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Hakusanatrobottihitsausdigitalisoitu tuotantoK-liitos, puolisuunnikasjaykiste

Tassadiplomitydssa tutkittiin miten digitaalnen robotti hitsaus pitad ottaa huomioon
rakenteita suunnitellgasa ja miten digitalisaati voidaan ottaa huomioon robotti
hitsauksessaRobotti hitsausparantaatuotantomaargamutta laitteistdkustannuksebvat
suuret Perinteisestiobotti hitsauson olluttaloudellisesthy6tyisa ainoastaakeskisuurisa
ja suuissa tuotantomaassa Digitaalisen tuotannon mahdollistan@antavoite on tehda
roboti hitsauksesta kannattavaa myisnilla tuotantomaarilla.

Diplomityd tehtiin yhdistamalla kirjallisuuskatsaus ja kakdapaustutkimusta.
Kirjallisuuskatsauksesgatkittiin suunnittelundkodilmiarobotti hitsaikkseenja digitaalisen
robotti hitsauksen prgessia. Tapaustutkimuksissa tutkittinK-litoksen ja puoli-
suunnikkaanjgkisteen rakentdlista muotoilua analyyttisilla laskelmilla sek&
elementtimenetelmalla.

Kirjallisuustutkimuksen perustia huomattiin ettarobotti hitsauksessasiat kutenrailon
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jaykisteen pa&ahentaduippujannitysta hitsin rajaviivall&uoran 45° viisteen huomatiin
olevan parempi kuin kaarevanuotoisten. Taivuttamallgykisteen paitd vei parantaa
vasymiskestavyyttanuttaoptimaalisen muodon |6ytanen tavitsee lisdtutkimusta
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In this master tesis it was studied how digited robotic weldingheed to be taken into
consideration whedesignng structuresand how digitakzationcanbetaken into accountn
robot welding.Robot weldingimproves productionrate, but equipmentcosts are hik
Tradiionally, robot weldinghas beenfinancially beneficial only in medium thigh volume
production. With possibilities from digitized productiorthe aim is to makehe robot
welding profitablealso in low volume production.

The thesisvas done by cobining theliterature reviewand two casstudiesin the literature
review, design aspects faobotic welding werenvestigatedand digitized robot welding
processstudied In case studiesthe structural shape oK-joint and end of trapezoidal
stiffener werestudied with analytical calculatiomsdfinite element method.

Based ortheliterature reviewit was foundbutthatin robotic weldinghings such as groove
shapeand welding positionsieed carefudlesigning to be db toacheve goa quality weld
andstructure Both, limitations and possibilitiesaffectingto design were foundutin the
study. In digitized welding, the fabrication needs to lsEecomplishedsuccessfulat once
becaus e dapbssiilig tomakeuddlanned changesmidstream.

In case studiest was found out thatverlappedubularK-joint has a bettestatic and fatigue
strengthithanK-joint with agap. Square bird pe#kjoint haseven bettestrength thathose
two. Bevelingthe end oftrapezoidareducespeak stress in theeld toe It was found out
that straightd5° bevel was better than sshas. Bending the tipsf the stiffener could
improvethe fatigue life butletermination othe optimal shapeeed additional research.



ACKNOWLEDGEMENTS

| would like to thankLUT Laboratory of theSteel Structures for giving interesting and
challenging master's thesis togdigvould also like to thank examinePsofessor Timo Bjork
and D.Sc. (Tech.) Tuomas Skriko for giviggidance and adviceAdditionally, thanks to

my family for their support and encouragementing my studies and thmaster's thesis

Henri Pellinen

Henri Pellinen
Lappeenrata4.5.2020



TABLE OF CONTENT S

TIIVISTELMA

ABSTRACT

ACKNOWLEDGEMENTS

TABLE OF CONTENTS

LIST OF SYMBOLS AND A BBREVIATIONS

1

N I @ 15 1 L O I 1 9
I == Lo o | 01U o o SR 9
1.2 The aim, research questions, and research methads.................ccceeeeeeeenes 10
DIGITIZED ROBOT WEL DING ....cciiiiiieie et ee e emeee e 12
2.1 Applicability of arc welding robots in the different fields....................oooceee. 13
P VA= o I oL A0 4] 1 S 14
2.3 VOoIUME Of the QIrOOVE..... oo it eme s 18
2.4 Design aspects for robot welding............ooooiiiiiiicce e 18
2.5 Laser Cutting tEChNOIOGY. ......uuvieiiiiiiiiiii e 23
2.6 Welding distortionsand their control...............cccoovvviiiieee e 23
2.7 TACKWEIAING. ... e e e e e e e e e rnnmeeenes 31
2.8 WeldING SEOUENCE .......uuiiiiiiiiiiiiei ittt et e e e e e e e e e et e e e e e e e e e e e e e 32
ROBOT PROGRAMMING ... eeeee ettt e e et e e 36
EXAMPLE C ASES ... ..ttt ettt eenss e e e e e st ea e e e e e e nans 41
4.1 TrusS WIth KJOINT.......uueii e eeee e e 41
4.1.1Analytical calculations.............couuiiiiiiiiiie e 42
4.1.2Finite element analysis of thejKint................ooooiin 47
4.1.3 Methods to estimate fatigue life............eeviiiiiiieeei e 48
4. 1. AHOt SPOU SITESS ..uuiiiiiiiieieii et reeer st evmmmre e eai s ennn e eenn s A8
4.1 .5Effective NOICN SIrESS.....coii ittt 50
4.1.63D MOEIS TOr FEA. ... ..o e eeeeeee e 50
4.1.7F0rces and CONSITAINES..........uuiiiiiiiiiiiei e e e e e e emnne e 54
4.1.8Results Of the CASE.L.......ccvvviiiiiiiiiii e 55
4.1.9ANAlYSIS OF the CASE.L......oviiiiiiiiei e 62

4.2 Trapezoidal Stfferme. ... 65



4.2.1MethOdS fOr CASE.2....cciiieeeeeiiieeeeeteeee et 65
4.2.2ReSults Of the CASE.2........coviiiiiiiiiiii e 67
4.2.3ANalysiS Of the CaSE 2.......ovvuiiiiiiii e 70
5 DISCUSSIONAND CONCLUSION .....cooiiiiiiiiiiiiiiiieeeceeeenevvrevreeeeeeeeee s e e e s enenees 72

LIST OF REFERENCES ... et teees e 74



LIST OF SYMBOLS AND ABBREVIATIONS

di

(o]

Uhs

(o]
Ubrace,load1
(o]
Ubrace,loa@
(¢}

Unom

3

Left

Jov

to
ti

Angle between brace and chord [°]

Hot spot stress [MPa]

Nominal stress range for load condition 1 [MPa]
Nominal stress range for load condition 2 [MPa]
Nominal membrane or bending stress [MPa]
Partial safety factdr]

Poisson’'s ratio-]

Safety factor]

Brace failure strength of the overlappeddint [MPa]
Crosssection area of chord member [f)m
Crosssection area of tension brace member finm
Dimensionlesgoefficientfrom SFS EN 1993-8 for tension-]
Fatigue life ]

Gap of the braces [mm]

Heightof overlapping brace [mm]

Hot spot stress ranges [MPa]

Material yield strength [MPa]

Material yield strength of tensidirace [MPa]
Material yield strength of compressibrace [MPa]
Modulus of elasticity [MPa]

Reference thicknegmm]

Section modulus for chord member [fjm

Stress concentration factof

Thickness correction fact+]

Thickness of the member [mm]

Overlap percentage of the overlap jdqiii]

Wall thickness [mm]

Wall thickness of the chorjdnm]

Wall thickness of the overlapping brace [mm]



bo
b1
b2
bi

CAD
EC3
ENS
eWPS
FEA
FEM
LCT
RHS
SCF
SHS

Width of chord member [mm]
Width of compression bragenm]
Width of tension bracpnm]

Width of thetensionbrace[mm]
Width of thecompressiomrace[mm]

Computeraided design

Eurocode 3

Effective notch stress

Electronicwelding procedure specification
Finite element analyses

Finite element method

Laser cuttig technology

Rectangular hollow section

Stress concentration factor

Square hollow section



1 INTRODUCTION

When using robotic welding, dgsing can have more influence on how easily the product

can be manufactured or what are the manufactwasgs, because joint types and groove
shapes affect much how easily the product can be manufactured with robotic wielding.
robotized welding,théa br i cati on needs to succeed in o
to changes and imperfections like anfan. Differences between reality and CAD
(computeraided design) models and drawings are easier for the human welder to handle.
For example, welding istortions, changes of groove geometry during welding and
anomalies caused by mufiass welding need take into account when using digitized robot
welding. (Hiltunen & Purhonen, 2008, p. 34

1.1 Background

One of the robot welding advantages is the possibility tohigiger welding energy and
speedand therefore increase productivity. Although in somecatitcases too higher
parameters can cause some problems. For example, a thin beveled sheet cortibioed wi

part manufacturing tolerances can cause problems because of too much hegatiiymen

& Purhonen, 2008 Generally, welding robots have grgeabductivity. The robot can have

up to three times more arc time compered to human welder. Weldingitiep rate can be

9 kg/h which is 1.5 times compared to humans (6 kg/h). Higher deposition rate shortens arc
time. That is archived by using faster wieed, more powerful welding power supply and
thicker welding wire. Téde owreltdhey dobhdtt sga
operations. Without technical problems, the robot produces always identical good quality
welds. (Meuronen, 201} However, this means also that if the robot are programmed
wrongly or other problem happends and thereasy feedback existing, the robot produces
constantly bad quality (Skriko, 2020).

The robot's arms are basically positcontrolled devices that can derstand a trajectory

and perform it continuously. In welding applications, the trajectory to rineisveld's path

in 3D coordination. The trajectory can be taken for example in the CAD model of the welded
work-piece. This technique is called offline gramming which is part of the digitalized
manufacturing. Another programming style is online programynmwhere the operator
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teaches the trajectory with hagdiding or teach pendant devices. This means that the robot
needs to be out of its productive workhile programming. That is not great for
productiveness. The benefit of online programming is eadyilingdor non-programmers

but for digitized production more advanced offline programming suits béferenHill,

2018 Pires, et al., 2006, p. 149

In offline programmig,theg ogram i s made in a 3D comput e
d o e s n 0 tthe warkcel out &f production while programming. Other benefits are more
flexibility and faster programming in complex and large parts. The offlingranaming

starts from having a virtual 3D environment of the robot and iso | whiclyi$csalibratd

to equal as in reality. 3D model of the wepért is also needed and then the weld path is
created to the 3D worgart. The process included simulatmiithe welding event where an
example collisions and robot singularities can be noticed and fixesl wktale process of

forming data that controls the welding robot is discussed more closely in cRafRees,

et al., 2006, pp. 14950 Swary, 2012

1.2 The aim, research questions, and research methods

This master thesis is part of DigReproject wheredifferent methods are studied and
developed so that robotic welding could be used profitably in a low volume manufacturing.
The aim of this research is study design aspects for steel structures which needs to be
considered when manufacturing digitallytivrobots. The research includes a few design
case studies where the different shapes of structures are analyzed more deeply with finite
element analysi$FEA) and analytical calculations to investigate what kind of structural
shape is the most beneficidh the case studies, fatigue resistance and how the structural
changes affect to fatigue resistance are the main properties to Atsdythe structure
suitability for digitized robot welding are studied.

The first part of the research is a literature review where design aspects for robotic welding
is search from literature and the internet. Different scientific databases such as LUT finna,
Scopus anoogle scholar are used faformation retrievalThe gcond part of the research

is case studies which include methods, results, and analysis. Linear finite element method
(FEM) is used to get stress values from the models and the results are calnulaset)

equations from literature.
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Research questionsea What kind of structural shapes suits best for robotic welding? Do
different tubular K-joint shapes have a better structural properties than a traditional one?

How beveled end of trapezoidal stiffer affects to fatigue resistance?
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2 DIGITIZED ROBOT WELDING

Generally robotic weldingis known to suit formanufacturershat have a high volume of
production. However this is aim to change ithe future so thatigitized robotic welding

would beas profitable for smailolume sizes as for large volumes.

Preengineered robotic welding systems are complete packagésuit greatly fora
manufacturer who wants a turnkey solpati on
robotic welding system from pieces. The system includes usually all the needed machines
such as welding robot, welding power source, tarold safety fencing. Theyeaalso readily
programmed so that the operator needs to only load and unload tteel walts(Bernier,

2014)

The first generation of welding robots was a {pass systepwherethe first pass is for
learning the seam geometry and the second passliefactual welding process. The second
generation of the welding systems can tréekdeam imeaktime, so it is doing in same time
seam tracking andearning phases. The thigkneration systemean also learn rapid
changes inveld seam geometries wRibperating in unstructured environments and operates
also in reatime. These thirdjeneration welding systems made possible to achieve more
flexibility for the welding systems. That also means that a great amount of programming

work is needed to use fortegrdion to specific applicationgPires, et al., 2006, p. Wi

Many metal andengineeringproducts need welding operations in assembly processes.
Robotic welding is therefore verpotential application in industrial robot systems.
According toPires et al. 25% of all robots in industsiare used for welding. Advantage of
the robos in welding arecemoved human factors. Althougbbots can solve problems
related to human power, new problems iavolved because ttie complexity of the robdt

programming environmentgPires, et al., 2006, p. Wi

Companies need to answer to @gerds of short lifecycle products because of worldwide
competition The products have to be competitive and efficiently made. That means
manufacturing processes need to be effigibighly controllableand adaptableThat is
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possible with automation, comfers and software. Ideal robot system would be semi
autononous whch require only minor operator involving the procgBsres, et al., 2006, p.

viii )

In shipbuilding, products are oftéthar ge and varies a | ot. Tha
used wid¢y in this industry. However, engineers have tried to developtiseléling and

portable robots which would suit better for véayge scaleproducts. One example of these

is the gantry type robot where the welding robot is positioned on an overheasl whiege

it can move horizontally. The gantry itself can also bemexion a rail which increases the

work area even moréHorikawa, et al., 1992

According to Horikawa et al. two different types of robots are used for welding. First is a
conventional diculated robot combined with peripheral equipment, such as positioners,
carrier devices, and jigs. Thi sring gysetme m C ¢
oriented robot system66. The system needs
to improve productivity. Large scagguipmentre used with this systeifiHorikawa, et al.,

1992)

The second type is refiedreditotasds o0o0otedidd
automatic multlayer welding function. When the minimum informati@ngiven to the

system, welding can be done automatically. With this kind of robot, the layout of plant
equi pment tdchangsighiticanty eCmalperson can operate multiple simplified
oriented robots whichmakesproducivity better.(Horikawa,et al., 1992

2.1 Applicability of arc welding robots in the different fields

Suitability of the robot welding to various applications depends on tieutty of the weld

in a specific product. Generally, the more umidie fabrication procedure is, theora
difficult the product is to weld with robots. Major factors affecting the suitability of the
robots are the size of the workpiece, accuracy oft jpreparation, number of products,
welding procedure, and design.tablel, there are robot welding algability to different

products(Horikawa, et al., 1992
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Tablel. Applicability of robot welding to various prods¢Horikawa, et al., 1992)

Range of plate thickness Thin Medium Heavy Remarks
- Automobile |-‘Container ‘Conisructwon ‘Shipbuilding
-machinery |
Products -Motorcycle -Rolling stock  |-Rolling stock | -Steel ‘Sé?sséufe Storage tank
(body) (truck frame) structures
| Size © A O A O A
2 Configuration © A O A O ©
3 Numbers of products
Workpiece @ O O A O A
4 Accuracy of parts © ) O A O AN
5 Assembly tolerance @ O O A O A
éDeposut sequence
| pass finished @ @ © @ . = ===
@ | pass each layer — — © © A A Bﬁ’;fggjrs‘?'gf';j}f'"g
@ Multiple passes each layer — —_ _ X X >< Depends on fv'veLtdmg
engineers” effor
Procedure [ 5 et quantity in same joint © O O A O A DeveuipTent of
special. large scale
3 Welding position @ O © A O A equipment
4 Usage of positioner @ O @ A O A
5 Adoption of sensor @ A O A A A SD;‘.';L"?T:&"QLQ,
| Joint design for robotic welding @ O O A O A Urepends on designers
effort
Desigh 2 (’\)lfoI\cwcwaL requirement of @ O O A A VAl
Inspection 73 pepend Kiled
wgfggr lence on skille @ @ A A A A
4 Improvement of productivity @ @ @ O A A Development of
special equipment

Applicability for robotic welding: @ Superior () Good A Fairly good X No good

According to Horikawa et a{(1992),these are the main factors affectingigesor robot
welding:
1 Acceptability for robot welding
1 Accessibilitybetween welding torch and workpiece
i Suitable joint forarc sensing
1 Suitable welding position for welding robot
1 Joint design which reduces complicated positioning

2.2Weld joint types
In figure1, there are presented different welded joint configurations and their suitability

for robot welding with joint sensing
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Kind of joint Joint configuration Acceptability [Kind of joint Joint configuration Acceptability
0% )
L
CT | x veom T TH| ©
t—S23mm
Butt joint Corner joint = =
. 3
[
| O ozsm —JIF O
t—S<3mm
! ; @ Edge joint m X
T = joint
t—S=3mm
% O hict ©
) \
Lap joint
d< 3mm t—S < 3mm
-
Corner joint
.| & . A
) 3
(MNote) - y :
Possible ©>O>A >X Impossible Welding robot with join: sensing mechanism

Figure 1. Welded joint configuration and suitability for robot weldififprikawa, et al.,
1992)

It can be seen from figurethat fillet welding suits for robot welding much better thoartt
welding. According to Lempidinen & Savolain€003) thefillet joint does havea much
lower tolerance for alignment of filler wire tharbutt joint. Forthe buttjoint, the tolerance
isaround G mm and fothefillet joint, it is around 2 mm lateral and 1mm vertichhis is

shown in figure?.

-l +

» 2mm
Ll

= 1w
L 1

Figure 2. Tolerance recruitments for butt and fillet we{dlempiainen & Savolainen, 20Q3)
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Flat position (PA) allows even.i times bigger tolerances coanpd to horizontal and
vertical p o s itheiflad position iFahvantedpssitiom foryrobot welding if
possibleln general fillet joint type should be always used in rabdtled sructureif fatigue

or corrosion does not provide something €l$& olume of groove stays in control because
the geometry athegroove in the fillet joint allows little changes in the throat thickériket

joint with 6 mm sheet thickness allewp to 15 mm air gap without noticeable weld quality
weakening. When the air gap is over 1 mm, penetrations start to grow and visible throat
thickness is getting smaller. With ovebInm air gap, the riséf side imperfections start to
grow. When makimg fillet joint near tathe edgeof theplate, there should be left at leas+

4 mmdistanceébetweertheedge of the plate and toe of the weld. This is because if tolerances
of the part manufacturing is atlé bit off, the edge of the plat®uld melt and weldwould
stream down(Lempidinen & Savolainen, 2003, pp.-86; Hiltunen & Purhonen, 2008, p.

34.)

Fully penetrated mpovebutt weld without backing is almost impossible to weld with good
quality ard reliability. Buttwelds should be changed ttefibveld, lap joint or at least backed
butt weld with design changeAccording to Meuronen (2011), withald arc welding
processit is possible to weld a nemacked groove butt weld withrabot. The ar cap of the
groove can be eveas large a8 mm. This would make the hangelded root run an
unnecessary(Meuronen, 201) The kacking canbe made apart of the structure. For
example self-positioning studs can help to position parts adelyan places and also work
as a backingln figure 3, thereis shown a design improvement where groove butt joint is
changed to selpositioning backed grove butt joint and to -Jamt. (Lempidinen &
Savolainen, 2003, p. 97

N\

o+ s o ca—

AR

a)

AN

Figure 3. Design modification from (a) butt groove joint tdqb) selfpositioning acked

groove butt joint and t¢c) lap-joint (Lempidinen & Savolainen, 2003)
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Lap-joint is a well suitable welded joint type for robotic welding. There is no danger of melt
through in the joint and accuracy wise it is better thathweld joint.For groove sensing to
work properly, the top plate should be at leaStrAm thick.In sheet metal structures the
edge flange weld is usedhis type of weld joint should be welded from inside so that the
structure hagts own groove by gelf. That 6s because groove
eccentricity of the joint is smallemhis is slown in figure4 wherethe right side is the
preferred way to weld with théMIG/MAG welding robot in digitized production

(Lempiéinen & Savolainen, 2003

4 l
i T E 5 ]If }

Figure 4. Edge flange wel@empidinen & Savolainen, 20Q3)

The @rner weld joint is a@esthetiand widely used welded joint type. For robotic welding,

it is notachieved suitable for all cases because of tight tolerances foequbsitioning the

parts and risk of melt through. If the material thickens of the cornieledarts are small,

it can be better to change the corner joint into the fillet joint by lengthening one of the plates

This is shown in figure §Lempiainen& Savolainen, 2003

—

—=>

Figure 5. Changing corner weld joint design to fillet joint.

Robotic welding needs carefullmanufacturing of weld grooves daeise tolerances and
surfaces of the groove affect the quality of the weld. Welding paessraae made forazh
groove geometry artierobot uses these depingon real groove geomettyut this applies
only if adaptive seam tr ac Kklftmegroosea gedmete s

changes, the weld groove volume cdrange up to dozens oéeents These changes can
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be for example inaccurate groove sagagroove angle or defectstive surface otheroot.
The change of volume can cause eidneincomplete joint oanoverfilled joint. (Hiltunen
& Purhonen, 2008Skriko, 2020.)

2.3Volume of the groos

Making butt weld groove narrower increases effectiiiecause needdiler material and
welding time decreases. These narrow gap welding techniques suit plates over 30 mm
thickness. A special pulsed welding system is needed for this technique brgdbsspran

be automated with robots. The advantag@éeiarrow gap welding is increased productivity

in heavy gauge structures. Narrow gap MAG welding witrobot can archiva 10 kg/h
deposition rate. Making the gap narrower degreases distortiogldéavstructure compered

to traditional vgroove weld(Meuronen, 2011, p. 1€LOOS, 2013

2.4 Design aspects for robot welding

Improving productivity can be done withe following measures. Chancing design so that
theamount of suitable joints for robotieelding is increased. This is relateditalerstanchg

better robotic welding characteristiédso changinghedesign so that welded joints overall

are reduced and replaced with different process example bending, can be beneficial for

productivity.(Horikawa, et al., 1992

For robotweldedproducts, it is important to confirm that the welded joint is within reach of
weld torch. The weld a meéntade if the torch won't reach the joint in all places. Sometimes
theangle of torch or nozzle standoff diatec a rbé dptimal due design of tipgoduct. If

these parameters head to insufficient welding quality and design cltaagds®done, then

the specific weld has to be done witlanualelding.The torch angle often a meéaoptimal

for the whole welthg time. Forexample,in a boxtype stucture start of the weld in the
inside corner needs to be pulling weld for first millimeters until it can be changed to
perpendicular or push welding. Stiffeners or other ribs can also affect the usable angle of the
torch. (Lempiainen & Savolainen, 2003, 1) Figure 6 shows situations where welding

torch could interfere with a workpiece. Also, design improvisations are presented for the

situations.
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Interference

Interference 1 @ S ‘4
sl - 4
(- N r—

1 5
Interference
Interference - % > /_," I : —-”%1 g
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Interference L =4} = =
Interference ,
/s ‘. / /l
&, 4 ﬂ
; /
-~ 5 mil a7
it w— A } — — . . }
Interference
(1) Unsuitable joint design (2) Narrow space welding

Figure 6. Interference between workpiece and welding tgkbrikawa, et al., 1992)

Welds in the inside of the structure can be replaced with welding through from one side and
using backing inheroot side. Solid backing which staiyside of the structuris often used

in box-shaped strctures. One option split the structure to severalagsemblies to gain
accessibility to weld inside joints. This depends on which kirtieproduct is whetherit

is profitable because constructiand weld procedure might get more complex.

Reachingo the fillet groove with a welding torch is an important factor to consider but also

a robot arm has to fit inside of the stru
and movale as hunan and his arm©n the other hand, manuawelding,the welder needs

to see the weld pool and be in a moderately comfortable position to perform the weld. The
robot doesnodt have these requirements an
application.Collision checkings animportant phase when desiggithe welded joints of

the structure. Graphical 3D simulation softwasea beneficialtool for this analysis.
(Lempidinen & Savolainen, 2003, pp.-92.)

Designer should have knowledge of machines which are used for welded part manufacturing.
Different processes have different accuracy which means different tolerances and that affects

how the parts are positioning relative to each other. For example, trentmag methods
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have different accuracy depending on which process is used. Large tolgnavigismore

finetuning needed in the programming phase to archive good quality welds.

Welding imperfections ararisk whenanew pass is started over thiel one inside corners.

The imperfection risk is reduced when rounding is used as shown in figuRpunding

enablesa continuously welding much easier. Another way is to weld the corner by hand in

the tack welding phase before the robot weldifiis hovever means that starting and
ending points increaseBne option is to remove the cornerrmtchingit but if the dividing

wal | has stresses, it i snot a good opti ol

(Lempidinen & Savolainen, 2003, pp.-92.)

=30 =40

=30

{c}

Figure 7. Designing corner for the robot weldin@ General casé) Notching the corner
(c) Welding the corner in tacking pha&® Rounding the cornefLempiainen & Savolainen,
2003)

Welding outsides okharpcomers is also a difficult task for a robot. The robot's arms and
jointsc a nMmdwve so fast that weld could be performed perfectlyei®©the weldouilds up

too large and outside of the groove. This causes flow in the weld pool. The problem can be
avoided bysloping the work part when approaching the corner point. Sloswdowns
movement oftorch and might stop the flow of the weld poStill, a better way is to weld

the corner inthe tack weldingphase or design the corner more smootfjltunen &
Purhaen, 2009

In table2, therearea few structural desigribatare suitable and unsuitable for robots. From
there, it can be seehdt scallops ara goodway to design ends of stiffeneihe area where
vertical and horizontal stiffeners cross each gtbeme space is needed to clear robot weld
torch so that one of the stiffeners can be welded continuclishse designs are frometh

welding point of view and stresses and stress concentration factors of the structural designs
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are taken into accounthese might not be the best options. The direction of the stresses
should be identified and then decided which kind of structure dvbelbest from both,
design and manufacturing point of view.

Table 2. Suitable and unsuitable structural designs fobot weldingin welding point of
view(Horikawa, et al., 1992)

Point Design Examples
of Item suitable unsuitable Note
view for robot for robot
e 15
Treatment of 35r M To detect
ends of ‘ — = start and end
end stiffener | of weld
Scallop size ‘ Corner-cut,
=357, boxing welding loter
c
oy
§ Space between 45° (@) Tc make
M
= H stiffener *’] —_t continuous
§1 .o la | A | weuingo
stiffener o i J
_ - 1S 2—O—|~~\’ S V stiffener
2 55
Scallop size To detect
of >235r 30r start and end
V stiffener of weld
Arrangement of Qutside girder QOutside girder To increase
V stiffener and same side rate of
and inside girder: Inside girder : application
H stiffener same side reverse side for robot
&
w
L
S >750
g & Necessity for
g Fitting on M development
7] V stiffener of robot
to web plate 90°t 2° suitable
<75° for structure

Designing welded joints so that the wokqe positioner needs to rotate less is a design
aspect that can reduce the overall robot working time. Fgjah®ws a rectangular welded
structure which is changed from the other end of the structure. This allows less number of
positioning the part. Inhe case of flat position welding, four times rotating the part is
reduced to two times. If the part can be weldeith \Wworizontal position welding, two times
positioning is reduced to just one positioniigorikawa, et al., 1992
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o In case of flat position welding
—+4 time positioning

o In case of horizontal position welding
—=1twice positioning

o In case of horizontal position welding
—=-once positioning

o In case of flat position welding
—= twice positioning

Figure 8. Reducing p# positioning by changinthejoint desgn (Horikawa, et al., 1992)

Paavolainen (2019) studied in his bachelor
that it would have the best fatigue resistance. There wereégign cases, one with tips of

the cover plate located on thectangular hollow sectiofRHS) memler faces and another

one where the tip was dhe corner of the RHS. According to Paavolainen, it is better to
place the tips on the RHS facéscal notchstress is two times higher in a case where the

tip is on the corner of RHS. These cases are sliofgure 9. Left one(a) has cover plate

tips on the faces of RHS and the right @mehas the tip on the corner of RH&aavolainen,

2019) Also, the pate where one tip is dhecorner of the RHS]igitized fabricationwhich

includes cutting andold formingis impossiblgSkriko, et al., 2028).

Cover plate

1/4 of RHS

a) b)
Figure 9. The cover plate design€over plate tips in sides (a) and tips on corner of RHS

(b) (Paavolainer2019)
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2.5 Laser cutting technology

Laser cutting technologyL.CT) has great possibilities in diged manufacturing. The
process is programmed by humans and machi
why the laser cutting technology suits perfectlgigitized manufacturing. In the process,

the laser beam is a universal tool that is guide€B programming. That allows cest
effective manufacturing and the ability to quickly change the design. In joint fabrications,
the LCT allows manufacturing joimtvhere less welding is needed and festeelplates are

needed to manually placed by warkeThe initial investment may be still higher than in
traditional cutting machines, but the LCT has the potential to cut overall life cycle costs.

Laser cutting bthe tubular structure is presented in figure (B&nyilmaz, 2019

Figure 20.Laser cutting of tubular profilKanyilmaz, 2019)

The use of Laser cutting process in the hollow section joint fabrication allows des@ners
have more freedom, both from a structural point of view and an architectunal Me
strength of the square hollow section (SHS) joints can be increased by new shapes and joint
configurations that are possible with the geometric freedom offered by tasting
machines. Other benefits are that the laser cutting can be up taithes/faster than the
regular cutting process and steel profiles cut by laser are so clean that cut parts can be
transferred to manufacturing without additional proces® Ale heatffected zone in laser

cutting is much smaller than in other thermatiog methods
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The 3D cutting process is one advantage of LCT. That is made possible by laser cutting
process properties and CAD programmed process. 2D cutting meaatisettaser beam is
always perpendicular to the surface of the beam. le8bng, that angle between the part
surface and the cutting beam can be adjusted simultaneously while cutting by tilting its head.
That makes possible to fabricate for exampldéed#int bevels in welded joints or if the
joi nted par°thetwea ihemdaccurata anetigh-ip is possible to make. This

is presented in figure 21. In figure 22, there are presented some prototypes of laser cut |
beam to a circular hollow sgon (CHS) column joints. This is studied in BFCS research
project LASTHCON and it aims to reduce drastically fabrication cost while meeting the
structural requirements. In figR2 (a) there are typical diaphragm joint used between CHS
column and4bean and CHS beams. In (b and c) there are laser cut equivalents where beams
are brought through the column. Generally passing through joint configurations can be used
to degrease eccentricities and exploit the panel zone of the joint fi¢tieyilmaz, 2019

a. Laser head inclination for 2D-cutting b. Laser head inclination for 3D-cutting

At® 1t®

c. 2D cutting scheme d. 3D laser cuttl scheme

e. Orthogonal cutting (uitable for fillet f. 45° inclined cutting suitable for partial/full
welding) welding

Figure 21 Benefits of the laser cutting and differences between 2D Rraliting
(Kanyilmaz, 2019)
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"R
a. Typical diaphragm joint
Figure 22 Traditional joint and laserut solutions where beams pass through the column

(Kanyilmaz, 2019)

b. Laser-cut joint prototype c. Laser-cut joint model

LCT offers interesting possibilities also for truss girder joints where additional gusset plates,
stiffeners, and excessive welding could be eliminated with LCT. Joint eccentricities could
be also reduced by placing the braces insideethord. Examplesf this are presented in
Figures 23 and 24. However, these punchings could daiis¢ cracks and high notch
stresses to the structure. This could mean that the structure would have lower structural

performance than in traditional tsigKanyilmaz, 209; Bj6rk, 2020)

a. Truss assemblies

JOINT D2

b. Truss joint details
Figure 23 Lasercut truss jointgKanyilmaz, 2019)
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a. Laéeut pieces b. Cut details
Figure 24. Lasercut parts for truss joint&anyilmaz, 2019)

2.6 Welding distortionsand their control

Welding cause$ocal heat input to the part and because material hedtsoolsinevenly it

causes stresses. Warm spots try to expand and cold spots try to prevent it. In this phase, a
compression is generated to warm places and tension in cold places. Trspotasmsually
relatively small and it has degreased yield stress so it compresses easily. Instead, a large cold
areas retain their elasticity. Compressed areas try to shrink down from original dimensions
but elastic areas around want to stop expandspme@ally in lengthwise of the weld.
Plastification happens and also the area where compressive stress presents, a metal
compression happeng/hen the temperature of the wakicooled downthe weld has
lengthwise tension and areas around has a balaocmgression stress. These changes in

thestate of stress causes distortigiMemi & Kemppi, 1993, pp. 16168)

Forces that cause distortions in a welded structure are usually related oot af heat

input into the weld. Unnecessary large thrdatkness causes larger distortions to the
Structure. Therefore throat thickness of
indicatesOversized fillet weld also increases cost. Whenmganing 5 mm throat size which

can be welded with one run andnm throat size which usually nedd® runsor even three

runs depending on shape requiremetite latter costs double. The general rule is that
doubling the throat thickness meatdeastriple costand for bigger throat thicknesses the
differenceis even bigger(Piironen, 2013, p. 4Q.epola & Makkonen, 2005, pp. 3865)

In angular distortion, the ammount of distortion isn’t related straight to the throat thickness
but instead theelation of the throat thickness and material thickies® annfluence how

much angular distortion happens (Skriko, 2020).
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In robotic welding, it is beneficial to exploit penetration. Usually, the robot produces very
equal weld and because of that gestt@on can be included tortatthickness if existing of

the penetration is provided with the test. This reduces visible throw thickness and therefore
distortions. Welding process, dimensions of groove and manufacturing tolerances are
parametershataffecta crosssection of the weld. The smallest possible cs®EBon of the

weld is preferred because bigger cresstion causes bigger forces and transformations.
Shape of the weld crosection needs to consideted becaussmallrelation of weld wdth

and depth can cause hot cracking or general weld deféetamount of runs in weld affects

also the stress of the weld. If a joint is welded with several runs, the heat input is divided
into smaller parts whicbhan bebeneficial. However, thisd o esndét af fect ang
Root run cools down and works likénenge and runs on top of that shrinks and causes more
angular distortions than in single run waldith intermittent weld, less welding distortions

can be archived but several startargl ending points have a high risk of failure because of
fatigue and orrosionand also in fabrication point of viewntermittent welding can be
considered in a case where minimum throat thickness based on heat input would be oversized
from the point ofview of structural strengti{Niemi & Kemppi, 1993, p. 180Lepola &
Makkonen, 2005, pp. 353855, Skriko, 2020.)

It should be intended to weldith only one run and design the structscethat oneveld
setup is suitable fahe prominent weld of the stucture.If this cant be archivedize of the
weld should be apppriate andthe amount of the weld rishould be mimnizedbecause

lead time increases with multiple weld ru(Bjork, 202Q)

Adjusting parts tothejig is a common way to attach workpieces to the right places in robot
welding. This is a good way to reduceleieg distortions. The jig needs to be stiff enough

to resist forces coming from cooling dothreweld. When the welded part is removed from

the jg, welding stresses release partly and the part might still distort little. The jig has to
design sothatthwe | ded part doesndt get stuck to t
againsthejig. (Niemi & Kemppi, 1993, p. 18D

Welding can cause very different distortion but these can be dived into two categories,

longitudinal and transverse distortionsgiie 10 shows different welding distortions
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divided into these two categorieShese distortions can exist separately or doeth
(Lepola & Makkonen, 200p

Welding distortions

I
I |

Caused by transverse distortion Caused by longitudinal distortion
[ | [ ]
Transverse Rotational Angular Longitudinal Longitudinal Buckling
shrinkage distortion distortion shrinkage distortion distortion

Figure 10. Welding distortiongLepola & Makkonen, 2005)

In a dgitized robot welding, the part has todmmpleteafter welding. There is no possibility

to repair or straighten the part once it
eliminate already in the design phaBesign of structures and maaaturing process have

a great influece on how mud welding distortionsoccurs There are ways to reduce
distortions which are based on either knowledge and experience or calculations.
Longitudinal distortions and inclined structures can be preventelhbing weld symmetric
related to the centerlingf structure. Groove and weld run parameters have an influence on
angular distortions. Also, the relation of throw thickness matkerialthickness affectso
angular distortion inhe case of fillet weld. Bakling distortions in welding of beams can be
prevented by strength relations of the web and flange or appropriate throw thickness of the
weld. Even though distortion mechanisms and controlling ways are known relatively well
for individual cases, usuallyireal world several different distortion casegppens at the

same time. Merefore combination effect of the distortions is hard and complex to define. A
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universalgui de f or preventing distort.i

ons

doesn

that ned to apply in different individual casefl_.epda & Makkonen, 2005Skriko, 2020.)

According toLepola et al.(2005 welding distortions can be prevented with guidelines

presented in tabla.

Table3. Welding distortion preventing guideepola & Makkonen, 2005)

Prevention of longitudinal distortions

Reducing heat input

Multi-run welding

Intermittent weld

A imited number of tack welds and direction from edges to center

Stretching preload focused on heatine

The ymmetrical placement of welds arouradcenterline

Correct weldingsequence

Prevention of transverse distortions

Reducing heat input

Avoiding oversized fillet welds

Using fixtures

Choice of grooves,-¢froove, welding in both side

Short tackwelds, maximum distance of bridges 25 x material thickness

Backstep welding

Reducing air gap

Structure which has exughrigidity

Prevention of rotational distortions

Tack weldinggnough, welding bridges in wider area, not justlire welded
area

Using fktures

Prevention of angular distortions

Reducing heat input

Choice of grooves

Avoiding many runs and too large throw thickae

Using ntermittent welding alongwith restrictions

Prebending, preload with restraints or pigetting

Designing a sucture so that welds are positioned in the neutral axis doesn'tlmangiag

of the part. Even if the weld would have tension after welding, the shrinkage diapgdns

in the neutral axis and the force Gatistortthe structure. Figurgl shows a unsymmetrical
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box beanthat has welds away from the neutral axis and better symmetric construction in
the right which has welded joints in the neutral axis.this case, the symmetric design
doesndét guar dreetsikueturaa unigss bothaglarei welded simultaneously.
Welding one by ond o e saffeétto thedistortionrotating aroundheweld symmetry line
butit affects in othedirection. (Lepda & Makkonen, 2005

A—— -_‘ T T
— N e ———

Figure 11. Effectof unsymmetricatlesign in boxbeam(Lepola & Makkonen, 2005)

Angular distortions can be evaded by -petting corresponding angkewhich the weld

causes. This is shown in figut?. Flange of the weldeddeam can be prebend to shape
shown in figurel2. This is needed taonsider only if the angular distortions cawse
disadvantagéAlso,t hi s doesndt pr evenwebandfande@iemidi st c
& Kemppi, 1993, p. 197

@m 2z

Figure 12. Anticipation of angular distortioNiemi & Kemppi,1993)

Figure 13 shows anl-beamthat has lower flangenvelded tothe web with both sizes
simultaneously without any pisettings. That causes longitudinal distortion to the beam.
This can beeducedy crossing the weldequencérom theupper flangdo lower and from

the other side to the otheknother technique is taeld both flanges from one side of the
web simultaneously and then turning the beanther way and welding the rest of the welds.
Consecutiveweldsinfluence stayssmallerbecausevelds now hasonly half of thickness
from the web as a momelaver. Wherea inthefirst case the momemver is half ofthe
web lengthBoth techniques need psetting the flanges to prevent angular distortion of the
flanges. These are showntheright side ofthel-beam in figurel3. (Lepola & Makkonen,
2005, p. 357Bjork, 202Q)
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Figure 13. Distortions of thedbeam(Lepola & Makkonen, 2005)

2.7 Tack Weldng
Tack weldkeep a welded structure tineright shape before andidng the welding. Ipre-
settings and prbending are needethis has to be done already in thack weldingphase

according taheanticipation ofwelding forces.

Unsuitable tack welding sequence can affect also distortions which are then strengthened
the wel ding phase. Tack wel dtauctses.dheseglacést b e
are hard to weld artdck weldingwould increase the possibility of defect. Generally, bridges
should be done tilhewhole structure in mind by placing bridgeesdifferent locations of the
structure and then make thelmnser Exanples ofatack weldingsequence are presented in

figure 14. (Lepola & Makkonen, 2005, pp. 3&62)

Figure 14. tack weldingsequence options.epola & Makkoren, 2005)

If tack welding is usedatk weldinginstructions are needed to progrm same way than
actual weldoy the design team of the structurefore welding startd he robot needs more
careful placement of bridges than manual welding becagseotiotc a nadaps to the
differences so welWelding without tack welding is beneficial in digitized robot welding if
it is possible.This meandhat an additionahandling robotandbr suitable welding jig is
needed(Hiltunen & Purhonen, 20086rk, 202Q)
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If the whole structuresibridged first completely,additional staged o e si.e¢ed to be done
Thatusuallyleads tssmaller welding distortionis structureAlthough,residual stresses can
rise larger The designer needs tdecide whichone is nore harmfulto the structure
consideringhe criterionfrom usageOn the left side offigure 15, there ispresentedh box
structurewherelL profile stiffeners are weldefirst to cover thedbeamand then the cover is
welded tothe bottom part of thetrucure.In this case, the cover of the bearnght have to
straighten first before welding the beaompletely.On the right side of the figur¥s, there
is the samekind of box beambut the stiffener is trapezoidal whistays in place by itself
andit is ouside of the beam. In that casbke whole structure can lwidged in one go
without manuallymovingand placing the parts. Thatdaeimportantand beneficiathing in
digitizedrobotwelding. (Skriko, et al., 2024)

S~ /
e SV
7= — —

Figure 15. Desgningthe structurdor digitized welding(Skriko, et al., 2028).

Things that need ttake into account when programming tack welding programnéee
alia: pre-settingsso thatstructureis straight and functionadfter the whole welding process
is done.lf the structue is straight after the tacking phase bwlding causes unfunctional
distortions, the prs e t t 1 sugcessfullinedhbdlding forceof the handling robat alsoa
programmable paramettitat needs to beonsideredln some sitations, the tack weld can

cause distortions the parts stay in places with jukeforce of gravity. (Bjork, 202Q)

2.8 Welding sequence

The goal of decidinghe correct welding sequence is to minimize distortions and residual
stresses. These two are rethto each other so thétistortions are reduced to a minimum,

the structure might have high residual S
Residual stress can decrease the quality of the structure and even cause premature failure.
Designes have to take caref both of these based dihe requirements of the structuréf.

di stortions areno6t dhewelding sequencae shoutdde suah asithe u a |

structure would archive the final rigidity as late as possible. That would allow shrinkage of
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the weldgio cause less stress to the structuv@endistortions need taninimize, it can be
done byusingstiff closed shpe, suitableweld groove andwelding sequenceistortions

can causadditional stresses frothe effects of external load§his cancauseeven worse
structurd resistance thawith high residual stresse¢l epola & Makkonen, 2005, p. 362
Bjork, 2020Q)

One of the targets in deciding the welding sequence is to reduce transverse membrane stress.
Transverse shrinking should be allowed to leapas freely as possiblil figure 16, there

iIs presented a situation wheveelded tbeam needs to & so long that itcarnd be
manufactured from single sheels this case, separate flanges and web are welded first to
their final length, so the welds cahrink inatransverse direction relatively freeklso the

plate lengthening weld joints are loedtin different places in webs and flangéter that,

the parts are assembled tbdam and welded togethérepola & Makkonen, 200%

N i e e

it 4]

Figure 16. Weldingsequence of thebeam(Lepola & Makkonen, 2005)

.4

-

Welding distortions and residual stresses can be calculated with simulations based on finite
element methods. This is however quite complex and¢omsuming procest figure 17,
there is presented a residual stress pattéra buttwelded jointin longitudinal and

transverse direction§lebaraj, 2019



34

-

in tension

oy .
In compression

In tension

—»

-

U LSSttt i

- —

- .

weld

PRI IR

AT 11T

Az
i e e i e e e e T

base
metal

T

in compression

Figure 17. Residual stress patteof a buttwelded jointin longitudinal and transverse

directions(Jebaraj, 2019)

In RHSjoints weld start and stop positionsforroront i nuous

we l

ds

shou

locations where higlstress concentrations occlihe ecommended sequence and locations
are presented in figu8. (Zhao & Packer, 200 p. 35)

3
|

=

4

Figure 18. Recommendedeld start/stop locationa RHS joints(Zhao & Packer, 2000, p.

36).

or

Depending on the layout of the system and typRHS structure, weldments around the

profile of theRHS joints can b performedn asingle runwith robotwelding In figure 19,
there is presented warren truss structure with gappegdits anda 900 mm distance
between the chords. In thewath this robot layoutthe robotcan just weld the joints with
single run.That needs carefully programmed code to avoid coiles. The simulation is

done with Delfoi robotics 4.10n the other hand, using two welding robatsl welding
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simultareouwsly from both sidesvould presenkessdistortionswhich can berequirement n
somecases with tight telrancesThis, however,would cause more starting and stopping

pointsthat have a risk of defects.

Figure 19. Robot welding of the warremuss
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3 ROBOT PROGRAMMING

If online programming takes for example %0of the totd work hours of the robot, that
means over four weeks workhoumsa year This is the time that production is stopped and
costs are building up from the robot and programmer. For the robot that welds various types
of work parts, it is best tasea 3D model based remote programming. That is called offline
programming. The threshold to move the offline programming from the online can be high
because programming programs need some knowledge to use and exploit its features.

However new programs éas on easysability. (Salmela, 2007

In figure 25, thereis an example of thdigitized andadaptive robotic weldingn stagel,
there are idealizedesign modeWhich consist ofthe parts that havideal geometry. From
those, theelectronic weldingprocedure spafication (eWPS)is formed. That includes
optimaltack weldingand welding sequenceselding positions and possible pdstatments
along withoptimal welding parametertn stage 1) manufactured partare bridge welded
using a jig and/orhandling robat After that the bridgedstructureis measured using for
example laser scanndihe measuring selts areanalyzed anthe geometry of the structure
is compredto the ideal modelf there are differences in geomefg a new eWPS idefined
according tahe present situatioin stage 11| during the welding of the structutbe welded
joint is scanned and analyzedfront of the weldOn this basisthewelding parametrs and
possiblea trajectory of welding torch can be adjusted in-teaé. Also, new optimal
welding sequences and positions carséeln stage IV the backside of the welding torch
is scanned and analyztxdetect possiblgurface defection3 hroat thickness and geometry
of the weld are also defined so that desirable quality igeaeth. Also, in this stagethe
welding parameters and trajectoremn be changed in realtim@ossible needs for pest
treatments anlbcations forrepairsareaimedto define Formed quality can be algsgformed

back to design where the data can be @sefhtigue calculationgSkriko, et al., 2028)
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Figure 25. Digitalized adaptive robateldingof excavators boortiSkriko, et al., 2028).

Design

- Produced quality

The digitized robot welding process is also presented as a flow chart inZgyUreere is a
welded warrertruss steel structure that is designed with a CAD program and then the

welding process starfeom the CAD drawing.
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Figure 26. Flow chart of the digitized robot welding
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The programmig phase of the taots affects greatly the quality of the weld. Twougs of

quality areaffected: Welding parameters and geometric variables of the robotaimddie
workpiece. Changes in wire extensions and an angle of the torch affects how good quality
the weld has. In online programming, these values are determinbawbygarefully the
operator can estimate positions and distances of the torch. The angjeslod the torch
during welding affects where the weld is formed related to the groove, shape of the weld,
amount of penetration and how smoothly the weld conriedtse base materialn a flat
welding positiongood quality is easier tarchive.Changs inthetip to work distance affect
welding current and that can cause burn through or incomplete penetgatmessfully
manufacturing difficult shaped groovdspends on how previdysmentioned parameters

can be standardize8eam tracking during welding and other digital tools can also help to
control those weld paramete(Salmela, 200;/Holamo & Aalto, 2009 Skriko, 2020.)

In parametric remote programmirtge quality of the welds controlled with the program.

The parameters that affect to the quality are saved to digital file, eWPS. This includes for
example angle of the torch and tip to work distance wisiskt tobedesirable values to the
specific wéd. Consequently,it does 0 t matter which kind of
proceedingthe set parameters stay in desirable valoewhole welding time. All welding
parameters are saved to the same eWPS file and when this is combined to weld groove seam
tracking, it is possibleotarchive very good weld quality standardizatidfthen the quality

of the weldss saved in the system by experienced welding professional, less experienced
operators can use these parameters for each kind of welds. With thatt $ystem, keeping
constat good quality isndét so re(Halamm&Adty t he
2009)

Simulations of the offline progranteelp to focus on the quality of the welds. Movements
and positions of the robot and torch candeeided better and moeecuracy in remote
programming. For example, with simulation, it can clarify which welding sequence means
the shortest lead time. Also, the simulation helps to estithateelding time inthe offer

calculation phasgSalmela, 200.)

With Winteria quality control sofivareand laser scanngit is possible tscan the formed
quality of thegeometry of the robewelded weld The laser scanned datassnt to the
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software which analyses the dalae data can thesompereagainst atandardo sedf the
weld passes the required quali¥yith the Winteria systemyeld bead geometry, defects
and imperfections close to the weld carbaluate from welds. Joints can also be evaluated
by measurindgor exampe anglesandgaps The weld @an be scanneduring welding behind
of the weldng torch and alsoseparatly from specific placeswhich belongto digital
forethought (Winteria, 2019 In figure 27, the weld toe radiusmeasured with Winteria

equipments presentedh a specified locatia.

Inspection Detailed View

Figure 27. Weld toe radiusn specifiedlotion andstatistical distributior(Skriko, et al.,
202M).

Fatigue resistance of the scanned welded fantbe calculated by usimgformationfrom

the measurementrogram.For that, materiastrength in wld toeneed to be known That
can be calculated withnalytical guations wherhardness is measured from the specimen.
Residual stressese alsmeededand thesean be defined by simulations measurements
Notch stress variation and g#ress raticanfind outfor examplefrom FEM with external
load affecting the joint. When these parameters are kndatigue resistanctor specific
locations can be calculated by using the 4R mefhbid. makes possibl® fproducdatigue
resistance estimationstilng welding withthedigital quality control systen(Skriko, et al.,
202M.)
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4 EXAMPLE CASES

In this sectiorof thethesis two different cases astudied.Different structurashapes are
analyzed to be able toptimal shapes of the structurde frst case iK-joint in tubular

trussand secontrapezoidal stiffener ia plate.

4.1 Truss with Kjoint

Trusses are used in bridges and buildings where long spans are needed. Warren and Pratt
type trusses are widely used. Branch members &miangulated b in betweerthe top

and bottom chord members. Warren truss us@sri connection in between thednches

and chord membsmwhereas Noint is used in Pratt trusses.

K- or N-joints can be overlapped or gapped. These are shown in &8urethis sudy, only
K-joints insquare hollow sections (SH8)embers are examined. Generaityis assumed
thatoverlapped Kconnectioris stronger, more rigid and better to resist fatigue than gapped.
However gapped Kconnections easier to fabricate and thersfacheapeto manufacture
with traditional manufacturingmethods (Tousignant & Packer, 20D4In this section
comparison of the overlapped and gappedokinectionss made to investigateow much
strongerstatically and more resistant to fatigue overlagge-joints are.Used structural
members are 100x100x5 SHS in a chord and 80x80x4 SHS as a diagoesiNbaterial is
S355 structural steel. The angle between the brace and the chord is.s€vdfap
percentage is set to 50% in overlapped joint andvgdth between diagonais 10mm in

gap joint.Differences between thesedonnectionss presented ifigure 28.
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(a) Gapped K-connection (b) Overlapped K-connection

Figure 28. Gapped and overlappeddénnection(Tousignant & Packer, 2014)
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The study is divided into analyticalathods and numerical FEM. In analytical calculations,

the ultimate strength and the fatigue resistance of the connections are calculated based on
Eurocode 3EC3 equations and stress concentration factors found in the literature. The
finite element analys (FEA) is based on two fatigue analysis methods: the structural hot
spot stress and the local effective notch stress (ENS). Also, two additional styles of the
overlapped Kjoint are analyzed: square bird peak and diamond bird peak. These are

presented kzr inthe FEA section.

4.1.1Analytical calculations

The datic strength of th&-joint wascalculated with equationsasedon EC3. In table 4
and5, range of validity for welded joints betwe&HS brace anahordis shown.The
parameters of the studied jardrewithin theseconditionssothat meanshord face failure
is only design criteria in gap joints and brace failure in overlap jqits$ 19931-8 , 2005)
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Table 4. Limits forvelded SHS jointéEN 19931-8, 2005)

Joint parameters [i=1or2, j= overlapped brace ]
T}'pﬁ‘ of by/by bi/t; and b/t or di/t; ho/by bolty Gap or overlap
jornt or and and
di/by Compression | Tension /By holtg by/b;
=35
bty =35
T.YorX bi/by =025 and -
and
Class 2
i b/t
hi/t; =35 <35 - —
o q >0.5 =35 g-'bt}-:_’q_.ﬁ(l —,@1)
K gap by/by =035 arn and but but < 1,3‘(1 _ﬁj
N gap =0.1+0,015/t; Class 2 B/t - and as a mminmm
513% Class 2 g=h+h
Aoy = 25%
K overlap . 0 D)
Bilbo = 0,25 Class 1 Class2 | Ootlor=100%
N cnferlap and blb_-l =075
Curcular /by 0.4 dt As above but with d; replacing b
brace Class 1 <50 and d, teplacing b,
member but =08 - i TP & 9
b If g/by = 1.5(1 — ) and g/by = t; + t; treat the joint as two separate T or Y joints.
o The overlap may be increased to enable the toe of the overlapped brace to be welded to the chord.

Table5. Terms for equationl and 3(EN 19931-8 , 2005)

Type of brace Type of joint Joint parameters
Square hollow section T.YarX bi/bo = 0.85 bo/ty = 10
b, +b,
K gap or N gap 0.6< ]251 = =13 bolty= 15

Static strength of gappé€-joint Nirdin chord failure can be calculatedth the following

equation

Where,

a (1)
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S (2)
Kn = 1,value from SFS EN 1993-8 for tension
fyo = materialyield strength
to = wall thickness of the chord
di = angle between brace and otho
b1 = width of compression brace
b2 = width of tension brace
bo = width of chord member
o V13 = Sakty factor

Overlap joint overlap percentagay are decided to be 50%. That means brace failure
strength of th@verlapped Kjoint Njrdcan be calculateditin the equatior§3) below. Only

the overlapped brace nesd be checked.

O0r Qo6 ® O ¢Q 10T (3)
Where,
@ J——w (4)
O J——oo (5)
fyi = material yield strengtbf tension brace
fyj = material yield sengthof compression brace
ti = wall thickness othe overlapping brace
bi = width ofthetensionbrace
bj = width ofthecompressiomrace
hi = hight of overlapping brace

ParameterBerrandbe,ovshould be equal or smaller thbin

Fatigue of theK-joint is calculated according tGIDECT Design Gide 8(Zhao, et al.,
2001) Because this study focusses onltleadetail of specific jointforcesfor the joint are
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taken from an example of the design guide staded to smadh bydividing by twobecause

of smaller profile member®riginal forces of the design guide 8 were calculated with
simplified frame analysis with pianded braces for triangulated trusses or lattice girders.
This produces axial forcestihe braces andemding moments and axial forces for the chord.
According to EN 1993-9: Eurocode 3 magnification factors could be used to acdount
secondary bending moments in SHS joints.
noted that fooverlapped Kjoints the magnification factor is smaller (1.3) than for gap joint
(1.5). This means that forces affected in the gap joint are a little higher in reality and therefore
the strength and fatigue life should be a little lowfedal forces and bnding momentsfo

the joint are divided to two loading conditigrizasic balanced axial loading and chord

loading,which are shown in figur29. Forces are:

Fbraces = 8600 N
Fchord = 6081 N
Fchord2 =114920 N
Mchord =553 Nm
8600 N 8600 N
N rd

NA

114920 N

6081 N 6081 N 553 Nm 553 Nm
Load condition 1 Load condition 2
(basic balanced axial laoding) (chord loading)

Figure 29. Two loadconditions(Modified: Zhagq et al., 2001).

According toCIDECT design guide 8, it is assumed that only brace whishédreile force
range is possible to have fatigue failure. Nominal stress range for load condigon 1

calculated with equation J@&nd fa load condition 2 with egation (7:

" ﬁ — (6)

. i (7)
Where,

Au = Crosssection area ahetension brace member



46

Ao = Crosssection area oftmord member

Wo = Section modulus for chord member

The hot-spot stress method considers effghich raises stresgthestructural discontinuity.
Thesehot-spot locations are located in a welded joint where cracks are possibigatie i
under cyclic lading due to increased structural stress. Hot spot stress is the shen of
membrane and bending stress at the wadThe norlinear stress part is not included in

this sum becauseis induded inthe S-N curve (Saini, et al.2016)

Stress concerdtion factor K, is the ratio of the hespot stress and the nominal strd&s.

factorsfor gapped-joints can be calculated with the following equations:

Of & |y - S ¢ °teQgeoEt® ()
05 & mwnym@ b T™wr ¢ 8t 8 OB+F® (9)
Oh & c8uvpgpQ ® (10)
Where,

T — (11)
Q- (12)
o= (13)
T - (14)

g = gap of the braces

Gap of the gappeld-joint is set to a minimurwhich is 10mm. That comes frortherange
of validity table from EC3Stress concentration factor farbrace in load condition 2,
Ktbrace load2iS Negligible so it is considered as zdtwt spot stress rangeS, are calculated

by multiplying stress cocentration factors(:, and nominal stress range

Oh h  » ﬁ Oh h = A (15)

Y Oh R P O h P (16)
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Finally, the fatigue life of the joint can be calculated fitbequations belowl he equations
are based on-8-curves for stegHobbacher, 2008Ntchordis fatigue cracking in the chord

andNrpracels fatigue cracking in the brace.

0 x - ZgZp T 17)

O - 2qzp (18)
Wher,

Q — h (19)

tref = Reference thickness, 25 n{Miemi, et al., 2018, p. 40)
teft = Thickness of the member
FAThs = Fatigue class for hot spot stress range
x = 1.25, partial safety factor

tref IS 25 mm ters iS 5mm, the thickness of the chord member BAd s 90 MPa for load
carrying fillet weld joint(Niemi, et al., 2018, p. 4EN-1993 19, 2005, p. 40)

Fatigue calculatiorfor overlapK-joint is simiar. Differences are in stress concentration

factors. These equations are presented below:

ORr  § ™ @Y K BPU. W
p8 OFFcq 8 18_ 8 8 Oe— 8 8 (20)
Of & o p® W — ¢ 8t s ° & OEF e (2
Or pg p8 fp mEICIY (22)

4.1.2 Finite element analysis of thejéint
In this study numerical finite element analysis is used to geeodration factors, hot spot
stresses and effective notch stresses for differgoiri{ types.FEA in this study focusses

only on thefatigue resstance of the Koints.
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4.1.3 Methods to estimate fatigue life

Traditionally fatigue resistance has been estimated by using nominal stress and tables for
known joint types based onéc ur ves. However, this met hoi
dimensions of the joireffectonfatigue stregth. Also determining nominal stress is difficult

if the structure has a complex shafdiemi, et al., 2018, pp.-3.)

Other methodshat are based onIS-curves and FATclasses aretructural hot spot stress

and effective notcktress (ENS). Thesrethals considethesize effect of the joint and are
thereforegenerally more suitable to use and more accurate compared to the nominal stress
method. These methods also benefit from modern powerful computers and FEA programs.
S-N-curves are based on experin@nstudies so structural and local stressceatrations

are induded in these. The-N-curves has different FA€lasses for different joint details.
FAT-classes are based on stress ramgeashich the joint can resist 2xi86tres cycles.
Equations 1718are formed from these S-curves(Niemi, et al., 2018, pp.--3; Hobbacher,
2008, p. 4)

4.14 Hot spot stress

The dructural lot spot stresmethodincludes stresses from structural discontinlesal
nonlinear stress peals not induded because it isaken into account in FAT€lasses.
Therefore the hot spot strese 6t t aken di r e ciglihegrizedfrorn pointw e | d
nexttoweldoewher e t he stress pe alMienddetals20Btpp-5h ow
8.

Typically, the weld toe represits a notch that leads to nlimear stress distribution through
plate thickness. fie total stress formed from three parts: membrane stress, shell bending
stressand nonrlinear stress peak. Thethspot stresé dj consistsof only two of these: the
membrang &) andthe shell bending stressést). The nonlinear stress peaik excluded
because local weld toe geomesy't knownin advance. These two passeshown in figure

30. (Niemi, et al., 2018, pp.-9.)
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Figure 30. Consist ofstructuralhot spotstresgn plates(Niemi & Kemppi, 1993, p. 234)

Figure31. represents how local ndimear stress peak in weld toe are excluded from hot spot
stress. The stress linearly extrapolated from two points which are 0.4t and 1.0t distance
from the weld toe. The stress in the points can be measured with strain ffavgesal

specimen likan figure 31 shows or it can be taken from FEA which is used in this study

Structural hot-spot stress

Non-linear stress peak
Weld toe

Strain gauge A
Strain gauge B

Figure 31. Linear extrapolation to the weld toe to estimate the hot spot fitiessi, et al.,
2018, p. 14)

When thepoints are located Gt4and 1.0 from the weld toethe next equation can be used
to perform linear extrapolatiofiNiemi, et al., 2018, p. 14)

. P X s TAXs (23)

Where,, g and, g are stresses in @.4nd 1.@ distancefrom the weldof toe. To get

fatigue resistance life cycles, equations 17 and 18 are 88eds cocentration factors can
be catulated withthe equation below.

(24)
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Wherelhomis a nominal membrane or bending stress. It is calculated by elementary stress

analysis or unaxial measurement.

4.1.5 Effective notch stress

Effective notch stres§ENS) is a total stresat the bottom offictitious weld notch.In
calculation it is assumed that material behavior is lirelastic. In this methodyreal notch

of the weldis replaced byanimaginary notch which radius the real weld notch summed
by 1 mm. Usually, like in this case, the real weld notch is assumedsisappnotchso the
radius of the effective notch root is 1 mithe ENS method can be used for weld root and
toe but this study focusses omgweld toe In figure32, placeswhere ENSnethod can be
used,are presented(Hobbacher, 2008, p. 34

Hadius =1 mm

Figure 32. Roundings of the effective notch stress metimaiillet-welded and buttvelded
joints (Hobbacher, 2008, p. 35)

When usinghe ENS method, life cgle catulations are based onN&curves just like irthe

hot spot stress method. FATTasses are however different. For maximum principal stress
225 MPa is used and for Von Mises stress hypothesis 200 MPa is usedisBdribé ENS
method ara that lotanotch stress is taking tim accountthe effect of local geometry and
shape of stress didbition. Althoughthe geometry of the weld should belagast equal to
normal workshop quality, which meanscdass, atleast inthe weld toe Then normal

imperfectons and residual stresses arduded for used FAIclass.(Fricke, 2013, p. 763

4.1.6 3D models for FEA
3D models for the analysis were modeled with Solidworks 2017 program and the finite
element analyses were performedniEMAP/Nastran NX program. Fora&ajoint type,

two different solid models were made. One for hot spot stress method and one for ENS



51

method. For hot spot models, two lines were made inadd 10t distance from weld toe,

to easily get correct stress uak from the FEA model. For the ENmodel,r=1 fillet
roundings were made in the weld toe. Welds are modeled to have 2.5mm vertical height all
around because then it matches the distance between the brace and corner rounding of the
chord. That helps modely and meshing. Cut edges of thades are beveled and the weld

is idealized to be fully penetrated so that there is no air cap in between of braces and chord.
All models utilize symmetry constraints so they are split in half longitudinally to reduce the
number of elements. In overlappedts, the overlapped membeesige which stays under

the overlapping member is also connected to the chord. i models have 500 mm

chord length and circa 200 mm brace length. Overlapping models have a 50% overlap
percentageSolidworks3D modeldor hot spot analysiwithout being cut in half are shown

in figures33-36.

Figure 33. Gapped Kjoint
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Figure 34. Overlapped Kjoint

Figure 35. Square bird beak foint
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Figure 36. Diamond bird beak Koint

In square birebeakK-joints, the chad has been turned 45 degrees around its longitudinal
axis. In diamond birdbeak, both the braces and the chord has been turned 45 degrees around
their longitudinal axis. One other option wdwe to turn only braces 45 degrees but that
would make bracesider than the chord so it would need different sizes for the braces. This

option hasn't taken into account in this study.

20-nodehexahedral elements were used in gapped and overl&pjoeats in hot spot stress
analysis. In square and diamond bird béak spot stress models tende tetrahedral
elemens were used because of difficulties in usihgxa elements in complex shapes.
Hobbachers guidéHobbacher, 20Q8p. 31)for element sizes were followed. The largest
elemets in lines of inérest in hot spot stress models were.0.3

Tennode tetrahedral elements were used also in all ENS models to get small element sizes
easily intherounding partThe element sizes in the rounding were smaller than 0.25 mm as
recommendedly Hobbacher(2009. Coarsemesh was first created and theagh size and

quality were improved in founded location of interest.
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The material of the models is steel watimodulus of elasticity oE = 2.1 x 16 N/mm? and
a Poisson's ratio af= 0.3. Mderial assumed to behave linearly so linear static analysis wa

performed in FEA.

4.1.7 Forces and constraints
Symmetry constraints are used in all models because of half models. In3figtinereis a
presented surface in yellow where symmetry constraiolaised. It prevents movement in

the xaxisdirection.

Figure 37. Symmetry constraint

The forces of the Koints are presented in figuB8. They are split in half from initial data
to match half modelsA fixed constraint is placed in the other end @ ¢thord and tension
forced brace is locateat the same end of the joint. In overlapped joints, the brace which

overlaps the other brace is set to be tensioned brace.
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4300 N 4300 N
N e
/ \% / \ / 57460 N
7 — - y )=
2 30405 N 4 276500 Nmm
Load condition 1 Load condition 2
(basic balanced axial laoding) (chord loading)

Figure 38. Forces and directions of the load cadésdified: Zhao, et al., 2001).

4.1.8 Results of the case 1

This chapter presents the results of the analytical calculations and’'RE&Asults of static
resistance calculations are shown in téble

Table6. K-joint static resistance

Failure mode Static resistance
Chord face failure in gapipt 283 kN
Brace failure in overlap joint 333 kN

In table7, there are foudifferent SHS profile sizes in overlapped jeinthere similar static
resistancés archived than im gapped joint.

Table7. K-joint overlapped static resistances

Brace failue in overlap joint Static resistance
Chord: 80x80x4 Braces: 70x70x4 283kN
Chord: 100x100x8.Braces80x80x3.5 282kN
Chord: 70x70x5 Braces: 60x60x4 281 kN
Chord: 60x60x5.5 Braces: 50x50x4.5 292 kN

In table 8, there are presented sti@ssentration factors from FEA models and calculated
stress concentration factors from literati¢ed. These are only from gapped and overlapped

models where stress concentration factors are available from the literature.
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Table8. Stress concentrain factors

Keea Kret Keed Ket

K-joint type
Gapped Koint
Kt,brace,load1 5.96 5.86 1.02
Kt,chord,load1 3.82 4.45 0.86
Kt,chord,load2 1.69 2.85 0.59

Overlapped Koint

Kt,brace,loadl 4.39 6.39 0.69
Kt,chord,load1 1.96 6.07 0.32
Kt,chord,lbad? 1.86 2.35 0.79

In table 9, there are presented hot spot stresses from the FEA and analytical calculations.

These are also just for gapped and overlappguints.

Table9. Hot spot stresses.

. Analytical FE
K-joint type rea(Mpa) (Mpya) ) AnaIyI:/mI

Gapped Koint

" hs,brace,loadl 43 42 1.02

" hs,chord,load1 27 32 0.86

" hs,chord,loa@ 87 147 0.59
Overlapped Koint

" hs,brace,loadl 31 46 0.69

" hs,chord,load1 14 44 0.32

" hs,chord,loa@ 96 121 0.79

In tablel0, the highest hot spestresses and effective notch stresses are preséhe=se are
sum between chord axial load and chord bending |k overlapped joints results are
dived by gapped joints result.
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Table10. The highest hot spot stress and ENS

Highest effective

HighestHot spot | Relative to notch stress Relative to
K-joint type stress (MPa) Gapped Koint | (Mpa) Gapped Koint
Gapped Koint 115 1 269 1
Overlapped Koint 110 0.96 247 0.92
Square bird beak-foint 94 0.82 164 0.61
Diamond bird beak-joint 102 0.89 243 0.90

In table11, there are presented life cycles of the joints and their relation of gapjzaakt K

Anal ytical cal cul ations arenoé-jointssone f or
Table11. Life cycles of the joints.
Relative Relative Relative
Hot spot to Effective |to ENS/ Analytical |to
stresscycles| Gapped| notch stress Gapped| Hot Spot | calculation| Gapped
K-joint type (pcs) K-joint | cycles (pcs)| K+joint | stress (pcs) K-joint
Gapped Koint 2116 000 1 2 558 000 1 1.21 556 000 1.00
OverlappedK-joint| 2384000 | 1.13 3308000| 1.29 1.39 712 000 1.28
Square bird beak | 5 ga5000 | 184 | 11174000 437 | 288
K-joint
E_'jf‘)m‘t)”d bird beal 5 998 000 | 142 | 3456000 135 | 115

Figures 39-46 present locations where the highest stresses octh# jaints. Red lines show

where the hot spot stresses are taken andefflsctive notch stresses are picked in these

places from the weld toe
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Figure 39. Highest stress location in gappegdfnt. Load casd (axial loading)

Figure 40. Highest stess location in gapped-jint. Loadcase Achord bending moment)
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Figure 41. Highest stress location in overlappegdit. Load case laxial loading)

Figure 42. Highest stress location in overlappedjdit. Load case Achord bending

moment)
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Figure 43. Highest stress location in square bird pegkikt. Load case laxial loading)

Figure 44. Highest stress location in square bird peajoit. Load case Zchord bending
moment)
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Figure 45. Highest stres®cation in diamond bird pedk-joint. Load case {axial loading)

Figure 46. Highest stress in diamond bird pealidint. Load case Z2bending moment)

In diamond bird peaK-joint, the highest chord stress in load case 1 is in a differestion
than in load case 2. When chotdesses from both load cases are summed, the load case 2
placesis used also when picking stress value from load chseduse thahakes the highest

overall stress valu@.he stress values of these locations are presented il fable
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Table12 Higheg stress values

Effective
Hotspot | notch stress | ENS Hot

K-joint type Stresstype stress (Mpa)]  (Mpa) spot
Gapped Koint " brace,loadl 43 93 218
" ,chord,load1l 27 98 3.59

" ,chord,load?2 87 170 1.96

Overlapped Koint " brace,load1l 31 62 1.9
" ,chord,load1 14 54 3.82

" ,chord,load?2 96 193 2.01

Square bird beak-oint " brace,loadl 27 39 1.49
" ,chord,load1 6 10 1.71

" ,chord,load?2 88 154 1.76

Diamond bird beak§oint | " ,brace,loadl 16 33 2.09
" chord,load* 5 29 5.71

* ,chord,load2 97 214 2.21

*The stress value is not highest, it is from the same place than chord stress with load case 2

In table13, there areollected weldengths from all foumodels.

Table13. Length of the welds in-0ints

dngle
Hllet weld bevel Total
(mm) groove (mm)
K-joint type weld (mm)

Gapped joint 780 0 780
Overlapped joint 660 95 755
Syuare birdbeak 760 150 910
Diamond bird 960 0 960

4.1.9 Analysis of the case 1

The effective notch stress met holahgitudma s n 6t
direction as the wel d. Probably thatdés wh)
higher, 188%compared to the hot spot stress method than in otjemKtypes. In the

square bird peak joint, the weld line where the highestssigesocated is 45to the
membrane stress in the chord. In the diamond bird peak joint, the difference between hot

spot stress and ENS are smallest. ENS cycle count is 15% larger than hot spot. There the
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force affects completely perpendicular to the wiidyapped and oviappedK-joints, there
is a small amount of neperpendicular stress in the highest stressed weld. This can affect

little to ENS results which are 21% larger than hot spot in gapped and 39% in overlapped.

It can be seen from the resuthat the analytically calculated stress concentration factors
from the literature are significantly larger than FEA models except in one case which is axial
force in the gappeH-joint model. Theséigherstress concentratiofactors leads to much

more onservative fatigue life cycle values. Differences betweégoint types are quite clear

with the sizes and parameters of this study. Overlappgint has roughly 15% to 30%
better fatigue and static resistance than gappgnt. Square bird beaK-joint has clearly

best fatigue resistance even if only cycles from the hot spot stress method is exploited. With
loads used in this study, the axial and bending moment of the cord is clearly the determinant
load case in fatiguenalyzing. The square bird bealas a smooth shape in high stressed
areas which seems to lead to good fatigue resistance. Both birdKjeaks have much

lower chord stress in axial brace load cases which decreases overall chord stress and
therefore improes fatigue life. Diamond birbeak K-joint seems to spread brace axial
forces quite nicely but it has corners of both SHS, brace and chord, in the same spot which

seems to be stress raiser.

In gapped Kjoint with chord loading case, the highest stressioed in between the braces
in the ENS method. However, when the sum of the two diffévedicases were made, the
total stress was much higher in theel side cornefAlso, it was just a little bit higher than
the cross brace. Hot spot stress is hardead from that place becauanother brace is

located just next to it.

The best fatigue degn is achieved when thestress concentration factqfSCH are lowest
as possible. CIDECT design guids@ygest thathe next general guidelines can be made.
1 bratios near to 1.0 give the lowest SGFediumb ratios are instructed to avoid.
T Low Uratios give good SCF, which means braces wall thickness as small as possible
compared tahechord
1 Low 2oratios are good to use. That is awieid by relatively titk-walled chords.
1 Overlap Kjoints are better than gapjKints

1 Butt groove welds are ket than fillet welds.
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Stress raiser or discontinuity are the places where fatigue cracks occur and initiates. In
welded connections this in many cases relatecetb e ct at t he wel d t oc¢
quality is an important factor for fatigue resistanWeld start and stop positions shouldn't

be placed at places where higfiness concentrations are affected because these can cause

even higher stress concentragofZhao, et al., 20Q1

Herion et al. (2017) researchedjtints where lasecut gussetwere placed inside of the
gapped Kjoint. In their study stress coartration factors of regular gappedj&int were
calculated usinghesame CIDECT design guidewgions than in this study and FEA. The
chord was 300x300x20 and braces 200x200x20 ancesudt was that CIDECT gave 29%
higher stress concentration factors than FEA in axial brace loading load case. That is even
more conservative than in thisudy. Thda leads to judgment that in-}int fatigue
calculation, stress caentration factorsfroh i t er at ur e ar e nléasttheyer y
areon the conservative side. In Hiem's study, gusset plates placed through the chord and
weldedon the oppositeside of the chord profile using laser cutting technology gave more
stiffness to the jointsThat lead to areduction of the stress concentration factors in chord to
33% compared to regular gapped-Kint. The ait section view of this design is presented i
figure 47. (Herion, et al., 2017}

Figure 47. Section view of improved-joint design(Herion, et al., 2017)
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Fabrication difficulty of theK-joint depends on the shape of the jolwen thoud square

and diamond bird p&K-joints ae stronger than traditional ones, they need a 3D tube laser

cut machine to cut the exact shapes of the joints. Members of the overlajpmad ¢duld

be cut with a saw because of more simple cut lines, but lagergcwould be beneficial

because in sawing two different positions are needed for cutting overlapping memiizr. In 3

| aser cutting, complex cutting shapes doc
Gapped Kjoint has the most simple cuts and therefoosts are lowesin gapped K-joint
thetubesdort need tdeplaced so precisely relative to each other compared to other joints,
and a speci fic &remytabiEl3 d ean beseedthat diame@masalare

bird peak joints do have lorgwelds compared to traditial ones which increases costs.

4.2 Trapezoidal stiffener

In thissecondtase example, an effect of bevel shape in trapezoidal stiffener is studied. Bevel
shaped end of the trapezoidal stiffener should have little lower stress peak in the toe of weld
compeed to straight endccording to fatigue classes from literatdriee stidy is made with

FEA using hot spot stress and effective notch stress methods. The study focusses on the end
of one trapezoidal stiffener which is fillet weldedapplate. Both, the gtener and the plate

are made from steel.

The trapezoidal stiffenewhich forms closed shape, is easier to weld in digitized robotic
welding because it stays in place without holding thia right positiorand tack welds can
be avoidedl or L shapedtiffeners would need something to hold them upright position and

that would make additional difficulties in robot welding.

4.2.1 Methods for case 2

In this studyfour different cases are examined: without bevel, straighbégel andound
bevels with 100nm and 4380 mm radius. In latter, the arc radius is the same as stiffeners
heightfrom top of the weld to the top of the stiffen&@he end of the stiffener is welded
around the edge dhe plate in the inside of the trapezoidal shape. That \yeks5 mm
inwards n the unbeveled model and 30 mm in others because thedneddésnore space

to move the welding torch further inside. 3D models of the cases are presented iAgigure
and the dimensions of the models in figdge
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R = 100 arc Without bevel

Straight 45° bevel

Figure 48. Trapezoidal stieners.

220
176

LN % /,f', -

/ 8 S
| ~ '\ N r # |
| © 300 | 250 ‘

Figure 49. Dimensions of the stiffener

A total of eight models were made with Solidworks 3D modeling software. For each shape,
two models were made. Hot spot stress models have a lines in plate ftoamd.2.®

distance from the toe dfieweld. ENS models have a1 mm fillet rounding in the toe of
theweld. ENS models are also split in half and they use symmetry consirgptit line. At

the backend of the models, the fixed constraint was ufiedould be better if lateral and
horizontal movements would be allowed because the fixed constraint prevents displacements
caused by P donwewndiférences @& the constraints were tested to be
unnoticeabldor key resultsForce was defined so that 1 MPa of nominal stress ovasetl

on the plate. That way stresses from the weld toe can be used as a stress concentration factor
and fatigue notch factor. In figui#, the locations of thapplied stresand constraint are

presented.

1 MPa

Figure 50. Applied stressnd constraint of thi#zapezoidal stiffener.
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Tablel4 presents stress concentration fac{B& and fatigue notch facto(&:) and beveled

models reladto the straight end.

Table14. results of the trapezoidal stiffease

Bevel type Stress type Ks Comparison Kt Comparison
Straight end Von Mises stress 1.438 2515
Max Principal stresj 1.542 2.864
45° straight bevel | Von Mises stress 1411 0.981 2422 0.963
Max Principal stres 1.524 0.988 2.615 0.913
R=43,8 arc bevel |Von Misesstress 1421 0.988 2452 0.975
Max Principal stres 1.548 1.004 2.696 0.941
R=100 arc bevel |Von Mises stress 1414 0.983 2427 0.965
Max Principal stres 1532 0.994 2.665 0.931

In figures 51 and52, there are presented where the hgjlstresses occur in models.

Figure 51. R= 100 arc beveled ENS model with solid max principal stress contour
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Figure 52. R= 100 arc beveled hot spot model with solid von mises stress contour

Next, a case whernds of thestraight bevelegtiffenerarebend 45 outwardsis analysed
The model is presented in figus8. The weld size ithesamaeas in previous modelBended
parts lengths 25 mm.

by

Figure 53. thebeveled end of trageidal stiffener where thigps are ben#5° outwards
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In this cae symmetry constrainteere addedan the sides of thébaseplateThesedisable
horizontal movements and therefore represesaissituation bettawhere multiple stiffeners
are placd next to each othefheseconstraints are also upddt®r a model wihoutbent
tips andcomparison between these two models is ma&te. congtaints are presented in

figure 54 andthe results of this comparisare presented in tableb.

Tablel5. results ofthe bent tips model.

Ks | Comparison Kt Comparison
Bevel type Stress type

st.ralght bevel' Von Mises stress 1.278 2.236
without bent tips

Max Principal stresd 1.454 2.501
straight bevel with |\ \viises stress [ 1.307| 1023 2.386 1.067
bent tips

Max Principal stresy 1.469 1.010 2.685 1.074

Figure 54. Constraints and force of the half modelled trapezoidal stiffener.



