 1.0 1.1
The tension resistance Frq 0Of the bolt may be determined by using equation:
kZ ’ fub ’ As
Fepa = ——— (40)
Ym2

where ko is a factor that depends on the shape of the bolt. For countersunk bolts k> is taken
as the value of 0.63 and otherwise the value of 0.9 is used. (SFS-EN 1993-1-8 p. 27).

The bearing resistance Fprd can be determined by using equation:

ky-ap-fup-d-t

Ym2

Fb,Rd =

where ki for edge bolts is the smallest of;

€2
ki =28-——-17 or 25
do

Factor ki for inner bolts is the smallest of;

ki = 1.4-&— 1.7 or 2.5

do

Factor ay for single holes is the smallest of;

= or 1.0
fu

ap

and in the direction of load transfer;

End bolts: a, = 3d,
P1 1
Inner bolts: =———
=34, 4

(SFS-EN 1993-1-8 p. 27).

(41)

(42)

(43)

(44)

(45)

(46)
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The punching shear resistance may be calculated by using expression:

0.6m-dpy-t,"f
By ra = y’” P (47)
M2

where dm is the bolt head diameter and t; is the thickness of plate. (SFS-EN 1993-1-8 p. 27).
The design slip resistance Fsrd can be determined by following equation:

ksnu

Fsra = Fyc (48)

M3
where ks is the factor given in Figure 61, n is the number of friction surfaces, u is the slip
factor given in Figure 62 and Fpc is the preloading force that should be taken as (SFS-EN
1993-1-8 p. 30):

Fpec=07fu - As (49)
Description k.
Bolts in normal holes. 1.0
Bolts in either oversized holes or short slotted holes with the axis of the slot 0.85
perpendicular to the direction of load transfer. T
Bolts in long slotted holes with the axis of the slot perpendicular to the direction of load 0.7
transfer. '
Bolts in short slotted holes with the axis of the slot parallel to the direction of load 0.76
transfer. )
Bolts in long slotted holes with the axis of the slot parallel to the direction of load 0.63

transfer.

Figure 61. Values for factor ks (SFS-EN 1993-1-8 p. 30).

Class of friction surfaces (see 1.2.7 Reference Slip factor u
Standard: Group 7)
A 0.5
B 0.4
C 0.3
D 02

Figure 62. Values for slip factor « (SFS-EN 1993-1-8 p. 31).
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For a category B joints the slip resistance Fsrdser Should be taken as:

ks-n-p-(Fpe — 0.8F,
FS,Rd,ser —_S u (p,C t,Ed,ser) (50)

Ym3,ser

where Ftedser is the design tensile force at serviceability limit state. (SFS-EN 1993-1-8 p.
31).

3.5.2 Tightening torque

Preload force for each bolt size is determined by using equation 49. After the preload force

is known the tightening torque may be determined by equation (Bjork et al. 2014 p. 143):

1 P
MA:_'FP,C'(]--]-SS'#G'dZ'#K'ka'i'E) (51)

2

where Fpc is preload force, g is the friction coefficient of threads, d> is the pitch diameter
of bolt, pk is the friction coefficient of bolt’s head, Dkm is the diameter of contact area
between head and plate and P is the pitch of thread. Friction coefficients are chosen based
on the material and surface finish used in the joint. In this case friction coefficient are taken
as 0.15 (Bjork et al. 2014 p. 144).

3.5.3 Fatigue of bolts

Fatigue assessment of bolts is determined according to SFS-EN 1993-1-9. Possible fatigue
failure in bolts may occur by the effect of tensile or shear force. When determining fatigue
effects of tensile force, the preload force may be taken account in the assessment (SFS-EN
1993-1-9 p. 21). In this case tensile forces at serviceability state are lower than the preload
force. Therefore, the tensile fatigue is not threat for stability of the sculpture. However, the

shear fatigue should be examined.
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The shear fatigue is examined in the situation where the sculpture is rotating at maximum
operating wind velocity (10 m/s). The shear fatigue strength for constant amplitude stresses
may be determined by the following equation (SFS-EN 1993-1-9 p. 14):

ATP - Ng = At -2-10° when N <108 andm =5 (52)
where Az is shear stress range, Nr is total amount of cycles and Azc is a shear fatigue class.

Equation 52 may be adjusted to the form where the maximum stress range is solved:

m AT -2 - 10©
Atg = /N— (53)
R

The fatigue class zc and factor m may be determined from the Figure 63.

100 I Yksi- tal kaksilcikkeiset 15)
m=5 L leikkausrasitetut ruuvit: At lasketaan ruuvin
) Kierteat eivat ole leikkaus- kierteettoman varren pinta-alan
. i
15 |—p tasossa 15) mukaarn.
T — g — Soviteruuvit

— tavalliset ruuvit, kun kuor-
man suunta ei muutu
(ruuvien lujuusluokat 5.8,
8.81ai 10.9).

.‘{ i

Figure 63. Shear fatigue class for bolted joint (SFS-EN 1993-1-9 p. 20)

The cut off limit A4z which is the lowest stress range that may lead to fatigue failure may be
calculated by using the equation (SFS-EN 1993-1-9 p. 15):

At, = 0.457 - At (54)

3.6 Welds

The design resistance of fillet welds is determined by simplified method according to SFS-

EN 1993-1-8. The simplified method assumes that all the applied forces are affecting on
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shear direction. Therefore, the welds should satisfy the following criterion (SFS-EN 1993-
1-8 p. 44):

Fw,Ed < Fw,Rd (55)

where Fwed is the design value for the force per unit length and Fwrqa is the design weld
resistance per unit length.

The design force per unit length may be determined by equation:

Fg
Fw,Ed =7 (56)

Lw

where Fr is the resultant force applied to the weld and lw is the length of the weld. In this
case, the sum of the tensile and shear forces in bolted joints next to the specific weld is used

for the resultant force.

The design weld resistance per unit length Fw,rs may be determined by using equation (SFS-
EN 1993-1-8 p. 44):

fu
V3 (57)

Fora=—Y—-a
wRd Bw * Ym2

where fy is the ultimate tensile strength of the weakest part joined, Sw is the correlation factor
taken from Figure 64, ymz2 is the partial safety factor (= 1.25) and a is the throat thickness of
the weld.



71

Standard and steel grade .
Correlation factor By
EN 10025 EN 10210 EN 10219
S 235 -
4 1175
S35 W S235H S235H 0.8
S 275 R S275H
S 275 N/NL S 27S€2TZT‘;LI‘§LH S 275 NH/NLH 0,85
S 275 M/ML i ' S 275 MH/MLH
S 355 e
- - S355H
S 355 N/NL S355H
oo - S 355 NH/NLH 09
- ! . e ﬁ f _ .
S Jbb_l}LI\IL S 355 NH/NLH S 355 ME/MILH
S355W
S 420 N/NL . o
S 420 M/ML S 420 MH/MLH 1,0
S 460 N/NL ,
S 460 M/ML S 460 NH/NLH SS jg(()) I\NED?EEI 1,0
S 460 Q/QL/QL1 '

Figure 64. Correlation factor S for fillet welds (SFS-EN 1993-1-8 p. 44).

After the design force and resistance are determined, the usage of the weld resistance may

be calculated by equation:

Usage of the weld resistance =§W—'Ed 100 %

w,Rd

(58)
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4 Results

The results obtained by methods presented in chapter 3 are presented in this chapter. Stress
and displacement plots are presented by using eDrawings Pro -viewer therefore plots appear

visually different than in Solidworks.

4.1 Static analysis

Maximum Von Mises -stresses and displacement obtained by FE-analysis are presented in
Table 11 and stress and displacement plots in Figure 65 - Figure 95. The maximum Von
Mises -stresses are global maximum values estimated from the stress plots therefore local
stress concentrations caused by changes in element type (shell = solid = shell) or bonded
corners that are carrying the load too much due to the lack of welds in FE-model are ignored.

Table 11. The maximum Von Mises -stress and displacements obtained by FE-analysis

shafts [MPa]
(fy,1_4401 =200 MPa)

Load case number
Configuration and load case
Max Von Mises -stress [MPa]
(fy15355 =345 MPa)
Max Von Mises -stress in
Max displacement [mm]

1 Gravity only 35 36 0.2

Mean wind velocity 5 m/s
2 . 69 60 21.7
without concrete core

Max operating wind velocity
3 ) 103 60 43.3
10 m/s without concrete core

Max operating wind velocity
4 ] 103 60 32.6
10 m/s with concrete core
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Storm wind velocity 23 m/s
5 ) 207 80 99.1
without concrete core
Storm wind velocity 23 m/s
6 ) 207 80 73.5
with concrete core
Snow load, the ring
7 perpendicular compared to 42 44 0.2
ground
Snow load, the ring parallel
8 241 160 39.3
compared to ground
Electric motor bracket, storm
9 ) ) 241 - 1.2
wind velocity 23 m/s

SUTE

von Mises {(N/mm*2 (MPa))

345,0
3105
276,0
2415
207,0
1725
138,0
103,5
69,0
34,5
0,0

Figure 65. Von Mises -stresses at top surface of the shell elements with gravity force and

without concrete core. Stress range 0-345 MPa, deformation scale 10.
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von Mises (N/mm*2 (MPa))

345,0
3105
276,0
2415
207.0
1725
138,0
103,5
69,0
345
0,0

Figure 66. Von Mises -stresses at bottom surface of the shell elements with gravity force
and without concrete core. Stress range 0-345 MPa, deformation scale 10.

URES (mm)

0,2
0,2
0,1
— 0.1
0,1
0,1
— 0.1
0,1
0,0
0,0
0,0

Figure 67. Resultant displacements of the structure with gravity force and without concrete

core. Deformation scale 10.



Max: 126.8

von Mises {(N/mm*2 (MPa))

345,0
3105
276,0
241.,5
207,0
1725
138,0
103,5
69,0
345
0,0

Figure 68. Von Mises -stresses at top surface of the shell elements with 5 m/s wind force

and without concrete core. Stress range 0-345 MPa, deformation scale 10.

Max: 99.4

von Mises (N/mm”*2 (MPa))

345,0
310,5
276,0
2415
207,0
1725
138,0
103,5
69,0
345
0,0

Figure 69. Von Mises -stresses at bottom surface of the shell elements with 5 m/s wind
force and without concrete core. Stress range 0-345 MPa, deformation scale 10.



o Max: 21.7

URES (mm)

21,7
19,5
17,3
15,2
13,0
10,8
87
6,5
4.3
2,2
0,0

Figure 70. Resultant displacements of the structure with 5 m/s wind force and without
concrete core. Deformation scale 10.

Max: 245.9

von Mises (N/mm*2 (MPa))

345,0
3105
276,0
2415
2070
1725
138,0
103,56
69,0
34,5
0,0

Figure 71. Von Mises -stresses at the top surface of the shell elements with 10 m/s wind

force and without concrete core. Stress range 0-345 MPa, deformation scale 10.



Max: 198.0

von Mises (N/mm*2 (MPa))

345,0
3105
276,0
241,5
207.,0
1725
138,0
103,5
69,0
34,5
0,0

Figure 72. Von Mises -stresses at the bottom surface of the shell elements with 10 m/s
wind force and without concrete core. Stress range 0-345 MPa, deformation scale 10

URES (mm)

43,3
38,0
34,7
30,3
26,0
21,7
173
13,0
87

43

0,0

Figure 73. Resultant displacements of the structure with 10 m/s wind force and without
concrete core. Deformation scale 10.



Max: 233.0

von Mises (N/mm*2 (MPa))

345,0
310,56
276,0
241.5
207,0
1725
138,0
103,56
69,0
34,5
0,0

Figure 74. Von Mises -stresses at the top surface of the shell elements with 10 m/s wind

force and with concrete core. Stress range 0-345 MPa, deformation scale 10

Max: 186.4

von Mises (N/mm*2 (MPa))

345,0
3105
276,0
2415
207,0
172,5
138,0
103,5
69,0
34,5
0,0

Figure 75. Von Mises -stresses at the bottom surface of the shell elements with 10 m/s

wind force and with concrete core. Stress range 0-345 MPa, deformation scale 10

78
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URES (mm)

32,6
29,3
26,1
22,8
19,6
16,3
13,0
9,8
6,5
3,3
0,0

Figure 76. Resultant displacements of the structure with 10 m/s wind force and with
concrete core. Deformation scale 10.

Max: 554.9

von Mises (N/mm*2 (MPa))

3450
310,5
276,0
2415
207,0
1725
138,0
103,5
69,0
34,5
0,0

Figure 77. Von Mises -stresses at the top surface of the shell elements with 23 m/s wind

force and without concrete core. Stress range 0-345 MPa, deformation scale 10
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Max: 453.8

von Mises (N/mm?2 {(MPa))

l 345,0
310,5

—1 276,0
— 241,5
= 207,0
11725
—1 1380
103,5
69,0
34,5
0,0

Figure 78. Von Mises -stresses at the bottom surface of the shell elements with 23 m/s

wind force and without concrete core. Stress range 0-345 MPa, deformation scale 10

von Mises (N/mm”2 (MPa))

l 200,0
180,0

=4 160,0
— 140,0
L 120,0
= 100,0
1 80,0

60,0
I 40,0

20,0

0,0

Figure 79. Von Mises -stress in the shafts with 23 m/s wind force and without concrete

core. Stress range 0-200 MPa, deformation scale 10



von Mises (N/mm”2 (MPa))

200,0
180,0
=4 160,0
— 140,0
- 120,0
= 100,0
1 80,0
60,0
40,0
20,0
0,0

Figure 80. Von Mises -stress in the shafts with 23 m/s wind force and without concrete
core. Stress range 0-200 MPa, deformation scale 10

URES (mm)

. 99,1

89,2
—1 79,3
— 69,4
= 595
— 49,5
—1 39,6

29,7
19,8
9,9
0,0

Figure 81. Resultant displacements of the structure with 23 m/s wind force and without

concrete core. Deformation scale 10.



Max: 524.1

von Mises (N/mm”*2 (MPa))

345,0
3105
276,0
2415
207.0
1725
138,0
103,5
69,0
345
0,0

Figure 82. Von Mises -stresses at the top surface of the shell elements with 23 m/s wind
force and with concrete core. Stress range 0-345 MPa, deformation scale 10

Max: 427.2

von Mises (N/mm*2 (MPa))

345,0
310,5
— 276,0
— 241.,5
= 207,0
11725
—1 138,0
103,5
69,0
34,5
0,0

Figure 83. Von Mises -stresses at the bottom surface of the shell elements with 23 m/s

wind force and with concrete core. Stress range 0-345 MPa, deformation scale 10
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URES {(mm)

73,5
66,1
58,8
51,4
44,1
36,7
29,4
22,0
14,7
7,3
0,0

Figure 84. Resultant displacements of the structure with 23 m/s wind force and with

concrete core. Deformation scale 10.
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Figure 85. Von Mises -stresses at the top surface of the shell elements with snow load and

without concrete core. Stress range 0-345 MPa, deformation scale 10
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Figure 86. Von Mises -stresses at the bottom surface of the shell elements with snow load

and without concrete core. Stress range 0-345 MPa, deformation scale 10
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Figure 87. Resultant displacements of the structure with snow load and without concrete

core. Deformation scale 10.
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Figure 88. VVon Mises -stresses at the top surface of the shell elements with snow load in

failure mode and without concrete core. Stress range 0-345 MPa, deformation scale 10
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Figure 89. Von Mises -stresses at the bottom surface of the shell elements with snow load
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von Mises (N/mm”*2 (MPa))

in failure mode and without concrete core. Stress range 0-345 MPa, deformation scale 10



Figure 90. Von Mises -stress in the shafts with snow load in failure mode and without

concrete core. Stress range 0-200 MPa, deformation scale 10

Figure 91. Von Mises -stress in the shafts with snow load in failure mode and without

concrete core. Stress range 0-200 MPa, deformation scale 10
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Figure 92. Resultant displacements of the structure with snow load in failure mode and

without concrete core. Deformation scale 10.
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Figure 93. VVon Mises -stresses in the motor mounting bracket at the top surface of the shell

elements with torque caused by 23 m/s wind load. Stress range 0-345 MPa, deformation

scale 10
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Max: 387.6
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Figure 94. Von Mises -stresses in the motor mounting bracket at the bottom surface of the
shell elements with torque caused by 23 m/s wind load. Stress range 0-345 MPa,

deformation scale 10
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Figure 95. Displacements in the mounting bracket with torque caused by 23 m/s wind load.

Deformation scale 10.
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4.2 Natural frequency and vibration

Natural frequencies determined by FE-analysis are presented in Table 12 and mode shapes
in Figure 96 - Figure 100. Only frequencies that are critical for vortex shedding vibration

with normal wind velocity are examined.

Table 12. First 12 natural frequencies of the sculpture.

Mode no. Frequency [rad/s] Frequency [HZz] Period [s]
1 12.5 2.0 0.50
2 15.3 24 0.41
3 18.9 3.0 0.33
4 20.6 3.2 0.30
5 41.2 6.6 0.15
6 87.7 14.0 0.07
7 90.4 14.4 0.07
8 99.5 15.8 0.06
9 101.5 16.2 0.06
10 105.9 16.9 0.06
11 1334 21.2 0.05
12 162.1 25.8 0.04




Figure 96. Mode shape 1 /2.0 Hz

Figure 97. Mode shape 2/ 2.4 Hz
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Figure 98. Mode shape 3/ 3.0 Hz

Figure 99. Mode shape 4 / 3.3 Hz
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Figure 100. Mode shape 5/ 6.6 Hz

4.3 Fatigue

Hot Spot -stresses and fatigue lives of the welded details are presented in Table 13 - Table

20 and Figure 101 - Figure 113. More detailed table is presented in Appendix 5.



Table 13. Hot Spot -stress at the weld between posts and foundation plates (Figure 101)
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- 7] 7] 7] 7] % %
RF 1000.0 1.8 1.7 3.3 2.6 1.9 3.8
1 204.7 0.4 0.3 0.7 0.5 0.4 0.8
2 297.7 0.5 0.5 1.0 0.8 0.6 1.1
3 465.1 0.8 0.8 15 1.2 0.9 1.8
4 562.8 1.0 1.0 1.9 15 1.1 2.1
5 2250.9 4.1 3.8 7.4 5.9 4.2 8.5
6 10128.1 18.2 17.2 33.4 26.3 18.9 38.2
7 10715.1 19.3 18.2 35.4 27.9 20.0 40.4
8 12899.9 23.2 21.9 42.6 335 24.1 48.6
9 13561.3 24.4 23.1 44.8 35.3 25.3 51.1
10 14758.6 26.6 25.1 48.7 38.4 27.6 55.6
11 23224.3 41.8 39.5 76.6 60.4 43.4 87.5
12 34396.2 61.9 58.5 1135 89.4 64.2 129.6
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Table 14. Fatigue lives for the weld between posts and foundation plates (Figure 101). In
the table FOS stands for the factor of safety.

k= k= x
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s | & 5 5 : 2 2 2
3 = P > = 3 3 g S
S < > = S G k] S
= = &} ~ ~
K] & Y= n wn
3 3 o 2 2
= = o
3 3 £
o] o) >
O @) zZ
RF REFERENCE FORCE
1 90 | 26119871867196 | 3174867342799 | 210029559 124 363 15116
2 90 8491571410642 | 1032149502791 | 243094 796 34 931 4 246
3 90 2 226 822 247 706 270 669 981 400 224 618 221 9914 1205
4 90 1 256 788 805 951 152 762 531 038 193 198 739 6 505 791
5 90 19 644 916 100 2387837 233 815 453 24 091 2928
6 90 215 645 613 26 211 699 1 215645613 | 26 211 699
7 90 182 110 876 22 135 556 0 - -
8 90 104 367 562 12 685 865 0 - -
9 90 89 829 835 10 918 806 0 - -
10 90 69 692 988 8471 174 0 - -
11 90 17 885 318 2173958 0 - -
12 90 5 505 454 669 187 0 - -

Figure 101. Welded detail examined in Table 14 and Table 14.
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Figure 102. Obtained fatigue life in welded detail presented in Figure 101 compared to

number of cycles caused by vortex shedding (logarithmic scale).
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Figure 103. Stresses oo.4t and o1.0t next to the lower weld toe (posts).
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Figure 104. Stresses oo.4t and o1.0t next to the upper weld toe (posts)

Table 15. Hot Spot -stress at the bottom weld of shaft carrier (Figure 105).
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RF 1000.0 5.2000 2.3000 7.1
1 204.7 1.06 0.47 15
2 297.7 1.55 0.68 2.1
3 465.1 2.42 1.07 3.3
4 562.8 2.93 1.29 4.0
5 2250.9 11.70 5.18 16.1
6 10128.1 52.67 23.29 72.3
7 10715.1 55.72 24.64 76.5
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8 12899.9 - 67.08 29.67 921
9 13561.3 - 70.52 31.19 96.9
10 14758.6 - 76.74 33.94 105.4
11 23224.3 - 120.77 53.42 165.9
12 34396.2 - 178.86 79.11 2457

Table 16. Fatigue lives for the bottom weld of shaft carrier (Figure 105). In the table FOS

stands for the factor of safety.
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RF REFERENCE FORCE
1 90 466 403 762 911 210 029 559 - 2221
2 90 151 627 882 368 243 094 796 - 624
3 90 39 762 763 039 224 618 221 - 177
4 90 22 441 573 652 193 198 739 - 116
5 90 350 785 135 815 453 - 430
6 90 3850629 1 - 3850629
7 90 3251823 0 - -
8 90 1863 616 0 - -
9 90 1604 027 0 - -
10 90 1244 458 0 - -
11 90 319 365 0 - -
12 90 98 307 0 - -




Figure 105. Welded detail examined in Table 15 and Table 16.
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Figure 106. Obtained fatigue life in welded detail presented in Figure 105 compared to

number of cycles caused by vortex shedding (logarithmic scale).
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Figure 107. Stresses oo.4t and 1.0t Next to the upper weld toe (shaft carriers).

Table 17. Hot Spot -stress in the ring shafts (Figure 108).
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RF 1000.0 0.700 0.400 2.400 2.800 0.901 2.132
1 3.8 0.003 0.002 0.009 0.011 0.003 0.008
2 55 0.004 0.002 0.013 0.015 0.005 0.012
3 8.6 0.006 0.003 0.021 0.024 0.008 0.018
4 10.4 0.007 0.004 0.025 0.029 0.009 0.022
5 41.4 0.029 0.017 0.099 0.116 0.037 0.088
6 186.2 0.130 0.074 0.447 0.521 0.168 0.397
7 197 0.138 0.079 0.473 0.552 0.177 0.420
8 237.2 0.166 0.095 0.569 0.664 0.214 0.506
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9 249.4 0.175 0.100 0.599 0.698 0.225 0.532
10 271.4 0.190 0.109 0.651 0.760 0.245 0.579
11 427 0.299 0.171 1.025 1.196 0.385 0.910
12 632.4 0.443 0.253 1.518 1.771 0.570 1.348

Table 18. Fatigue lives for the ring shafts (Figure 108). In the table FOS stands for the

factor of safety.
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3 90 3.13E+18 2.37TE+17 292 840 327 1.07E+10 8.08E+08
4 90 1.77E+18 1.34E+17 340 191 680 5.21E+09 3.93E+08
5 90 2.81E+16 2.12E+15 259 109 246 1.08E+08 8.18E+06
6 90 3.09E+14 2.33E+13 42 427 7.28E+09 5.49E+08
7 90 2.61E+14 1.97E+13 20380 1.28E+10 9.66E+08
8 90 1.49E+14 1.13E+13 1284 1.16E+11 8.78E+09
9 90 1.28E+14 9.70E+12 551 2.33E+11 1.76E+10
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101

Figure 108. Welded detail examined in Table 17 and Table 18.
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Figure 109. Obtained fatigue life in welded detail presented in Figure 108 compared to

number of cycles caused by vortex shedding (logarithmic scale).
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Figure 110. Stresses oo.4t and o1.0t next to the upper and lower weld toe (ring shafts).

Table 19. Hot Spot -stress in the ring flanges (Figure 111).
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RF 1000.0 0.6000 0.4000 - - 0.7340 -
1 3.8 0.0023 0.0015 - - 0.0028 -
2 55 0.0039 0.0022 - - 0.0050 -
3 8.6 0.0060 0.0034 - - 0.0077 -
4 10.4 0.0073 0.0042 - - 0.0094 -
5 41.4 0.0290 0.0166 - - 0.0373 -
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7 197 0.1379 0.0788 - 0.1775 =
8 237.2 0.1660 0.0949 - 0.2137 =
9 249.4 0.1746 0.0998 - 0.2247 =
10 271.4 0.1900 0.1086 - 0.2445 =
11 427 0.2989 0.1708 - 0.3847 =
12 632.4 0.4427 0.2530 - 0.5698 =

Table 20. Fatigue lives for the ring flanges (Figure 111). In the table FOS stands for the

factor of safety.
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6 90 3.09E+14 - 42 427 7.28E+09 -
7 90 2.61E+14 - 20 380 1.28E+10 -
8 90 1.49E+14 - 1284 1.16E+11 =
9 90 1.28E+14 - 551 2.33E+11 -
10 90 9.97E+13 - 118 8.45E+11 -
11 90 2.56E+13 - 1 2.56E+13 =
12 90 7.88E+12 - 0 - -
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Figure 111. Welded detail examined in Table 17 and Table 18.
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Figure 112. Obtained fatigue life in welded detail presented in Figure 111 compared to

number of cycles caused by vortex shedding (logarithmic scale).
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Node: 606146

X, Y, Z Location: | -3,3% +03; 7,93e+03; -97 mm

Walue: 04 Nfmm*2 (MPa)

Figure 113. Stresses oo.4t and o1.0t Next to the lower weld toe (ring flanges).

4.4 Bolted joints

The results for the analyses of bolted joints are presented in this chapter.

4.4.1 Static capacity

Bolt forces determined by analytical calculations and FE-analysis are presented in Table 21
Analytical calculations for bolt forces are presented in Appendix 4. Serviceability limit state
is determined at 23 m/s storm wind and ultimate limit state at failure snow load or 2.0 times
serviceability state depending on which one has higher value. For bearing resistance Fp rd
the lowest value between edge and inner bolt criteria is chosen. Requirements for bolted

joints are presented on pages 61-62 with equations 34-38.



Table 21. Bolt forces at 23 m/s storm wind.
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Figure 114. Analytically determined bolt forces compared to design resistances. Solid bars

present design forces and hatched bars design resistances. The hatched bars are limits for

the solid bars with the same colour.



4.4.2 Preload force and tightening torque

Tightening torque for each bolt sizes is presented in Table 22.

Table 22. Tightening torques for bolted joints.
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Size Fm [N] Mo dz [mm] Mk Dim [mm] P [mm] Ma [Nm]
M20 137 200 0.15 18.376 0.15 30 25 580
M24 197 680 0.15 22.051 0.15 36 3.0 1005
M36 457 520 0.15 33.402 0.15 55 4.0 3500

4.4.3 Shear fatigue of bolts

Shear fatigue assessment of bolts is presented in Table 23. SMath calculations are presented

in Appendix 7.

Table 23. Shear fatigue assessment of bolts.

M24 8.8 M20 8.8 M36 8.8
Maximum shear force
23 260 14 300 36 600
[N]
Nominal stress area As
353 245 817
[mm?]
Maximum shear stress
65.9 58.4 448
[MPa]
FAT-class [MPa] 100 100 100
Maximum stress range
for 11580000 cycles 70.3 70.3 70.3
[MPa]
Cut off limit [MPa] 45.7 45.7 45.7
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4.5 Welds

Design forces and resistances obtained for welds by using equations presented in chapter 3.6

are presented in Table 24. SMath calculations are presented in Appendix 8.

Table 24. Design forces and resistances in different welded joints of the structure

Ring halves | Ring flanges Shafts Shaft carrier Posts
Resultant force Fy 162970 N 78 660 N 78 660 N 61 300 N 147 600 N
Length of weld I 1380 mm 492 mm 157 mm 400 mm 550 mm
Resultant force per
. 119 N/mm 160 N/mm 502 N/mm 154 N/mm 269 N/mm
unit length Fyeq
Ultimate strength f, 470 MPa 470 MPa 470 MPa 470 MPa 470 MPa
Correlation factor
0.9 0.9 0.9 0.9 0.9
Bw
Partial safety factor
1.25 1.25 1.25 1.25 1.25
Ym2
Throat thickness a 4 mm 6 mm 6 mm 6 mm 10 mm
Design resistance
] 964 N/mm 1447 N/mm 1447 N/mm 1447 N/mm 2412 N/mm
per unit length Fyrg
Usage of capacity 13 % 12 % 35 % 11 % 12 %
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5 Conclusions

In this thesis the structural analysis of the steel sculpture was performed. In the analysis the
static strength of structural components, joints and welds were examined. In addition to that
the fatigue assessment and vibration analysis was performed. Load conditions were

determined according to SFS-EN 1991 and structural analysis according to SFS-EN 1993.

The main goal of the thesis was to ensure that the sculpture will resist all the predictable load
cases that may occur during its operating time without static or fatigue failure. The sculpture
should also maintain its stability without major vibration in the structure that may cause the
failure. Since the ring is rotating around the axles that are supported by bearings, the major

displacements are not allowed to maintain the parallelism and concentricity of the shafts.

Structural analysis was performed by using FE-analysis, Hot Spot -method and analytical
calculations. Couple major changes were made during the analysation process to improve
the strength properties of the structure. Firstly, the ring was strengthened with additional 4
mm thick stiffeners that were applied inside the ring. With those, the stability of the ring was
improved, and the ring acted stiffer and was not so vulnerable for vibration. Stiffeners are
presented in Figure 115.
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Figure 115. Stiffeners added to the ring

Secondly, gussets were added to the bottom joints of the posts to improve the fatigue strength
of the posts. With those the structural stresses next to the weld toe were decreased and fatigue
life increased to match with the requirements given for the sculpture. It was not allowed to
make major changes to the shape and look of the sculpture so the gussets were dimensioned
so that they will not be on sight after the foundation is buried to the ground (depth about 400
mm). The gussets are presented in Figure 116.
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300

Figure 116. Gussets added to the bottom joint of posts.

Thirdly, the diameter of ring flanges that connects the ring to the shafts was increased to
improve fatigue strength of the flanges. In revised version there is more room between the
weld toe and the edge of the flange. With that the local stress concentration could be

decreased and fatigue life increased. The flange in both versions is presented in Figure 117.

Figure 117. Revised ring flange. The diameter of the flange was increased from 400 mm to
460 mm.
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In addition to these, minor changes were made in the bolted joints to maximize the design

resistance of the joints. Mainly, the distance from the bolt to the axis of rotation were

maximized. Example for that is presented in Figure 118.

1 20 Axis of rotation

3

160

Axis of rotation

Figure 118. The example for the minor change in a bolted joint. The effective distance of

the bolt could be increased from 60 mm to 80 mm.

The bolt forces determined by FE-analysis differs quite much compared to the analytically

determined values. That is mainly caused by conservative approach on the analytical

calculations (appendix 4). In analytical approach, it is assumed that the load is not equally

distributed between bolts and the structural element could rotate freely around its rotational

axis. In fact, most of the bolts are under compression or loaded only by shear force. In

addition, the bolted connection -interaction in Solidworks Simulation models the bolt with

tension only beam elements and fixes the elements to the edges of the holes with rigid bars

(Figure 119). Because of that, the bolted connections give inaccurate results for compressed

bolts and the bolt forces are not reliable. However, the durability of the bolts in the sculpture

may be ensured by the analytical calculations performed.
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Figure 119. Structure of the bolted connections in Solidworks Simulation (Hudson 2019)

In addition to the wind and snow actions, the thermal actions were also examined. With the
equations presented in chapter 2.3 the thermal expansion of the structure was determined.
The most critical component for thermal expansion is the ring since it is attached to two
fixed structural members. After the calculations could be stated that the theoretical amount
of linear expansion in the ring has minor effects on the structure and that can be handled by
using a floating joint that allows axial movement in the free ring shaft (Figure 120).
Calculations for thermal expansion are presented in appendix 3. The ring shaft on the other

side of the sculpture is attached to the electric motor with flexible coupling and key.
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Figure 120. Joint between the free ring shaft and shaft carrier that allows axial movement
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Overall, it can be stated that the structure can resist all predictable load cases that may occur
during its operating time and with regular maintenance, the operating of the sculpture can be
ensured. The sculpture can be seen in Hameenlinna in the summer or fall of 2023 and then
the results of this master’s thesis can be verified. The final sculpture will hopefully be as

close as possible to the original design presented in Figure 121.

Figure 121. The original design of the sculpture created by artist Johanna Rope (Rope
2018).

5.1 Further research

The research performed in this thesis may be developed to cover buckling analysis of the
structure and the fatigue analysis of other welded joints that are not examined in this thesis.
Also, the analyses presented in this thesis could be performed with analytical methods and
the results could be compared to the results presented in chapter 4. In that way, the validity

of the results could be verified.
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Appendix 1. Wind load calculations

Load case 2 Wind load SFS-EN 189%1 - 1 - 4

[Et-ru.ctu:l:al factor: ]_

Seed T 1

Force coefficient can be determined based on the rules of signboards

[E‘nrc: coefficient: ]'

co=1,80

[Rcferem:c height: ]

E_=H8,05m

lTurbule:m:e factor: JI

kl:= 1’|':|

'Tcrrain orography factoxr: ]

E:G_ I:z }:= 1
[Rnugh.nes: leng'bh:] [Roughne:: factor for terrain category II:]
;= 0,3m zD,I::=ﬂ'05m

chferem:c height: J

z=8,05m

[Hizu:i turbulence :i.ntensibir:]

k.
1

&g [z]-ln[zi]

o

I, fz}i=

[Hind turbulence intensity at refersnce h.ciqht-:]

I,[Z=]=ﬂ,3D§

I-Terrain fartor depending on rooghness length:]

=0,2712

0,07
k= 0,19-[ l

Zg,11

[Rnughneszl factox: ]

k3
o= k_-lnl—l=0,E|52
= z,

I-Dirl:u:tional factor: -I

cniir =1,0



=1,0

[
Esason

[I'u.nda.m.cnt-al value for the basic wind: ]

m
v, =23 —
B, 0 o

Bamic wind wvelocity: ]

m
vb il Cci.i.r' g:u:cm' vl'l,.l? =1z ;

Mean wind velocity: ]

m
v, =0, .6, [zEJ-vb=2D,516']‘ ~

[Pe:lk wvelocity pre!suze:]

1 2 N
=[1+7.T = . = _
A [1 7-I_ [zﬂ]] = PimyVn = 822,9016 —

m
m

A .= [n-(3,4 m;lz]—n-{ﬂ,'?{l‘l m]2=13,3467 '

[Resulbant. wind force: J

Fw = C‘E\d-cf-qp-ﬂmf=15769, 4282 W



Vortex shedding (postis):

lbuter dizmeter of the posts: ]

htal;pa =0,355m

IHumbez i mode of matural fregusnecy:

ﬂi,_',r =1,55% H=

Jtrouhal number:

St 1pma = 0,18

(Crit-ica.l wind speed: ]

b ' n

telppa iy m

Ve, tal = ———————————— =3, 5247 —

Sl Sttalppa =
mtata.‘. = 4080 kg

[Etrur_'bu::a] damping: ]

5 =0, 08

=, tolppa

I}I::i.ghl: of the post: I

htalﬂ:a =g,3m

[St.rur_'bu::e typs based factor: ]

£

tolppa =1,0

(Hnrm:.lised mod= shape of the =tructure: ]

] Ceolpps

z

[l{::s par unit (po=t): ]

m_
= I: }__ tozal |
tolppa A= =

tolppa

Equivalent mass offundamental mode

btalppa
2
J. mta.‘.gpa EE]"ﬁl,tulppa (5} ds
— = g
™1, e,tolppa = rym—— = 3060 =
2
j. ¢a'-.-t'?3=FP= |:£ ] ds
a



E:r rolppz | ml,u-, tolppa
ctulpp: - 2
Pilmg 'btajma

=3107,5548

[Rinmti: viscosity of air:]

2

-6
v=15.10 = —
3

Reynolds number:

b

tolppa ] vn::', tolppa

Repoigpa = - = 52885, 0926
[Facto: m: J [_Fa.r_'t-ur n: J
ml:n:!lpp_- =1 ntn...pp;‘ =1

[Dista:m:c between two node points: ]

=h, e =830
J.tolopa
A = =23,3803
lopa ’
ik htalj;g:la

[Corzclahinn length factor: ]

I'j, tolppa Lj,ta-.‘.gp.'l j,tolppa
r 1 btoi'_g:u 1 bEﬂIP_D; 1 bta..‘.g:.'l
w,talppz = 7T ' A T oa
tolppa tolppa tolppa

[ch:le shape :Ean:t.nr:]

B olppe = 0,13

[Distanr_'e between posts:

Ernlppia-n_,vili = TE00 mm

[Rat-io of a and h:]

a2 . s
tolppian, w311

= 21,4085
b
tolppa

[Lat-l:::al force cu:fficicnﬁ-:]

I:'-.'I.;L'J.t-:llpl;l: = Gi::,si::gla,:nipp—-

[Basin: lateral force cocffici:nt:]

clet,&,tal;pa =0,7



[Critic.‘tl wind velocity ratio: ]

VGZ‘,tDlFFi
— = —p,15313
v

=

[Mndified lateral force cnefficient.:]

ﬂl-‘t,tﬂ}_@ﬂ — Elat,ﬂ,tolpg:a =0,7

'Hu:i.m.v.m displacemsnt:

1 1
¥ - = 1 ._1.'_'1 K - 5y i ‘b
smax, tolppa Z 5S¢, colppa W, tolopa =t,tolpoa tolppa
st tolppa
tolppa

=0,3208 mm

an:u:i caused by vortex shed.d.:i.ng:J

2
Fw_,ta..‘.ppa {5}:= My lopa {‘5]'{2'11'!::'.,;] '¢1,.tlﬂ,ppa [EJ'?F,ﬂz,cnlpp;

Fo tolpps [Lj,talppa ] =204,8332 W

Mumber ofload cycles:

lLifet-:i.ne in secchnd.a:]

7 g
T=3,2=5-10 :15=4,8-10 =

' Bandwidth factox:

EG':= 0’3

lic:i_bu.ll distributed wind velocity: J

- =t z
Vpi= 0,207, =4,1033 -

Total cycles:

g
;=2.I‘.nirF.£ cexp [ — v— =2,100259555%.10

o v

2
n Ta:, colppa vcr.. tolppa
tolppa
a

&



Galloping (posts):

[I‘acto: of galloping inat-:.bility:J

EG =10

[I‘irst cross—wind fregquency of =|1:ruc1;u:|:e:]

m =139 Hz

[Critical wind velocity for galloping: ]

2.5,
tolppa m
Yo, tolppa T T By B, = 438,1225 L
[Hc:.n wind welocity: ]
v_=20,5167 — —OKl
= E

Vortex shedding (ring):

[Thickne:: of the r:i.ng':J

By pz=0,120m

Jtrouhal momber:

Sty ps = 0,109

[Critical wind velocity: ]

] — =T
kah3 i, m
v Ly = ——————— =3 1508 —
LK '
cr, kehd Stkehi =

m .- = 1500 kg

[ﬂt-ructural damping: ]

Js,l:cl.‘.bE =0,5

[Height of the Iing:]

Bz =6, 8m

[ﬂt-ructure tyhpe base factor: J

Crenz = 0.8

[Hormali:ed. mode zhape of the :t:u:tuz::}

g]: ahd
g

81 pane (2)=
1,k=h3 htuh&




[Ha:s per unit (ring) :]

Myenz
Mz ()= s y

o
k=h3

Equivalent mass offundamental mode

hkah.":
2
Byonz (5] 01 yanz (5) a5
=0 0 kg
By & kebd = m =1031, 2458 i

k=hd

2
J1 93, kens (s)"as
0

- _ 2:5_ yens '™y o peni _
Crans T 3 = 57251, 547

Pilmz "Prenz

lKinEmatic vimcosity of .'lir:]

¥=15.10  —
=S

Reynolds number:

X — Byenz Ve, kens -

S ans _‘.—_— 17526, 6055
[E‘ar:t-ch:: m: ] [E‘:r_'t-nnr n:]
Branz =1 Prenz = 1

IDi:tance between two node points: ]

L oiens = Mz =6, Bm

j,kahs
Ayons = o =5€, 6667
k=h3

[Currel.‘ttinn langth facto::]

2
Lj,lubi L_—.',':abi L;i,tub:
x g By ks . By ns 1 By ona Y
renz = 3¢ J1- L=, =
bl A okd A ona 3 Aponi

ll(n:le =hape f:.r_'to::J

K, _.=0,13



[B:lsin: lateral force coefficient:]

Clat,0,ksnd — Qa7

[L'r:i.tical wind welocity rat-:i.o:J

va:, kaha

v
m

=0,108&8

[I.atl:::al force coefficient:

®lat,kahd ~ “lat,B,kohs  COr7

[D:i.spl.'u:ement— caused by vortex shedding: ]

1 1
= | — . K K
yF,m.‘.t,kuba ] Scj:elzi

Stt asha

kens " Ty kenz * Clac kens | Preps = 0,016 mm

[Lo:d cau=ed by vortex =]:|.=|:I.|:Iing:]

2
K kanz (s)=m 5 (5 ]'[2"1' “:;,],r] @1 rens {5)'1"F,m,1aai

F, rohz [Lj:hhi ] =3,7621 W

Mumber of load cycles:

[Lifet.‘i.mc in seconds: ]

T=3,25:10 .15=4,8.10" =

[Bandwidth factor: ]

g, =10,3

Total cycles:

i 2
Biogpzs =2:Ten, .8y |———| exp|-|—=—| [=1,22852469-10



Galloping (ring):

[C_tit.ir:al wind velocity for q:lllaping:]

258 hs b T n
Voe, kahs —&a "8y Bpang T2736,2434

[Hc:n wind ':'Elm:it_?:]

i
v, =20,5167 = _: oK

Fw,tn:u‘.m; [htu.‘.;p.'l ]= 204,6332 N Fw,kahi [hka:ﬁ ] =3,7621H
YF,sazrl:nlpp;=D13208 o, YF,EJ:,]::]:E=G!D:I'EM
N = B N = e
Nopippe = 2,1002.10 N .u5=1,22852465. 10

= 2 L m
Yoz, tolppa 2+ 9247 ¥or, kanz 2, 1308 7

m v =2736,2454 =

= = 05, ka3 . _

VoG, eolppa = 439, 1225 = =



Appendix 2. Snow load calculations

Load case 1 Snow load SFS-EN 1991 - 1 - 3

Ondrifted snowload

[Sm:m load shape coefficien: ]

H, =0,8

[Expo:ur\e coefficient: -]

CG :=1:I]

[Th:::nal coefficient: ]

C: :=1:I]

[Sm:m load, zone nu.mbe.t:-l'

£=12,5
[Diamﬁ:tcr of the ring:‘] [.ﬁlt-.i.tu.d.: above Sea Ll:ve:l:]
dkehin,::lka = 6200 mm A]:azkeu:,sazenpd.m:.:::: =80m
[Thickne:: of ths ring:]
Epapz = 120 mm
Radius of ths ring:]
il dtﬂh&r.,u}.ka L
z‘l:cr_‘l.in,ulka' 2 =3 4m
[Cha::a.r_'t-eristic walu= for =mow load: ]
s, =|0,780 =% .2 £ 0,375 £ S =2, 5881 S5
E " 2 ’ 2 3 " 2
. 1 336 = =
kN

[Pezsistent or tran=isnt =snow luad:]

kN
Ei=p, -v.'.'ﬂ-{:t-st =2,0705 —2
m

[P:.r_'e area of the ring:J

A

2 z 2
L eban, otsapinez = (07 (3,84 m) " |-n+(2,7m) =13, 2146 m

Tpper area of the ring: ]'

AT pin ulke nl 2
Akehin,ylipir.t: Il 2 ' tkebi =1,281&8m

[Sm:m load, upper area [(normal circomstances) :]

=5.4 =2653, 8739 W

Fnum:li,lmﬁtuum kehin, ylipinta

Iﬂnw load in malfunction =situation when ring has stopp=d on perps=ndicular pnzlit-:i.cm:]

=& 4 =27774,8l12 N

F
cnoettomuus , koorma kebdn, otsapinta



Upper area of the ring: Face area of the ring




Appendix 3. Thermal action calculations

Thermal actions SFS-EN 19%1 - 1 -

[Min:imm temperature (probability 2%} : ]

T“__f_:I =—38K-—273,15 K=235,15K

lM:u(imJ.m temperature (probability 2%} - J

T x =34 EL273, 15 KE=307,15K

[E‘:r_'t,ch:: for =solax r:.d.ia.tiun:]

T, =42 K

Hominal length:

1_=&800 mm

% 1:=TM—T5=349,15K

[Tcmpezatur\c difference: ]

AT = T:a:r,i — T =114 K

[Cn:fficicnt- of linear eu'p:nsion:]

=12.10 =1
E

&, -
tards

Linear expansion (exial movement to bearing):

[Tnt:ll transiticn: J

4l == 21 AT =5,3024 mm

tardic o



Appendix 4. Analytical calculations for bolt forces

Bolted joints in the structure:

M24 9-14

M24 21-28

M20 5-8
M20 1-4

[]

p——
M209-12_— /
M20 13-16

M24 15-20

M36 11-20 M36 1-10




Wind and snow load:

Tensile force on the ring’s bolts (M24 9-14 & M24 15-20):

6836

3418

Point A

230

F2,reaction = 0’5 . FR,wind Fl reaction — 0,5 ' FR wind

Frwind (= 19 800 N (23 m/s), 8650 N (10
m/s) or 3450 N (4 m/s)

Point B
65_
| 136
I:t,Ed,ser,M24,ring
B (1:20)
Point B
3518 3318
= /,_é
I I — 1T
==k N4
N
Fl,reaction A-A

Fl,reaction



Based on the equilibrium of bending moments in respect of point B:

1)

F1reaction - 3318 MM + F3 reqction - 3518 mm
136 mm

Ft,Ed,ser,ring =

It is assumed that only six bolts carry the load (on the safe side):

)

_ Ft,Ed,ser,ring
Ft,Ed,ser,ring,per bolt — T
The failure situation where the ring stops to parallel position compared to the ground can be

calculated with the equations 1 and 2 by calculation reaction forces Fi reaction and F2,reaction in

respect of the failure snow load Fr snow,failure = 27 800 N.

Shear force on the ring’s bolts (M24 9-14 & M24 15-20):
FR,snow = 2 700 N

Point C

2848

e

I:v,Ed,ser,M24,ring

s

Gring: 1700 kg . 9,81 m/s?




Based on the equilibrium of bending moments in respect of point C:

FRsnow - 3418 MM+ Gripg - 3418 mm
v,Ed,ser,ring 2848 mm

It is assumed that only one bolt carries the shear load (manufacturing tolerances = on the
safe side):

Fv,Ed,ser,ring,per bolt = Fv,Ed,ser,ring (4)

Design tensile and shear forces for M24 9-14 and M24 15-20 are:

Tensile force Shear force
Storm wind 23 m/s 82940 N 23 260 N
Maximum operating wind
36235 N 23 260 N

10 m/s

Mean wind velocity in
Hé&meenlinna 4 m/s, used in 14 455N 23260 N
fatigue assessment

Snow load in failure mode 116 450 N -




Tensile force on the shaft’s bolts (M24 1-8 & M24 21-28):

6836

3418

Paoint A

230

F2,reacti0n Fl,reaction
Point A

Fruwind (= 19 800 N (23 m/s), 8650 N (10 m/s) /
or 3450 N (4 m/s) “

Ft.£d ser shaft \

Fv,Ed,ser,shaft /

C (1:20)
Based on the equilibrium of bending moments in respect of point A:
1
= FR,wind -3418 mm
Ft,Ed,ser,shaft =2 230 mm (5)

It is assumed that only three bolts (3/8) carry the tensile load (manufacturing tolerances -
on the safe side):

_ Ft,Ed,ser,shaft
Ft,Ed,ser,shaft,peT‘ bolt = 53 ©



FRaow= 2 700 N

Fv,Ed,ser,shaﬁ
Poini C

2848

o

Grine= 1700 kg = 9,81 m/s?

b ﬂéﬁf‘

The shear force (per side) may be calculated based on the equilibrium of forces:

1
Fv,Ed,ser,shaft = E ' (Gring + FR,snow + FR,wind) (7)

It is assumed that only four bolts (4/8) carry the shear load (manufacturing tolerances - on
the safe side):

_ Fv,Ed,ser,shaft
Fv,Ed,ser,shaft,per bolt — 4 (8)



Design tensile and shear forces for shaft’s bolts M24 1-8 and M24 21-28 are:

Tensile force Shear force
Storm wind 23 m/s 49 050 N 4900 N
Maximum operating wind
10 /s 21450 N 3550 N
Mean wind velocity in

Hameenlinna 4 m/s, used in 8 545 N 2855 N

fatigue assessment
Snow load in failure mode 68 900 N 5600 N

Tensile force on the shaft carrier’s and end cap’s bolts (M20 5-8 & M20 9-12):

Guring = 1700 kg - 9,81 m/s?

FR,SHOW: 2 700 N

H JD']/F'[Ed,serendcapl

i

A

— Ft,Ed,ser,shaftcarrier,l




Frwind (= 19 800 N (23 H
m/s), 8650 N (10 m/s) or/-- - \
3 450 N 4 m/S ';:c.';_-*-,.

| lol :'Q | F .
| \ ] t,Ed,ser,shaftcarrier,2
\ A / Point F

Fruwind (=19 800 N (23
m/s), 8650 N (10 m/s) or

/

3450 N (4 m/s) f_ // _T__;%\\ 3l 3
f ¥ Y IR £ /-"/F‘oth
| = / ,l ; = e
Lo > [ 235
\’=// {328
T N
I:t,Ed,ser,endcap,Z
E(1:15)

Based on the equilibrium of bending moments in respect of points D and E:

1
5 (Gring+FRsnow) - 257 mm

Ft,Ed,ser,shaftcarrier,l - 215 mm (9)
B % (Gring+FRsnow) - 205 mm
Ft,Ed,ser,endcap,l - 328 mm (10)
Based on the equilibrium of bending moments in respect of points F and G:
L Fruwing - 500 mm
) — 2 Rwin
Ft,Ed,ser,shaftcarrler,Z 235 mm (11)
1
= FR,wind 530 mm
Ft,Ed,ser,endcap,Z =2 328 mm (12)



Total tensile forces are:
Ft,Ed,ser,shaftcarrier = Ft,Ed,ser,shaftcarrier,l + Ft,Ed,ser,shaftcarrier,Z (13)

Ft,Ed,ser,endcap = Ft,Ed,ser,endcap,l + Ft,Ed,ser,endcap,Z (14)

It is assumed that in the shaft carrier two bolts (2/4) are carrying the tensile load (on the
safe side). However, in the endcap assumption is that only one bolt is carrying the tensile
load. Therefore, the loads per bolt are:

Ft,Ed,ser,shaftcarrier
Ft,Ed,ser,shaftcarrier,per bolt — 2 (15)
Ft,Ed,ser,endcap,per bolt = Ft,Ed,ser,endcap (16)

Shear force on the shaft carrier’s and end cap’s bolts (M20 5-8 & M20 9-12):

382 90

/ Fv,Ed,ser,shaﬁcarrier,Z

I:v,Ed,ser,shaftcarrier,l

Point H

80

Fv,Ed,ser,endcap,l

Fv,Ed,ser,endcap,z

Frwind (= 19 800 N (23
m/s), 8650 N (10 m/s) or
3450 N (4 m/s)




Based on the equilibrium of bending moments in respect of point H:

>+ FRuwind - 382 mm

F, ier1 =
v,Ed,ser,shaftcarrier,1 80 mm

1
2 . FR,WiTLd -382mm

Fy Ea ser.endcapy = 150 mm

Based on the equilibrium of forces:

F . — FR,wind
v,Ed,ser,shaftcarrier,2 — 2

F _ FR,wind
v,Ed,ser,endcap,2 — 2

Total shear forces are:

F v,Ed,ser,shaftcarrier = l'v,Ed,ser,shaftcarrier,1 + F v,Ed,ser,shaftcarrier,2

Fv,Ed,ser,endcap = v,Ed,ser,endcap,1 + Fv,Ed,ser,endcap,Z

(17)

(18)

(19)

(20)

(21)

(22)

It is assumed that all four bolts (4/4) carry the shear load, the loads per bolt are:

F _ Fv,Ed,ser,shaftcarrier
v,Ed,ser,shaftcarrier,per bolt — 4

F — FvEdserendcap
v,Ed,ser,endcap,per bolt — )

(23)

(24)

Design tensile and shear forces for shaft carrier’s bolts M20 5-8 and M20 9-12 are:

10

Tensile force

Shear force

fatigue assessment

Storm wind 23 m/s 16 350 N 14 295N
Maximum operating wind
10 395 N 6 250 N
10 m/s
Mean wind velocity in
Héameenlinna 4 m/s, used in 7 650 N 2500 N

Snow load in failure mode 13 300 N




11

Design tensile and shear forces for endcap’s bolts M20 1-4 and M20 13-16 are:

Tensile force Shear force
Storm wind 23 m/s 22 055 N 8778 N
Maximum operating wind
13050 N 3840 N
10 m/s

Mean wind velocity in
Hameenlinna 4 m/s, used in 8 850 N 1550 N
fatigue assessment

Snow load in failure mode 13900 N -

Tensile force on the foundation bolts (M36 1-10 & M36 11-20):

Fruwind (= 19 800 N (23

mi/s), 8650 N (10 m/s) or (&) _
3450 N (4 m/s) '

Gscuplture =4200 kg - 9,81 m/s?

Point |

I:t,Ed ,Ser,posts




12

Based on the equilibrium of bending moments in respect of point I:

1 1
7 FRwind - 8065 mm-— 3 " Gscuplture * 350 mm

Ft,Ed,ser,posts = 509 mm (25)

It is assumed that only four bolts (4/10) per post carry the tensile load (on the safe side):

Ft,Ed,seT,posts
Ft,Ed,ser,posts,per bolt — 4 (26)

Shear force on the foundation bolts (M36 1-10 & M36 11-20):

3800

Point J Fv,Ed,ser,posts

M~
wn
(o'}

Fruwind (= 19 800 N (23
m/s), 8650 N (10 m/s) or
3450 N (4 m/s)

Based on the equilibrium of bending moments in respect of point J:

=+ FRwind - 3800 mm

Fv,Ed,ser,posts = 257 mm (27)

It is assumed that only four bolts (4/10) per post carry the shear load (on the safe side):

Fv,Ed,ser,posts
Fv,Ed,ser,posts,per bolt — 4 (28)



Design tensile and shear forces for foundation bolts M36 1-10 and M36 11-20 are:

13

Tensile force

Shear force

Storm wind 23 m/s 35680 N 36 600 N
Maximum operating wind
13600 N 16 000 N
10 m/s
Mean wind velocity in
Hameenlinna 4 m/s, used in 3300 N 6 400 N

fatigue assessment

Snow load in failure mode




Appendix 5. Bolt forces determined by FE-analysis (23 m/s storm wind)

0Z-1/08 UOIIEPUNOS /O'EET
0Z-1/08 UOIIEPUNOS 8'8T//
0Z-1]08 UoIlEpUNOd £0/7

6T-1]09 UDIIEPUNOS 8°C/T

6T-1/09 uollepunod T'ggce
61108 UoIEPUNOY +T°6/8
8T-1/09 UCIEPUNOY /06T
8T-1|0g UoIEpUNOd 8/ £/6
8T-1/09 UCIEPUNOY 9'F0EE
/T-1|09 UoIEpUNOd 76'89T
£T-1|0g uciepunod T'08E8
£T-1|0g uoiepunod 8'z19T
9T-1/0g UoIEpUNDS 66t

9T-1/0g UCIEpUNOS S 0FTE
9T-1|0g UoIepunod 8'ZTHe
ST-1|08 UOIEPUNOS 96T 6E
ST-1|08 UOIEPUNOS 82°6/E
GT-}jog uonepunod /ZTE

+I-1j0g UCIIEpUNOS 989/t
+1-1/09 UCIEpUNOS 8F'89t
¥1-1]08 UOIJEPUNDS f'SPBEE
£[-1|0g UDIIEPUNOS 999°CF
£1-H09 UClEPUNCS /T CER
£1-H09 UCIEPUNCS 6°GEFE
Z1-1/08 UOIIEPUNOS S50°6E
Z1-1/08 UoIlEpUNOS T/568
Z1-1/08 UOIIEPUNOS /°0E0E
TT-1jog ucilepunod 8108z
TT-1j08 UoIlEpUNOd ZEAE

TI-1/09 uonepunod 6°ZT4T

10193UU0) Juensay  jwasuodwol-z jusuodwod-4 juauodwod-x

TE'6TI-
0
2'T99z
£60°6C
0
T8
T81°82-
0
LE'B0Y-
Z9°LST
0

97 'StrE-
9TT'TE
0
6'0LET-
T8 8E-
0
65'80%-
vIr6E-
0
L'0LTE
S680°9-
0
£'607¢E
T95°0T
0
8'€T6T
oz8°cZ-
0
Z'EPOT

0
8'8TLL
0
0
T'80G6
0
0
BUELE
0
0
T'98€E8
0
0
S'ovIy
0
0
BL'6LT

LT'SEY
0

0
T/5'68
0

0

TEOE

0

9ZH'IE
o]

TerL
9£°GoT-
o
L1'BEE
6T'PCT-
a
T'6LZE
¥29'6S
a
P'GLET
9T0'8E
a
LYY
voz's

a
T'0oTE-
LT8'9T-
a
T'sezE-
6LLTV-
0
6T'0EY-
are-

o]
£Z'0Z8
z98°0T-
o
6E'EY

(wn) wawow Fuipuag
(N) 32404 [eIXY

(n) @104 1B3YS

(wn) wawow Fuipuag
(N) 32104 [eIXY

(N) 32104 1BBUS

(wN) wawow Suipuag
(M) 22104 1Y

(N) 22104 2B3US

(wN) wawow Suipuag
(M) 32104 eIy

(M) 22104 sEBYS

(wN) wewow Suipusg
(M) 22104 ey

(M) 22104 sBBUYS

(wN) wewow Fuipusg
(M) 32104 |E1XY

(M) 22104 2BBUYS

(wN) wewow Fuipusg
(M) 22104 |E1XY

(N) 22104 sERUYS

(w-N) wawow Fuipuag
(N) 32104 [BIXY

(N) @2104 1B3UYS

(wn) wawow Fuipuag
(N) 32404 [eIXY

(n) @2104 1B3YS

(wn) wawow Fuipuag
(N) 32104 [eIXY

(n) @104 1BBUYS

adAl

0T-1j08 U0IlEpPUNDS §9'CZT
0T-1j0g UDIIEPUNOS £°8/6/
0T-1j0g UDIEPUNOS 9°8TZT

6-1109 uollepunod 80°0LT
6-1]09 uonlepunod T'80T6
£-1]09 UOIEPUNOL 8F'FED
£-1|04 uonEepunod J obT
g-1|0@ UoIEPUNOS 7568
2-1|04 uonepunod 940/
£-1]0@ uoiepunod 99'ToT
£-1]04 uonepunod 508
£-1]0@ uonepunod £4%TT
9-1|0g UDNEPUNDS 958°6E
9-1|0g UoIEPUNOS T'9Z6E
g-1jog uollepunod |84 €9T
5-1j0g UOIlEpUNDS STO'EE
§-1j0g uollepunod T5'9TE
5-1j0g UoIlEpUNOS 9'6E9T
t-1]09 UoIERUNOS T6L T
t-1]09 UOIEPUNOS S8'SSH
t-1l0g UoilEpUNOS TSFE
£-1jog uonepunod 8ISLE
£-1]0g UOIIEPUNOS 86'6ER
£-1j0g uollepunod +'G80E
7-1]0g UoIlEpUNDS E6FTE
7-1]0g UoIlEpUNDS 69°E8T
Z-1]0g UOIlEpUNOS [ ST
T-109 uolepunod £40°07
T-1|09 UDIEPUNOS T'8ESE
1-1/0@ UOIEPUNOS +0'ZH6
10123Uu0D

68'7ZT
0
L4877
Z5'T9-
o]
ZP'STO
£9'02

]
ZT'VET-
ZT'05T-
]

e =g=rs
850°8T-
a
2'995T-
TEG'TE
]
£6'ETT
8S6°0E
]
6682
8T096°0-
0
LTBOE
620°FT-
0
6'€8T7
££6°CT
o]

o8

1ueynsay jusuodwod-Z

frdira

0
£'8/cs
o
o
T'20T6
a
a
2568
a
a
¥'rs08
a
a
T'0T6E
a
a
TS'0TE

86°6ER
0
0
£9°€8T
0
o
T'8ECE
a

uauodwod-4

oz hnyoynol

£81°97
0
88'80¢-
0G'8GT-
0
9E'bCT
vZ'SrT-
0
1692
886'65
0

LFTT-
90E'8T
0
S6'BLY
VILV'T-
0

TE9T
£L0°8T-
0
618ST
S0S°LE-
0
6E'0ST-
961°8T-
0
6°00TT-
TL8E'T-
0

c18¢-

1wauodwody-x¥

(wrn) wawow Sulpuag
(N) 32104 [BIXY

(M) 22104 1B3YS

(wrN) wawow Sulpuag
(N) 32104 [eIXY

(M) 32104 1BBUS

(w-N) uswow Buipuag
(M) 22104 |eIXY

(M) 22104 1B3YS

(w-N) wawow Suipuag
(M) 22104 |eIXY

(N) 2104 1B3YS

(w-N) wswow Suipusg
(N) 22104 |eRXY

(N) 22104 1BBYS

(w-N) wswow Suipusg
(M) 22104 |EIXY

(M) 2104 1EBYS

(w-N) wswow Buipusg
(M) 22104 |EIXY

(M) 22104 1EBYS

(w-N) uzwow Suipuag
(N) 32104 [eIXY

(N) 22104 1B3YS

(wrn) wawow Sulpuag
(N) 32104 [BIXY

(M) 22104 1B3YS

(wrN) wawow Sulpuag
(N) 32104 [eIXY

(M) 20104 1B3YS

adAL

TYNIL SW EZ 1nniAysiAp:awen Apnis

1815101 068



F-INN ULIM 210G131UN070 L £0°7T
+-1NN Ylm 2100J31uno) 8/°219
F-1INN YlMm 2J0gla1uno)d f7'2Tr
£-INN Ylm 3J0gia1uncd T80°ET
£-1NN YUIM 3100J3IUN0T 6577 ST
£-1NN YlM 310g131uno) TTT6E
Z-INN Y1M 2J0gJ31uno) T6SL',
Z-INN Ylm 2J0gla1uncd £8'509
Z-INN YlM 2J0GgJI31UNo) S6'85E
T-INN YL 210GJ31UN07T 280°7T
T-INN Ylm 210gJa1unod +1°219
T-INN Ylm 2J0gla1unod 68/ T
9T-M34I5 240G431UN0D TT0ET
QT-M31I5 310GJI31UN07T 59065
QT-MB3135 310GI31UNDD 9/ H0C
GT-M3J05 310GI31UN0D 8/ 57T
ST-MB105 310QIS1UN0D 9L/ 85
GCT-M340S 240QJ31Unod £ '008S
FT-MBII5 10GI31UN0T 6°78T
HT-MB3135 210G431UNO0D 247600
+T-M3II5 2U0GISIUNCD 62968
£T-MBJ0S 310GI21UN0D T6'T6T
£T-MBJ0S 310gI21UN0D 98°779
£T-MB12S 310QIBIUNDD 9°EFTE
ZT-M31I5 210GI3IUNDD 8F'6E
TT-M3II5 240GI3IUNCD 6F°9T9
TT-MB125 2i0gI=1unod F#eST
TT-M31I5 210GJ31UN07T ERTTE
TT-MB3135 210G431UN0D 04610
TT-M2425 24044=21uncd 04TT

10125Uu0) uEynsay  jusuodwod-z usuodwod-A wsuodwod-x

LP'TT-
a
99°GLT-
P6ST6-
o]
PLL6T-
TLZ'e-
a
TLTYT-
TZO'TT-
a
98°80¢-
ET'TTI-
o]
BZE0E-
ST'60T
a
£'0082-
EL'TE-
a
§'09sL
S5T'Y6
a
C'ZE6L
cza'ce-
a

S'FT9
60E0°E-
0T-38T°
¥'99T1-

G

££0E°C-
a
66'E8E
T6EE'6-
o]
PFLEE
LEEE'Y-
a
vL'9TT
£Lez'o-
a
T6'T9E
a
C9'065
a

a
9.'r8S
a

o]
84600
a

a
98779
o

a
6¥'0T9
a
Z1-3£5°C-
9.°6T9
0T-35L°6-

0
BLTTO

£8'509
0

0
YI'ZIO
0
66659
0
oLy
YEE'ZO
0

0805
£Z'8CT-
0
T'E28h-
LT°29T-
0
€208k
£5'0T-
0
9°091T-
t0ZE

0
68TT6-

(wrn) uawow Fuipuag
(N) 22104 [eIXY

(N) 22104 1RBYS

(wrN) uswow Fulpuag
(N) 32404 BIXY

(M) 2104 2BBYS

(wN) uswow Sulpuag
(N) 32104 [erxy

(M) 2104 1EBYS

(wrn) uawow Fuipuag
(N) 22104 [eIXY

(N) 22104 1RBYS

(wrN) uswow Fulpuag
(N) 32404 BIXY

(M) 2104 2BBYS

(wN) uswow Sulpuag
(N) 20101

(M) 2104 1EBYS

(wrn) uawow Fuipuag
(M) 32104 |E1NY

(N) 32104 1B3YS

(wrN) uswow Sulpuag
(m) 32404 |E1XY

(M) 22104 1E3YS

(wrN) uswow Suipuag
(N) 22404 BIXY

(N) ®2104 1BBYS

(wrn) uawow Fuipuag
(M) 32104 |E1NY

(N) 32104 1B3YS

adAl

OT-M3II5 310GI31UN0T OTT'LE

0T-M3UIS 2J0GURIUNCD 08069

0T-M3UI5 2J0GURIUNCD T'E0LT
B-M3J2§ 210gGa=21UNod hh—w.mm
£-M3II5 310GI31UNDT TO/ B~
6-M2135 a10gis1unod N.@Mmﬁn
§-MB105 310Q431UN0D £7'907
§-MBID5 310CISIUN0D FE'600
‘B-MoJdS 2100421un0Dd ZFBET
£-MM313S 310Q4IIUNGT Z9'60T
[-M3135 3100431UN0D 66°20C
£-M2J25 210ga=2qunod m.ommm
9-MaJ2§ 2J0ga=21unod mmr_n__nw
0-M3135 3I0QIFIUNGT SO'DEE
0-M3125 21o0g1a1unod 6T8ZT
§-M=2J25 21004=1Unod 90z
S-M3J2§ SJ0ga=1unod mwdmm.
G-/M3J0S 210Q431UN0D £ '6LTE
t-MMB1S 310QIIIUNGT H50°ZE
-M3135 3100431UN0D BF'EZ0
t-M=aJ25 =10g4=1unod f9GE
£-M3J2§ SJ0ga=1uUnod —_ﬂmm__.um
£-M3JIS 2100431UN0YD SE'TOL
£-M3II5 10GIIIUNDT T'H06E
T-M=2125 21004=33Unod Hmm__mm
T-MB105 310G431UN0D 97 'TED
T-M2J25 2Joga=aiunod m.mmwm
T-M3135 310Q43IUNCT RTTTR
T-M3125 a1ogisiunod H__mmo.
T-M=2J25 =10ga=1unod N__m._”—_qm

Floabi- 0 ley]

FUTSTLEEN

68CHE'0
0T-32£°0-
T'E0LT
TST'9E

1}

T06TS
TOSHT

0

TZ90T
69°/09T

Q

2'ETRs-
LE'SHT-
1}

SZ80T
£6'59T-
0

8'T6FS-
6EG'6L

0

£5'6%L
ToL'T
0T-38€°9-
T'€06E
T0£0L
O0T-3EL°G-
9'0gzE-
66864 -
0

ge'tes
suodwod-z

TToT

£7-385°8
08'069
60-375'T
]

T9'/ 8-
o]

]

vE'609

0

o]

66'£0G

a

]

c0'0/e

o]

]

6C'065

0

0

8Y'EZ0

]
ZI-3LFT
GE'T9L
60-3LZ'E
ZI-3LED
9z'zEY
60-3E6°T-
0

T'8€0-

]

wauodwod-A

9z nMyoyno}

POT'LE-
a
T68F'E
L6B'TT-
o]
686YT
LT'ETT-
a
6'6TTZL
6LCTT
a
6FLEL
EL'6TT-
o]
2'/080-
E0'TTT
a

LTLL-
aT'0z-
a
T'LLYE
L98°06-
a
/068
060°c8
a
60°9ZT
TI0bT-
a
¥'6OEE-

uauodwod-x

(wN) awow Buipusg
(N) 32104 [erxy

(N) 22104 1BBYUS

(wN) uswow Bulpusg
(N) 32104 [eIXY

(N) 20104 1EBUS

(wN) uswow Bulpuag
() 22104 [erxy

(M) 20404 1E3US

(wN) awow Suipuag
(N) 32104 [erxy

(N) 22104 1BBYUS

(wN) uswow Bulpusg
(N) 32104 [eIXY

(N) 20104 1EBUS

(wN) uswow Bulpuag
() 22104 [erxy

(M) 20404 1E3US

(wn) awow Suipuag
(N) 32104 [erxy

(M) 30104 1BBYS

(wN) uswow Bulpusg
() 22104 |E1XY

(N) 20104 JEBUS

(wN) uswow Buipuag
() 22104 [enxy

(M) 2104 1BBUYUS

(wN) awow uipuag
(N) 32104 [erxy

(M) 30104 1BBYS

adAl

T¥NIL sW £Z InnikysiApaweu Apnis

1B15101 0G:8



HZ-INN YlIM 3100431UN0D 9EE‘G

FZ-INN YHM S100133UN0D &L ‘T8L
HZ-1NN YA 3100431UN07D £'70€

£Z-INN YLIM 3100I31UN0D 6Z65°6
£2-INN YLIM 2100431UN0D 89°T8L
£T-INN YLIM S100I31UN0D 8L 0LE
ZZ-INN YLIM 3100431UN0D 60Z°E

ZT-INN YLIM 310G431UN0D #8641
ZT-INN YL 310G431UN07D £0°0TT
TZ-INN YLIM 310G431UN0D £0TET
TZ-INN YLIM 3100431UN0D EEZ8/
TZ-INN YlIMm 3100431UN07D 06°80T
0Z-1NN YA 2100431UN07D ZLT'ST
0Z-1NN YMm 310g431UN07D 918/
0Z-1NN Y 810G431UN00D £L°6LS
ET-INN YLIM 3100J31UN0D E9T'CT
ET-INN YLIM 3100I31UN0D G ‘v8L
ET-INN YLIM 3100I31UN0D /8°08C
ST-INN UM 2100133UNoD FEZ9'6
BT-INN YLIM 310Q431UN0D EERLL
ST-INN Y1M 3100431UN0D £ 0LE

£T-INN Yl 210G421UN07D ZSER'S
LT-INN Yl 310G481UN07D 99°CL/
LT-INN YL 310G431UN0D H6°LLE
QT-INN YLIM 310G431UN0D £Z80°E
QT-INN YLM 310G431UN0D B6°6LL
QT-INN YLM 310G431UN0D ET8TT
CT-INN YLIM 3100I31UN0D SOkE'T
CT-INN YUM 3100I31UN0D OL'QLL
ST-INN YLIM 3100431UN0D ET'ETT

10195UU0D ueYNsSY  jusuodwod-Zz jusuodwod-A wsucdwod-x

0
L 28L-
0
0
89'T8L-

EERLL-
0
0
99'G/L-
0
0
B6'6/L-
0
0
94'0/4L-
0

I148°T
0
28IvE
60T E-
0
vL'05€E
6625°T-
0
£0°€0T-
6780°T
0
60°T0T-
S6YEE
0
T6TLS-
98T9'Z-
0
£8°TLG-
6209°Z
0
T2'0GE-
THIT'E-
0
£°86E-
£6EFE0-
0
LTZIT
I¥GESD
0
96°0TT

8/6'8-
0
7Z'T0T
T6/0'6-
0
LT'0ZT-
8028°C
0
9GE'ES-
S00L'Z
0
99G'6E
686'¢T
0
194'%6
CE6'YT
0
T'201-
L¥92°6
0
z6°00T
T62E'6
0
SO°6TT-
OFER'Z-
0
9ZT'LE-
FL68'T-
0
£90°2Z

(W) uswow Bulpusg
(M) 20104 [RIXY

(M) 30104 1BRUS
(wrN ) uswow Buipuag
(N) 20104 jeixy

(M) 22104 1BBYS

(wirN) Juswow Sulpuag
(N) 32104 [e1xY

(n) 32104 28345

(W) uswow Bulpusg
(M) 20104 [RIXY

(M) 30104 1BBUYS
(wirN ) uswow Buipuag
() @010 JEIxy

(M) 20404 1BRYS

(wirN) Tuswow Sulpuag
() 20104 Jo1xy

(N) 32104 28345

(wry) uswow Buipuag
(M) 20104 [RIXY

(M) 30104 1BBUS
(wirN ) uswow Bulpuag
() @210 JEIXY

(M) 20404 1BRYS
(wirN ) Tuswow Sulpuag
(N) 22104 Jo1xy

(n) 32104 28345

(wrn) uswow Buipuag
(N) 30104 JoIXY

(M) 30104 1B3YS

adA)

FT-INN YUM 2J0Q433UN0D S/T'ST
PT-INN UM SJ0GISIUN0D BL'9LL
+FT-INN YLM 2J00431UN0D GE'E8C
£T-INN YLIM S10GISIUN0D 99T'CT
ET-INN YLIM SU0GISIUNDD 97244
£T-INN YLIM 2U0QISIUN0D £0'E8S
ZT-INN YUM 2J0g431UN0D S80S

ZT-INN YUM 2J0q431UN0D €624
ZT-INN YUM 2J0Q433UN0D 6ETLT
TT-INN YUM 2J0Q431UN0D T96Z'9
TT-INN YUM 2J0g431UN0D TETTY
TT-INN YUM SI0GISIUNDD £2°20T
OT-INN YUM 2JOGISIUNDD 8F8'FT
OT-INN YUM 2JOGISIUNDD SE'TTY
OT-INN YlMm 2J0G431UN0D S6'86T
£-1NN UM 210QJ21Unod T98'ET
£-1NN UM 240QI31UN0D 69°2£9
6-1NN UM 210QI31UN0D +E'65t
B-INN ULIM 2J0CISIUN0D F6E6°S
S-INN YLIM 2J0GI31UN0D €029
-INN YUM 2J0CGISIUNDD ZE'66T
£-INN YUM 2J0CGISIUNDD 658F'S
£-1NN Y1lm 2J0GI31UNod 60°7T9
£-INN UM 2J00G431UN0D 62°E6T
G-INN YUM 2J0GI31UN0D ZT0L'6
g-INN YUM 2J0GI3IUN0D ZS'F89
G-INN YUM 2J0GI3IUN0D £6'F9E
S-INN UM 210QI31UN0D OFTH'.L
G-INN UM S10QISIUNOD 65'800
S-INN YLIM SU0QISIUNDD /2'6FT
10123UU0D

0
8L'0L4-
0

0
9L'11s-
0
Z6T6'E
0
£71°80-
FE6Z'D
0
86T -
GELYT
0
62S50-
FTO'ET
0

Ot vir-
ora‘s

0

60°0T
BVEF'S
0
9Z0°0¢-
GT6E'G-
0
6'80T-
£06'0-
0
VETZT-

1uEYNSaY jusuodwod-Z

oz

9£EST
0
ve'cLe
0EtLT-
Q
[9°ELS
TLTLE
0
At
ZOFET'D
0
60202
72281
0
£9°'v6l
£SS5'T-
0
i d
T6r0T-
0
9Z'66T
2EORL'D
0
T6'68T
BLTV'T-
0
Yo'ETE
¥55'E-
0
SLiLe
usuodwod-A

9Z nMyjoxno}

Z96'7T-
0
1TT'L6
9T6'vT-
0
£'70T-
0
£'czL-

69°£ £9-
0
0
Le0z0-
0
0
60°ZT9-

GC'B00
0

(wN) uswow Suipusg
(M) 20104 jeIXY
(M) 30104 1BRUS
(wrpn) wawow Suipuag
() 20404 [eIxy
(M) 20104 1B3YS
(wrn) wawow Sulpuag
(W) 22104 |EIXY
(N) 32104 28345
(wN) uswow Suipusg
() 32104 [EIXY
(M) 30104 1BBUS
(wrn) wswow Suipusg
(N) 32404 |EIXY
(M) 20104 1BRYS
(wrn) wawow Sulpuag
(N) 32104 |EIXY
(N) 32104 2B3YS
(wry) wawow Suipuag
(n) 22104 |eIXY
(M) 30104 1B3US
(wrn) wawow Suipuag
(N) 32104 [EIXY
(M) 22104 1B3YS
{wrn) wawow Suipuag
() 32104 [EIXY
(N) 32104 2B3YS
(wrn) wawow Suipusg
(N) 30104 [E1XY
(M) 30104 1B3YS

suodwoy-x adA)

VNI W EZ nnAysIAN:SWEe Apns

IE1540} 068



| welded joints

Itica

t for the most cr

Igue assessmen

Appendix 6. Fat

CEF SZABLSLL 2E94 05 DN S 0s ZLPERLOE 0 ZEESE 008E°22 a i}
‘(edu) Aedu) E nnel E nael E inel
“eanael ‘hrasy e ) e nl nael I I I exyon-1v4 Il 2 I L} 4 I I I I =ijeunae Eijeunuaje
1dwaps oisay uaphs yranyp |nmondey |  epondey- 10dg 10y eyonsey sAnuuel- 10dg 10) sAuuuel- 0dg 10] F 3 pRésIE E||apRasE 15F e
- 10dg 104 PwENNayYE UM sp G | BweRnaye uaINm WG | 1Q°L SAUUEP 10 shuuugp 17| shuuugp 170 stuuer
— 045 1O qn T T 5 M=o oy o=p
IO 0 10288 [l ] 0 P-4 00000 WeL agall o000’ Z'9EEPE
0ICoHrs 0 S95ELE el 1 [ e'5al 00000 b5 Loz 00000 £'h226T
0iCxATTS 0 esp bzl oA % 50 00000 PEEE rL9L a0 gesLil
IO 0 4Z0b03L [l ] i £'96 00000 LS z50L 00000 1356l
0I0xATTS 0 a19e98L oooAvre ) 1] 126 00000 1962 2029 ooaoo 666821
0ICoHrs 0 £281528 oMo ] i s'aL 00000 »3'52 ze'ss o000’ LsLLoL
cza0sac L £28052€ oo ) 0 £zL 00000 6252 1975 00000 LBzl
ocr £5p 518 SEL584 058 oA J ] i 00000 a’s [UNTY oo 1E0572
En 652 BELEEL Z53E45Lpb 22 oA ] 0 g3 00000 621 EEE 00000 8295
L \Z2818 vZZ 6E0E9L 282 BE oA 1 % £e 00000 01 zr'z oo vagy
vza SEL PEDEYT 89 288 423 15) oMo ] i 1z 00000 ) £ o000’ L6z
1222 635620012 115232 £0 93¢ OICA
A(=clW) =fjeannel A=clld) Bjjeatnel 1 el unel 4
E “giggmnng uaips eno1say epo1say . glpwwa siyuugl | ejewwaje snuugl e Ko
1dwai o153 otup o unelel uguwwy nnelel uewws) POC-LYL | odg e e | 10dg 10 1 g . e e
L > d ' 0 S 10H S 0H enennyn upend
o)y o oy o 10 K 10| s "
uauRyLy ealaeled idwajA) esoeje usapjeuuey uljasyy
0562 SE96L51 SLE 955 LpE LOpEO0OLE 2 0s FOBLLL ZEOZHL iz i)
-ejenuneles E nael E nael E nnel
zennael : “jo3 % ) BIEE nnel 1 E)E e EjEwwua)E
1dwalf o1say r o 6 .: L2 ey- 10ds .o_._. ok .u_ SHen-1v4 , . E . e e
-1wdg 104 EWENNAYIE USNN] S0 G | BWENnayie uanng spu g 107 5K W0 shuuuep 0L snuuep
U OO Shlael— J00S 10H qr T T g | ] o 1 T EH
oIooAvrH o 481699 PEP50SS 06 ELE zr L] sen 585 Z9BEPE
oMo i 836542 elE 588 L 08 518 vep ¥oa EED SEE 2262
oMo o PLLLLEE 82626969 b3 B aiz vee Lok 152 oLl
0IC>AvrH 0 20881604 SEBEZEER 05 118 €52 £ e [ £195EL
oMo i 538589721 235 195 Ok 08 aeb i SEE azh [t 6'BEAZL
0ICATTH o 95556422 arsnLza 06 ¥ op 00z [:fF] v'sE 7o LBLLOL
S5 L2 52 L EESLZSE £195p95.2 08 zee L8 =5 vEE zi VgL
2767 S5bale 572884862 001 GLE $p3 6L i3 52 zh ] PL £ 60522
L5L 6EL 961 €6L BE01E5 29 75k 156508982 9521 s Lz it 51 &l oL 'z95
5071 L2Z 818 bEZ 00} L3E £33 042 a0. LbZ 2288222 08 e £n zl B 20 =
9pZ b 9BL PEOERE LELZ0S6PLZE0L ZPa0LYLLSIERE 06 i 90 a0 ol 50 L6z
ENE E55 620012 £EL ZPE 3B bLE 56L192L406W.52 08 20 v ] i} =0 02
(=) =ir=nmne] A=clW) ==annel n el unel ;
eanaeles ‘etmewngn| sk ‘eqorsay e qo150y ejfewa)f séyuuel ejlewwsie skuuuel = - N mE.uE_an
1wl o1say oy o nneler ugwagy uneles uewmayy SRS odg ey e | 10dg 10 e| e a e e e
o1 0fdl anuyy o 0L shauuer w0 shauugp 1°0 sAuuugp e
unnf uuepg




iICATT PSEEEE S296L51E iICAT TS PEE LES EPZ O i[5} 1] 9ELESL'E 1] 1] I PZ25°Z
‘eeanaeles “ejjeanael seyeanaeh “ejeanae] cejjeanaeles
-eaynel eanael Jrasy 11 404 % Z) RIEEWNYN] | ejEesise] L} I e I BE | EjEwua) EjEwwmage
idwajd oysay | 1dwaje oysay | uaibs | g o L | ejlonfey =meni-1vd I9F e E[|9F 23 F E||aphdsiEra
-10dg 104 10°L sfnuuep 1D stnuuep 10°L sfnuuep 10 sfnuuep
e et TeT e[ = gy usp T
ekl a 04 0 AT 4 Q0Lellalblagl 0& 0000°0 26950 00000 0000°0 0E5Z'0 LZpPD o)
WA LOZEELLLSENS G2 L A4 pi 0ZEEHLLIGENGSZ 08 0000°0 LbBED 0000°a 0000°a an4a BBEZD s
WO 495 000E20 5P 2k DAY 4 4 9L L0 ZEP ELLEE 0g 0000°0 Spbz0 0000 00000 98010 00BLD Pz
WO SIEPEELOTEET 155 fulimi/ ] BEZE0Z LPE LER 221 0s 00000 Lp2Z°0 0ooo'a 0oo0'a f==) kL0 PEPT
iNOAYTH LL0LLZSZE 8L bazL AT 4 SLEPSOEPELEEEDL 08 0000°0 LELZ0 oono'n 0000’ EPEO'D 09910 ZugT
O Q05 2EE EEL 2L 0802 DAY 4 EELELPBL09ZL09E 0g 0000°0 SLLD 0000 00000 ==t ELE10 LEL
DAY lalgzeLizl LZhTh A4 B8P 99E Gl OLLO0C 0g 0000°0 a491a 0ooo'a 0oo0'a ShLOD coern Zap
iNOAYT4 L5b LLb 800 ST EOLBSZ DAY 4 DO2EEEER559E1R0 82 08 0000°0 SLEDD oono'n 0ono'n 29L0°0 0EZ0°0 b
DAY FZ0190E0Z S 0291EL ObE AT 0000EZ BIEOZZ ELOZLLL 0& 0000°0 PEODD 00000 0000°0 00 £40070 oL
80208 Lo 0k LZE0PEZ6Z A4 000025 E585IZEE EELE 08 0000°0 L1000 0000°a 0000°a bEno'n 0300°0 a8
HOLLLEESL 000 00F P02 LS 550 126 L

dway oisay

idusie o153

9P 258271

uonupeIRISIOhy

IO 4

elel urwwa) s,

000 00 £92 695 751 Z6L L9

eRen-1vd

1edu)

ejlewwaje sdauugl

| 10dg 1o

10°L sAnuuep

1071 skuuep

10 shnuuep

() ewnrony
ugupereangsd

:(uauianay eanneled idwaje) eddie) ueysy

96729k OLBSHE SZ9ELS L SEPLE0.a8] L2 S 10052 0E 9219406 POBLLS'E ZIS0°ZL 9E2E0k LZLL SIS
e||eanaeles (edu) “EjjEA, cejjeanael “eyennnel seyennneles
-eannel -eannel oy % Z) B in | - unel I I BiE BE I I I EjEwmaE
dwajt oysay | idwaje oasay | 1 nnyo > | f1o ] ren-1vd 10dg 10H 19F ] 19F ] E[I9F 2 e||apiisiEla
-odg oy BWENNIYIE USNN] S/ G [ BWENN3YIe u3nng spu g 10°] SAnuuep 170 shuuuep °L Shyuuep 170 shuuep
qrET=ERET TET R | o el Rt T
DAY a DAY 4 o 29 ZES LB PES 084 94p188 L 0g el 04570 L st £5270 £pPD 269
bIEOFE LOP ZEGL 0ZEELL LS EDT 52 L LG OPE L9 ZE6 L 0ZEELLLSE0T 52 06 aLEn SBE°0 9ELL 52l La 6520 L2k
SI0IBEELLES E95000EZ0 5P 2l LOEESL LEDSES L 19149022k ELLEE 0g 64570 5b20 0L 1590 €010 [al=Ni} PLLEZ
049 pLL 109 4L BLE PEE JNZEEZ 155 SO0E8. #PSBEI 6 B8GZE0ZLYZ LBb BZL 06 2E50 5220 9890 BESD 0aLo sS40 FEFE
EZEPPEELLE LL0Lie 52 9L Peel ESEIBB0ZEELZIL 512 S0 2P919E EbL 0g 05D P20 $39'0 [==10) 5800 a0 Flord
B9 085 596 S0SZEZERL T 0802 ZES9E08EL BLAEL £EL 44820924 092 06 0z#'0 L0 2550 40 BLOD 8ELD LBl
982 90% EbS 191 8z8 LLz L iZher LELBELLIPSOEED EBP99E 5lp ALl 80E 0& LEETD ==l 1250 Lrt'n PLOD 0ELD Z'ask
EBEZELE L5t A1 801 SPZE0LB5Z 089 B8P SIZ882 0212 008 EBE £85 596 160 82 06 aB0‘0 LEOD aun BEOD 400 6200 Pl
L1979 £ PZ0190 E0Z 5 029161 ObE 000 LOOESL 159 05L£EL OD00EZ BlE0ZZELOZLLL 0& ZzZ0'0 E00°D EZ00 5200 P00 L00°0 Pk
ESP 9EL 108 PA0Z0&L0L 0L LZE0PE 262 000 BLL 711 808 LE5 882 0000ASESEGIZELGEELE 06 aon 8000 #20°0 L200 £00°0 9000 e
ZBPOES9LL P TES8PASETED 1oL LIEEL 000 #OZ LLL 292 0EZ POE 00000k $O81LS 550186 L 0& 0 5000 5100 £10°0 2000 PO0°D 55

522 902 BLE 27

BE2 50269 567

B3b 252771

000003 £09 860 B58LPL 2

000001 Z5b Lep 8EZ L2698

eanseler
dwaps msay

-eanneler
waje oisay

e1zRWNYN| uaNfs
ugpeIeraohy

Eo1say

‘eyioisay
uenyaeles uewuagy

eon-1v4

‘(edu) nnel

ejjewmas sAyuuel

‘edm) 1

ejewuage sAyuuel

| vodg 10

~ 10dg 104

0L skuuuep

e e

0L skuuuep

A shnuep

*(N) Eunony
ugnupeieaugkd
eaEnnyEA UG

reddie) uijesyy




Appendix 7. Shear fatigue of bolts

Shear fatigue of bolts according to SFS-EN 1993-1-9:

[The maximum shear force for H.24:]' Nominzl stress sress:

Fv,5d, sox,M24,max = 23260 N A, e =353mm°
=

[Ihe maximum shear force for H.E{I:]'

2
F. 5d,z0r,M20,max "= 14300 N A, ypp=245mm

2
[Ihe maximum shear force for H.EE:} A =817 mm

s, MIE

Fy 54, cor,M56,max = 36600 N

+ Fv,Ed,sdr,HZf,m;x
Toax, ize 1= T =§5,80924 MPa
= -
Fv,Ed,saz',HZO,ux
Toax, M20 = T =58,3673 MPa
= -
Fv,Ed,sdr,HSS,m;x
Tmax, M58 "= 2 =44,798 MPa
s MAE

[Tntal cycles (15 wyesrs and 12,5 h per day with 1,41 rpm]:]'

=
N, =15-365-12,5-60-1,41-2=1,156-10

m [ 6]
m| AT~ -|2-10

=T70,3829 MPa
Nhabal

Cut off limit:

A1, :=0,457-AT. = 45,7 MPa



Appendix 8. Design forces and resistances of welds

Design forces and resistances for welds accordingto SFS-EN 1993 -1 - 8:

[Length of the uEld:J

[R&sultant force (frem bolt farce!]:]

1 :==1380 mm
F,_ =116450 N+ 46520 N weld

[Design force per umnit length:]

F

Fw,Ed = 1

N
=118,0942 —
mm.

wald

[Ultimate strength of the weakest material:l

£, :=470 MPa

[Ccrrelatian factnr:]

ﬁw =0,9

[Dartial gsafety factar:]

Yoz =1,25

[Thrnat thickness:]

& =4 mm

[Design resistance:]

I,

u

]

I =

wH,d

=241,2041 MPa
w Yz

[Design raesistance per unit length:

N
Fyna =,y 4 2 =064,8164 —

Fw Ed

—= —p,1224
FW,R,:!



