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HakusanatFAT, hitsi, jAdnnosjannitysstandarditilastollinen regressiovasytyskoe

Tyodssatutkitaan kolmen elaisenhitsausliitoksen vasymislujuutia maaritetaarhelposti
kaytettavat suunnittelusddnnétniiden vasymiselinian  maarittamiseksi Tutkittavat
hitsausliitokset ovat yleisesti kaytosllisuusnosturien oioissa kaksi hitstyyppia liit -
tyvét kiskon jatkamiseen ja kolmadsityyppi on katkopienahitsi, jolla kisko kiinnitetaan
nostuin ratgpalkkiin. Erikoispiire tutkittaville hitsausliitoksille ose etta niiden kokema
ulkoinenjannitysvaihtelutapahtuyuristugannityksen alueellditseille maaritetaakarak
teristinen FAT arvo vasytystestauksella ja tulosten tilastollisella kasitteligliaikatestaus
on toteutettu nelipistetaivutuksella Tyossa arvioidaan tutkittavien hitsien
jddnnoésjannitstila  jadnnosjannitysmittauksilla jehitsien tutkimisessavertaillaan eri
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jatkohitsien suunnittelusaantéonmaaritetaan hitsausjarjesty hitsin vasymislujuuden
kannalta paremma@anndsjannitystila aikaansaamisekdfatkopienaitsien vasytyskoet
ulokset osoittavat, ettd nykyisen EN1993® standardin suunnittelusdantd on
konservatiivnen jos katkohitsi kokee puristusjannitystéeikkausjannityksen vaihtelun
vaikutusta tydsséa eioteta huomioon Tyon tuloksia hyédynnetddn Eurocode 3
terasrakenrstandardirkehitystydssga eri alojen standardien harmonisoinnissa
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The work studiesfatigue strength of three different weld joints and detere@asyto-use
design ruledor fatigue life assessmenthe joints in this study are commonly used in the
industrialcranedesign two weldstype relateto anextension ofa crane rail, and the third
typeis an intermittent fillet weld that attaebthe rail to the loagtarrying beam. Ainique
feature ofstudied joints is that theexperiencedexternal stress rangecursmainly under
compressie streses The purpose of this study is to determine the characteristie Fede

by fatigue testing and statistical analysis of results. Fatigue tegisarried out withfour-
point bendingln this studyresults are validatday measuring residual stresses on the welds
andutilizing various fatiguestrengthassessment methods

The fatigue test results show that the design ruleheEN130013-1 standard for rail
connectionwvelds do not apply teveryrunway application sizes of the crafée fatigue

test results can be scaled to a laigesizerunway loadcarrying beamandthen thedesign
rulesaregiven in the EN1300B-1 gpply. The differencéhappendecause the current design
rules do not consider the distance of the weld toctirabinedneutral axis of the load
carryingbeam andhe rail. As a result, a new and maoseecific design rule for the rail
connection welds fsbeen created. In addition, in the design rule for the rail connection
welds the right welding ordeis defined to achieve a better residual stress state for the welds
in terms of fatigue strength. Tletigue test results for intermittent fillet welds show that the
design rule of the current EN19939 standard is conservative if the loading is compressive.
The dfect of alternatingshear stress was not included in the stdiéhe results of this study
are utilized for the standard work of the Eurocode 3 steel structure staratztdo further
harmonize thelifferent standards
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1 INTRODUCTION

Efficient transporting of bulk material, containers, and even humans requires a safe, smooth,
solid, and continuous surface to travel on. To achieve free movement of a badydace,

two perpendicular directions are controlled independently of each other. When heavy objects
are moved in an industry, a common solution is to use a crane, which is installed above a
floor lever and called as an overhead crane. Such a coarssts of a hoistpridge, end
carriageandrunway, Figurel. Freemovement of a lifted body in a crane is enabled such
that a bridge travels on one direct on a runway, and a hoist travels along a bridge on a
perpendicular direction. Runway consists of rails, and-tmadying beams where the rails

are mounted to. Therein, rails agsentiacomponents to enable smooth transportation of

bodies.

This regarch study isconductedto harmonizethe EN13001 crane standard with the
upcoming Eurocode 3 versiomhe work focuses orweldsin cranesrunway A typical
runwayload-carrying beansizeis, for example HEA300 orbiggerdepending on the span
lengthbetweerthe supportingpointsand crans lifting capacity.The customaty used rail
sizeis 30x 50 (mm)

3.0 ¢

e
-

Figure 1. Main compments ofanoverhead crane
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At the momentthe EN19931-9 standardfatigue part is missing FAT classesof rail
connection weldsandthecurrent EN130043-1 standarchas the needed design rulesthe
detaik. In addition to thatthe other studied weld is intermittent fillet welds treat not
stendardized in the curreE@N19931-9 partwhen the loading direction is differeinbm the
already standardized cadeigure?2 preserd the crane runwayparts and weld locationfn
the design of acranerunway, the rail is included in the crosection propertiesvith the

load-carryingbeam.

\ )
Crane runway’s load-carrying beam

Figure 2. Detailed view of the crane runway.

1.1 Backgroundof therail connection weld study
The studied rail connection welds are showithim red squaren Figure 3. There are two
differentstudiedrail connection welds:
1. Rail is welded from the top surface and, thB&T56 (fatigue strength at two
million cycles) is valid
2. Rail is welded from three sideandthen FAT is 71.

There isa note that when there is welded continuous weld next to the connectigotharea
FAT classwill increase byonenotch classNC). These design rules acarrentlymissing
from the ENL9931-9 part. Due to thisstructural designsmneedto apply thedifferentFAT
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classes that are presented in Eurocod®Bthe rail connectioweld, it is difficult and time
consumingto determine thetresses in the weld without using-BRalysis.The nominal

stresof rail connection welds needed tautilize the current design rules from Eurocode 3.

Basic conditions:

all welds quality level C or better
Special conditions:

continuous welds (1) over the joint on
both sides of the rail with at least a
length of 3 times h +1NC

Plate with a rail welded on it, rail joints without butt weld or
with partial penetration butt weld, design stress is that
calculated in the plate.

45 rail joint cut perpendicular or at any other angle, e.g. 45°

p=0,
56 [single weld on top of therail,lh>p=>0,3xh
71 [welds on top and on the two sides of therail, h>p20,2xh

Figure 3. In the redsquare stdied mil connection weld detisiand design rulg&EN1300%
3-1, 2018, p. 84)

EN19931-9 gives only some detailispecificatiosthat could be used in the rail connection
welds.Weld toe and weld root need to be calculaeg@rately, as illustratedn Figure4 and
Figure5. The cetail in Figure4 representshetop layer of the rail connection weld tdes
FAT class ist12when the surface groundevenly with the rail top surfadease 1 irFigure

4).

c;:t‘:gi)]lly Constructional detail Description Requirements
Without backing bar: - All welds ground flush to plate
surface parallel to direction of
1) Transverse splices in plates the arrow.
and flats. -Weld run-on and run-off pieces
. 2) Flange and web splices in to be used and subsequently
size effect plate girders before assembly. removed, plate edges to be
for 3) Full cross-section butt welds ground flush in direction of
112 >25mm: of rolled sections without cope stress.
02 holes. - Welded from both sides:
k=(25/t) 4) Transverse splices in plates or | checked by NDT.
flats tapered in width or in Detail 3):
thickness, with a slope < Y. Applies only to joints of rolled
sections, cut and rewelded.

Figure 4. Weld toe details desigmle when the weld is grindedenly (EN19931-9, 2005,

p. 22)
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Figure 5 shows a design rule for theveld root side The FAT is 36and it is used if the
loading is compressive or tensilkhe stress range dueégternal load must be calculated

referringto the weld area.

3) Root failure in partial
—— § ‘ penetration Tee-butt joints or
36* ,S fillet welded joint and effective
@ T tull penetration in Tee-butt joint.

Figure 5. The FAT classof theweld rootsidewhen the loading ithe same directiommsin
the studied situatio(EN19931-9, 2005, p. 25)

For comparisonin EN130013-1 standard design rule for the weld root sadd weld toes
presented ifFigure6. In tha standardthe FAT clasdor the weld root sides 45 and for
grindedweld toe is100

Detail | Ao, Constructional detail Requirements
No. AT,
N/mm?
39 m=3 Basic conditions:
— continuous weld
Special conditions:
— automatic welding, no initial points +1 NC
— welding with restraint of shrinkage -1 NC
¢
Cross or T-Joint, symmetric double fillet weld
45 Stress in weld throat Ou=F/(2xax])
see Annex C
71 Quality level B Stress in the loaded plate at weld toe
63 Quality level C

Figure 6. EN130013-1 design rule for the filletveld root side when the loading is
perpendicular to the weldEN130013-1, 2018, p. 81)

Figure7 summarizethe needed FAT classes in the rail connection weld that need to be used
in the current situation. Liketatedearlier, it is difficult to determine the nominal stress in
the weld wthout using FEanalysis It is neededo determinehe nominal stressf therail

connectionweld to usehecurrentFAT values in the fatigue life calculatians
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FAT100 for the weld toe, FAT112 for the weld toe,
EN13001-3-1 EN1993-1-9

Rail connection weld f

FAT36 for the weld root,
EN1993-1-9

1 FAT45 for the weld root, [™
.| EN13001-3-1 ;

o y — v m

Figure 7. Summary of different FAT classes based on the standard recommendations in the

top weldedrail connection weld.

Thus, it is shown that there are no clear design rules for the rail connection welds in current
Eurocode 3asin EN130013-1 standard. That igvhy it is recommended to harmonize

standards angive aneasy to use design rule for the rail connection weld detail.

1.2 Backgroundf the intermittenfillet weld study

In the current EN1993-9 standard andhternational Institute of Weldingll{V) design
recommendations give some design rules for the intermitiientveld detail EN19931-9
standard gives FAT classes 71 and &td the IIW recommendatio®AT is between 36
and 80 dependingn the loading situation. Design rules for the detaiésshown inFigure
8 andFigure9. In both casggheusedstress rangaal is parallel to theflange stess.There

areno design rules if the load is perpendicular to the intermittent fillet weld.
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8) Intermittent longitudinal fillet

8) Ac based on direct stress in

g welds. flange.
h
80 :hf;"‘.‘“’rﬁ
,.—:I}h-‘*%,
8 gh=25
9) Longitudinal butt weld, fillet | 9) Ag based on direct stress in
weld or intermittent weld with a | flange.
cope hole height not greater than
71 = 60 mm_
__m“-“*-h For cope holes with a height
(9 > 60 mm see detail 1) in Table

\

84

Figure 8. Intermittent fillet weld design rule irhé current Eurocode (EN19931-9, 2005,

p. 21)

[IW recommendations design rule is based orr#tie betweemormal stress ithe flange

andshear stress in the web valudds based orhe fact that the shear forcesthe web

plate oftheload-carrying beam areffective andthereforeaffecting parallel tothe flange

plate.
No. | Structural Detail Description FAT |FAT | Requirements and remarks
(St. = steel; Al. = aluminium) St. Al
324 e Intermittent longitudinal fillet weld (based on Analysis based on normal stress in flange and shear
'J: Dﬂ\‘m normal stress in flange 6 and shear stress in web T stress in web at weld ends
=_eE=—=> at weld ends) Representation by formula:
T tvo=0 80 |32 Steel: FAT = 80 - (1 - At/Ac) but not lower than 36
0.0-0.2 71 28 Alum.: FAT = 32 - (1 - At/Ac) but not lower than
0.2-0.3 63 25 14
0.3-0.4 56 22
0.4-0.5 50 20
0.5-0.6 45 18
0.6-0.7 40 16
>0.7 36 14
325 R Longitudinal butt weld, fillet weld or intermittent Analysis based on normal stress in flange and shear
weld with cope holes (based on normal stress in stress in web at weld ends
= W =] flange o and shear stress in web T at weld ends), Representation by formula:
. cope holes not higher than 40 % of web Steel: FAT = 71 - (1 — At/Ac) but not lower than
tvo=0 71 28 36
0.0-0.2 63 25 Alum.: FAT = 28 . (1 — At/Ac) but not lower than
0.2-0.3 56 22 14
0.3-0.4 50 20
0.4-0.5 45 18
0.5-0.6 40 16
>0.6 36 14

Figure 9. IIW Recommendationfor intermittent filet welds(Hobbacher, 2014, p. 49)

EN19931-9 doesnat havea design rule for intermittent fillet welevhen the loading is

perpendicular to the fillet weldlhe closest possible weld detail is continsibllet weld,
and therthe design rulés FAT36, whichis presenteth Figure5. Basedonthe EN19931-

9 standarcpages 17-18, FAT design ruls areused for tensilandcompressive loading. For

the compressive loadingt is possible to reduce the compressive stress.byaetorin

calculationsif the detail is norwelded or stress relieveds shown irFigure 10.
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Y

AG = |0 [+0,6 [0,

+ ftension
— compression

Figure 10. Modified stress range for newelded or stresselieved detail{EN19931-9,
2005, p. 18)

Konecranesisedntermittentfillet-welds Figurell, in the crane runway desigm minimize
deformatiors due to avelding processas shownThe rail is welded to thp flangeof the
load-carlying beamIn this situationbending stresis mostlyon the compressive side the

rail welds The intermittent fillet weld is assumed tave directcontact without any
clearance betweeail and loadcarrying beam. In that case, wheel load forces are going with
the surface pressure to the lezatrying beam. If there is a gap betweensiinéaces of aail
bottomanda topflange, the weldbecomes primaryload-carryingelement Therein wheel
forces travel througthe weld. In that scenario, there are no clear design rules in Eurocode
3. If the current EN1993-9 design rule FAT36 is usethtigue life estimation ishortin
Konecranesunway applicationKonecranesxperience has swn that intermittent fillet
welds have better fatigue life in the debed loading situatiomhan current design rules
calculate That is why in this researchintermittent fillet welds are studied under

compressive loading.
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Figure 11. A picture of the crane's runway loadrrying beam andhe rail welded by

intermittent fillet weldsTwo arrowsrepresent the wheel loads from end carriage.

1.3 Research methods asdope

In thisstudy, studiedweldsfatigue strengtis determined by laboratory testingidely used
fatigue strength assessment methads usedo study the weld detail With analytical
calculationsthe aimis to getanunderstandingf how theweld detail needs toe calculated
to estmate fatigue strengthnd see possibladvantages and disadvantagdsdifferent

methods

Some published relevant articleaveconductedsimilar types of testing for the intermittent
fillet weld, such askEuler & Kuhlmann,(2018 fatigue testedcontinuous fillet weld to

connect rail to théoad-carrying beantop flange.

Based orfatigue testesults andheoreticalcalculationsthe goalis to compare results and
create relevantonclusions If there isa significant difference between test results and
theoreticaresults,argumentsand reasonare presentedn this studythemain objectivas

to determine theharacteristimominal stress$atigue strength at two million cycldsAT.
based orfiatiguetestingfor the studied weldanddifferent regression analysi$ the fatigue

test resultsTheshear streslwading has not been tested on the weidhis study



20

2 FATIGUE STRENGTH ASSESSMENT METHODS

2.1Fatigue phenomena in the steel structure

Fatigue loadingan causéhestructure tdail and bseits load-carrying capacityn specified
time despitethe structure static loachrrying capacity ifulfilled. Fatigue loading isarying

in respect of load directioomagnitude or location.Variation can be constamaimplitude
loading or variable amplitude loadinGonstant amplitude loading caussmstant stress
ranges Typically fatigue loading ivariable amplitude loading’hen stress range vesiin
respect of time(Ongelin & Valkonen, 2010, p. 425 pr example, overhead crane causes

to the cran's runway loaetarrying beam variable amplitude loading.

Weldedjoints can havemall initial cracks thadtart topropagate under fatigue loadirithe
initial crack may starto initiate in thebasematerialandthento propagatelue tofluctuating
load Crack initiationor propagations seen whethestress range sccurring.In the welded
structurethe critical bcation inthefatigue strength point of view is theansitionbetween
weldand base material'he fatigue performance ofiewelded connectioasually issmaller
than thebase material fatigue strength. For teisonwelding qualitysignificantly affects
the fatigue strengtbf the whole structureStructural discotinuity examplein the welded

structure is shown iRigurel12. (Ongelin & Valkonen, 2010, pp. 4287)
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Figure 12. Welded structurdifferentlevel discontinuities and typical initial crack location
(Ongelin & Valkonen, 2010, p. 426)

The rumber of loadcycles to failure depends on thature of the loadingAn underlying

assumption is thdhetensile streseangecauses fatigue failur@ot compressive stresFor
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example,if part of thestress rangés on the compressive sidehe fatigue life is longer
compared to the situation where the whole stress rangéhstensile side. Thiassumption
is not valid for every casand it can be used fonaterialghatdo not have residual stresses
After welding thereareresidual stresses in theeld, and itaffects the mean value othe
stress rangeThe magnitude of the stress range is the essentiaffactor in thefatigue
phenomenaStandards for the weldeddructuresassumethat there igensile residual stress
in the weld thais affectingthe mean stresBecause of this assumptidhe compressive
stress is assumed tavethe same effecbn the fatigue life than the tensile stress in the
welded strutures Thesefactorsinfluencethe welded structure fatigue strength:

- The magnitude of the stress range

- Low cycle and high cycle fatigusehaviar

- Discontinuities in the structure

- The $ape of he weld

- Size of initial crack

- Residual stresses

- Material toughness

- Localboundary condition

- Applied stress ratio

- Corroson environment

(Ongelin & Valkonen, 2010, pp. 424835)

It is mentimed earlier that welding causes residual stresses. Residual stressea have
consequential effeain the fatigueperformance othe welded joint High residualtensile
stress hansfatiguestrengthand accordinglycompressive residual stresses increaseuatig
strength At the weld toes, tensile residual stressgisigh as material yieldtrengthcan be
assumed to be present after weldiAg.the weld root sideit is challengingto measure
residual stresse¥here hae beencariied out simulations for the miti-pass fillet and butt
welds. Results have shown compressive residual stresses in the romdittee magnitude
can be the base material yield stress. There are several affectingftactioesfinal residual
stress statdor examplethe number of weld passes, ineass timeweld penetrationand
contact mechanism between the adjoinechponentsstiffness of the components atick
constraintsDespite the simulation resultsn unfavorable global residual stress state can be

present bemuse of the fabrication and erection of the whole strudBgeause of thidiigh
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tensile residual stresses need to B® assumedor the weld root side unless better
conditions are provertFricke, 2013, pp. 75456)

2.2Biaxial normal stress and shear stress of the traveling crane

Traveling wheel load causesrmal biaxal stress and shear stress rarfggure 13. Wheel

load causes stress field that includes local stress components: local transverselpigssure
from concentrated wheel loaand the local shear strelsocar In addition to these, there
are global stress componefiisand related shear streds because of global bending. The
crane runway static systedffects that all these stress components might not reach their
maximum values simultaneously. Stress valisgsaandU;ocaiare naturally effecting out

of-phaseFigure 13. (Nussbaumer, et al., 2018, p. 216)
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Figure 13. Detail of runway undebending and local stresses due to wheel passage
(Nussbaumer, et al., 2018, p. 216)

"Thus, under bending and shear stress range, the fatigue crack is likely propagate vertically,
as under local normal stress range, the fatigue crack is likely propagate horizontally. This
case is thus complicated to verify and the interaction betweendiffesent loadings is not
clearly treated in the EN199B9. Instead, for crane runways, the EN1@8&quires that

the verification is made by taking into account both local and global effects together in

equation 1" (Nussbaumer, et al., 2018, pp. 2A57)
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where,
ole, 2 equivalent constant amplitude normal stress range related to 2
million cycles
odd 2 equivalent constant amplitude shear stress range related to 2
million cycles

Orf, duf fatigue action effects, respectively fatigue strength safety factors

There are other interaction equations introduced in different reference, fmro&gsample
in the EN2130043-1 standard andthe IIW recommendationsBased on the I1IW
recommendationghe interaction equation power values needé&different. It suggest
usingelliptical interaction thahasthe power of two valusinstead othreein the nominal

stress parandtwo instead of fiven theshear stress paftiobbacher, 2014, p. 94)

2.3 Fatigue strength assessment methods

In this chapterthe main fatigue assessment methods are presefteelse methods have
been utilized in this studyn addition tathese methodshe Hot Spot method is commonly
used to calculatihefatigue strength of the structuremanyfields of structural engineering
To usethe Hot Spot methodthe criticalpointneeds tde inthe weld toeOfficially, theHot
Spot method carot calculate weld root fatigue stigth. This method is not introduceat

utilized in this study.

2.3.1 Nominal stress method

The rominal stress methbis generally used in thmechanical or structural engineering
areado evaluatahestructuraldetailfatigue life for examplein the bridges, cranes, vessels
and many other applicationt is included in the relevant design codes. Theam be
ergineering areas that dhot utilize this methodThese are primarily autwotive and aircraft
industies. In those industrieghere areextraordinarilyhigh requirements for lightweight

design andlamage tolerancgRadaj D, 2006, p. 15)

It is needed to determine the used nominal stress stubesd situatioto use the nominal
stress methadNominal stress is calculated str@sshe specific area under consideratiion
the nominal stresglastic behaviar is presumed. In simple compants for examplebeam

the nominal stress can be calculated by elementary theories of structural Netailsal
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stres takes accoutf themacregeometric shap@igurel4) that increases the stras=arby
the component jointfor example large cutouts However,it doesnot considerthe local
effects thatncrease thetressfor examplein Figurel5weld detail (Hobbacher, 2014, pp.
15-16)

nom

Figure 14. Examples oimacro geometrieffects. Stressoncentrations ata) cut-outs,(b)
curvedbeamsand(c) wide plategHobbacher, 2014, p. 15)

In the EN19931-9 standargthe fatigue strength is calculatedthg nominal stress method.
Nominal stress range can @minal direct stresspi or nominal shear stresgiJ or
combination of botmominal stresse§.he number of load cycles to failuté: for nominal
stress rangesan be calculated by equatitwo, wherem is the slope ofthefatigue stragth
curve. Inthenominaldirectstresssituation mis three and for nominallsear stressmis
5. FAT isthe reference value for fatigue strengtt?2 million cycledor the structual detail
FAT valuesare pecific for the detajland value iglrawnby testing the detail(EN19931-
9, 2005, pp. 1224) FAT valuesof structural detailsre presented idifferent standardgor
examplein EN19931-9 & EN130013-1 standard and IIW recommendations.

FAT™_
N = A2A 2

alorU a

The rominal stressnethodis an easy way to assess the fatigue strength of a structure.
Different joint catalogs and standards h#ve most typical structural detaittassified In
many casedabricated structures are geometrically compéand this leads to difficultieis
determiningthe rominal stressor it can bempossible Load directions and constraints can
be differenin the studied structutdan in theclassified detail. fis kind of situatiorcauss
thenominal stresmethodto beunsuitabldor assessinatigue strengtlof studied structural
detail (Poutiainen, 2006, p. 16)
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2.3.1 Effective notch stress method

The dfective notch stress method (ENS)a local approach thastimates théotal stress at
the root of a notcim the studied detably usinga notch that has asffectiveroot radiusIn
Figurel5, weld detailnonlinearstress distributiostress components are presenteldere
Um is membrag stresstl shell bending stresandln is anonlinearstress peakENS takes
accountf all the stress components that are presentédyure15. Linearelastic material

behaviar is assumeth theENS method

Notoch stress = Cp +0p 'H'Tnl

——7/ + ] +€

—X_ o |

Figure 15. Non-linear stress distribution sepaed into stress component$iobbacher,
2014, p. 14)

Finite element analysis (FEA} usedto utilize this method and instructions for the
modeling practies are preseadl At the weld toe andeldroot side an effective notch root
radius of 1 mmeeds to be created/ith fictitious roundingthe idea is to takimto account
the weldshape parameters variatiokt the bottom of the roundinghere is a similastress
level, which describethe effective stresacting on average in the area of weld eoeveld
root It takes intoaccount the stressoncentrationso that the fafjue stresscomes
approximatelycorrecty described by one valu€heradius of 1 mm producesfective local
stress correctlyThe rounding sizes verified and the needed element size around the root
radius. Thisprimary method is limited to material thicknes® rBm. Thereare other
instructionson how to do ENS fatigue strength assessment for material thigdstess
mm. One example picture of the rounding locations is showikigure 16. This method is
used to estimate the fatigue failure in the weld root or wedd Hobbacher, 2014, pp. 27
29)
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Radius =1 mm

Figure 16. Fictitious rounding of weld toesandroots(Hobbacher, 2014, p. 27)

ENS calculation methoid shownin equatiorthree The effective notch stressngeqiliens

is obtainedfrom the FEmodelthat includes fictitious roundingsnd the used stress is
maximum principal stregs calculate the fatigue lifé&or the fatigue assessment singil S
curve is used. For steel, the used comparisoneR&¥ 225 for every ENS structural details
when maximum principastress isused,and the reference cycle is two million cycles
(Hobbacher, 2014, p. 62)

FAT\ S .
NfC,:EFWJI\:\ISSAIQ 3

2.3.2 Linear elastic fracturenechanics

Linear elastic fracture mechasi(LEFM) is practical to estimatthe propagatiorrate of
cracks or crachike imperfections.The underlyingassumption is that welded components
have initial cracks after welding with a short period of crack initiation. That is why in the
welded structure is reasonable to assume that crack propagaiengsverning process.
Because of thigracture mechaws can be usedo assess the fatigue life in the welded
structure. The fatigue life can be calculated with integrated -Badisgan power layw

equationfour. The gress intensity factas calculatediccording teequationfive.

o

a
N KA 4

o
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° [—

K=M, a XY a Aad 5

where,

C constanof the powerlaw

m exponent of the powdaw

K stress intensity factor

el equivalent stress range

Mk(a) magnification function fokK

Y(a) crack shape factor

a crack size

(Bertil & Dobmann G., 2016, p. 17 & 98)

"K is a measure of the severity of tt@mbination of crack size, geometry, and Idé&dis

the particular valuesalled the fracture toughness, where the material'féid®wling, 2013,

p. 24) Typically characteristiwalues for the welded joints at€=52 1 or3M0 - 10
Bandm = 3 (units,Newton and millimetres(Hobbacher, 2014, p. 75)

LEFM doesnat use SN curves andthere is no need to determine nominal stress or other
stress componenis the methodThe effect of thevhole stress field is takanto accountn

the fatigue life estimatiarLEFM analyss is often timeconsuming compared to the other
methods but it can give a better fatigue life estimationvarious casegnainly if initial
cracks are presenfFricke, 2013, p. 768 ananalytical approach is used, tkevariable

needs to be calculatsgparately for bemdg and tensile.

2.3.34R method

Many of the basic stredsased fatigue strength assessment methade beerdeveloped
further toconsidemore welded details and local stresses. Howexemethodncludesall
the essential parameters to evaluaeticularly fatigue strength ohigh-quality welded
joints madeof high andultra-high-strength steels4R concept includes all thessential
parametersRm the ultimate strength dhe material R stress rati@ue to external logdies
residualstressesandryueweld toe radiusAll these parameters are needed to deterthme
local stress ratidRoca. The 4R method has bee developedin a way thatthe usual

engineering practice can obtain all theeded parametersocal cyclicbehaviar at weld
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toe is calculatedased on the applied stress range, mastare parameteyandthe four

parameters4AR method isbased on the modified ENS concegtd fictitiousroundingr =1

mm orryue+ 1 mm is used in thinite element model at the weld toEhe cyclic stress

strain behaviar of the material at critical weld toe is thasic principlor the 4R method.
Fatigue life is calculatedith the 4R methodusingequationsix. (Bjork, et al., 2018, pp.-1
4)

—_— my R
Nt  Fr— -10-R|OC%IO 4 R 6
0AK; Addg +K; Addp
where,
Riocal local stress ratiatthecritical point ofthejoint wherethe fatigue
failure occurs
) safety factor
Ktm stresconcentration factor for membrane loading
Kb stress concentration factor for bending loading
im membrane stress range
ol bendingstress range
MuRr 5.85 (Riocai= 0)
Car 107983 (charateristic valueRocal, ref = 0)

The denominator can be replaced Withy;  value fromfinite element analysi§Bjork, et
al., 2018, pp. 4)

"The essence of the 4R method is to transform linear elastic sto#sls, i.eeffective notch
stress, to lcal cyclic elastieplastic material behaviour from which the true acting local stress
ratio at notch rootRoca, can be obtained. The cyclhehavourin the 4R method is based on
well-known materiabehaviourmodels, such ake Rambergdsgood cyclic material model,
Neubels notch theory and thkinematic hardening rule, also known as Bauschirger
effect” (Bjork, et al, 2018, p. 2)

Currently, the 4R method ispplicablefor welded joints and cut edge detail$ie current

4R method isnot including fatigue strengthassessmenof weld rootand thinrwalled
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structures(Bjork, et al., 2018, pp.-8) However the consideration of thiatigue strength

assessmermf the weld root sidées under work.

2.4 SN curvefor structural detail

"The welded joints arelassifiedaccording to their shape, type of weld, type of loading and
quality of manufacture. They are then allocated to the detail classes reprefeatiggign
SN curves based on the results of relevant fatigue tests. The Gdas@mationnotch
classis only correct to the extent that the varying fatigue strength is cadmsadvarying
notch effect. The English designatioletail classor 'fatigue clasS(FAT) is more general.
(Radaj D, 2006, p. 19n this reportthe FAT class designation is useahinly instead of

notch class

SN curves Gtress range, Number of cydese usedo calculatethe fatigue strength of a
welded structure according to the EN1989 standard Every structural detail haiss
detailed category that isthe FAT class Experimental tests obtain tlepecifiedcategory
value for the structural detaill the presented FATlass values in the standard are given
asa characteristic value=AT classindicates the reference fatigue strengtliwo million
load cycles with (tndéminal stressDemik qategory valuey hasp5%
survival probabilityanda 75% confidere level It takes accounfor examplethe standard
deviation and the sample size and residual stress effedt$9931-9, 2005, p. 16.FAT.

is used to present characteristic value and fr#Tpresent mean values in this repbAT
mean value presengdsb0% survival probability. To assess the RARlue the FAT: value
needs to be multiplied by 1.37 fac{&®adaj D, 2006, pp. 2&9). Allows comparing single
test results and FAJvalues to each othdbifferent detail category values in the EN1993
1-9 standard are presentedHigurel?. All variables are assumed to foll@ither a Normal
or a lognormal distribution EN1990, 2006, p. 169)

When lookingat fatiguetest resultseverystructural detail hags own specificS-N curve
slopemvaluethat isslightly differentfrom others Basedon several fatigue testit has been
observed thator nominal stressm value is close to three and for shear siriéssm = 5,
respectivelyBased orthis finding it has been decided to use standard valuesfiorthe

EN19931-9 standard.t allows to simplify test results evaluation argive a general
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guideline.If a newstructural detail isvanted to add in the standard by fatigue testing,
FAT classneeds to be classified lofescribedn values.(Kouhi, 2015, p. 140)

1000 T

1 Detail category FAT
2 Constant amplitude fatigue limit
3 Cut-off limit

1

v

Direct stress range FAT [N/mm?]
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10 + |
1,0E+04 1,0E+05 1,0E+06 2 5 1,0E+07 1,0E+08 1,0E+09

Endurance, number of cycles N

Figure 17. Fatigue strength curves for direpi stressangegEN19931-9, 2005, p. 15)

To determinghe FAT class of structural detail by testiBgN19931-9 recommads having
more than 10 data points in the statistical analy@ress ratioR should be constant in the
testing. For the derivation ofS curves, it recommended having two different stress range
levels in the testing and tegiecimengatigue failure is recommeled to be between 50 000
to 1 000 000 cycles(Hobbacher, 2014, pp. 78) The @lculation proces®f linear
regression analysis for the detail categloaged on the test resuisspresented in chapter
2.4.1and2.4.2

It can beconcludedthat EN19931-9 standard fatigue strength calculatiorb&sedon the
traditional calculationmethod It meansthat nominal stress is usednddetail category
values ar@rawnby fatiguetesting. Test results are analysed and turned into diffEReht
detail categoryalues by utilizing nominal stresBechnically, henominal stress method is

calculating fatigue strength against experimental valy&auhi, 2015, p. 108)
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2.4.1 Regression analisprocedure based on IIW recommendations

In thestandard basedesign characteristic values are used. It includesafety margin that

is applied to the mean valu&sharacteristic values haa®7.7% survival probability anda
2.3% probability of failure It has beemprovedfrom thefatigue resisancemean valué€mean
Fatigue resistandg is constant intheequation othe S-N curve with exponenn, equation

7. The slope curvencan be determined accurately from the test ddédavever a fixed value

of m= 3 can be used for steel and aluminum welded joints if the number of testipoints
under ten or the data are notvenly enoughdistributed to determinen accurately.
(Hobbacher, 2014, pp. 767)

| Ngg| cCgmAl digae
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Theequatioreightis used tdit theS-N curve to the test dat®abb, 2013, pp. 745). This

methodis known agheleastsquare fifprocedure

y=-mAxb + 8
where
y:| Olg‘ i =k O@ji
B _ B _
b: | —yi + A | —)&
n n
b l :OGJne an
where,
N.i Number of cycles to failure
el Stress range in the studied area

m = 3fixed valueis usedin this study Value m can be calculated separately based on the

testdatg equatioro:
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n/B;" . Ay; -B" x4 AB;" .y,

m" N %%- B"g 2 >
FATm value can belerivedwith fatigue resistanc€meanvalueusing arequationl0:
CneamF AdearA 2D A 10

Standard deviation Stdv needs to be determined from the testydeqaationll to calculate

thecharacteristivalue
BN _| ®Cge sl o2
St dyoish Cleard €0 11
n-1
where
| (ngl (mgim /ENf i
Finally, characteristi¢=AT. value can be calculated by equatiin
| Cgnzsd G@ KA St dv 12
where,
k=1. 645 A
vn
where,

n number of tesspecimens

IIW recommendationsalso introducenther regressiananalyss methodthat takes account
the probability distribution of the mean corresponds to a Stigléaw (tdistribution) and
the probability distribution of the variance corresponds to asGuare law.The main
difference between these two IIW regression analysis is the keileulating formulaThis
method is presented in the reference book chéptet Statistical Evaluation of Fatigue Test
Data.Theequation B is thegeneral formuldor k valuethat includes a Studéstaw and a

Chi-square law:
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klztpm‘%lmUlAmT;blz 13
5 n-1

where
t value of thawo-sidedt-distribution( St udent 60 $§ =D #wjoftHeor p

onesidedt-distribution for a probability of p (1+f )/2=0.875 at Rl degrees

of freedom
n number of test result
. distribution function of the Gaussian normal distribution probabildfy

exceedance of = 95% (superscripil indicates inverse function)

Chi-square for a probability ¢iL+1 )/2 =0.875 at A1 degrees of freedom

If the variance is fixed from other tests standard valueso confidenceinterval mustbe
consideredvith equation -

t
k=-2-875." 1 645 14

Vn
(Hobbacher, 2014, pp. 1230)

2.4.2 Regression analisprocedure based on Eurocode recommendations

The EN1990 Eurocodestandardintroduces two main stastical approachesThe frst
approach is used to dbe statistical determination of a single propentyincludes two
different methodsThe second approh is usedto do the statistical determination of
resistance model$his part is mainly intended to define procedures for calibrating resistance
models and for deriving design values from tests. The referred tests meanitigitstdene

to reduce unceginties in parameters used in resistance mo(El$1990, 2006, p. 163 &
175)In this study the statistical determination dhe resistance model is not needed to do
because the target is to determine a singloperty by testingThere arewo different

methodgo determine single properby statisticakevaluation

"Methoda) by assessing a characteristic value, which is then divided by a fect@ and

possibly multiplied if necessary by an explicit conversion factor.
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Method b) by directdetermination of the design valuplicitly or explicitly accounting
for the convesion of results and the total reliability requiréd.
(EN1990, 2006, p. 167)

Equationsl5 and16 show how different methods are calculat€de symbols arthesame
asin the EN1990and bothmethod formulacorrelateto a normal distributionThe single
propertyX may represent a resistance of a product or a property cdimghao the resistance
of a produc{EN1990, 2006, p. 171)

Method a):
oy Xn Gy, :
® Y Xg=dA——=—An, 1- kA, 15
:)m Om
Method b):
Xd:ddmAl'kd,A{x 16
where
My Mean of then sample results
Kd.n Design fractile factor
Kn Charactestic fractile factor
Vi Coefficient of variation of X
9m Partial factor for resistances
dd Design value of thpossible conversion factor

"In general, EN1990recommends method (a¥ith a partial factor taken from the
appropriate Eurocode. Method (b) is intendelde@pplied in special casefGulvanessian,
et al., 2002, p. 153Method (a) is used in this study.

Method (a) includesn partial factor for resistancanddyis a possible conversion factor.
Based on EN1990 standdrdjy conversion factor is strongly dependentthe type of test

and type of materialThe partialfactor on should beselected according to the field of
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application of theest results.(EN1990, 2006, p. 173h this study both factorgddand om

are assumed to be0D.

The derivation of &haracteristiwalue from tests usinipe method (ashould beconsidered
the scatter of test data, statistical uncertaasiyociateavith the number of testand prior
statistical knowledgeThe wmefficient of variationVx can beestimatedirom the test data
usingequationl5 if the Vxis unknown.In equationl6, s, is the standard deviation of test
results and my meanof test resultsStandard deviation is calculatélie same way in the
EN1990standardhan in the IIW recoimendations, equatidil andmyequals to th&ATm
value from equatiofi0. WhenVy is unknown it is assumed that th& value to be not smaller
than 010.(EN1990, 2006, p. 169 & 171)

V, = 17

>
my

Forthe method (aknvalue is needed. In the EN19%bere is a table thatcludesk, value
basedon the number of experiments or numerical test resahs isthe Vx known or

unknown.

Tablel. Values of kfor the 5% characteristic valu¢EN1990, 2006, p. 173)

n 1 2 3 4 5 6 8 10 | 20 | 30 b
Vyx known 231|1201,189|183|180|177|174|172|1.68| 167 | 1.64
Vxunknown | - - 1 337|263|233|218|200|192| 176|173 | 1.64
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3 EXPERIMENTAL TESTING

Faigue strengtlof the studied welds determined byatigue testing in a laboratoryhe
welds arealso studied using differenanalytical calculations.The goal is to compare the
computationalresults to thexperimental teseaults. For the two rail connection weldthe
target is togive more evidence théhe EN130013-1 standarddesign rulesareapplicable
andpresented FAJvaluesarein line with testing and calculation&n intermittent fillet
weld is tested under compressive loadimgaddition residual stress measurements are
collectedon the rail connection wekhreato determine the residual stress state in the weld.
Macroscopicviews are taken from the welds to detenm the weld shape andeld
penetration.Finally, residual stresses frome typically used largelgize runway load
carrying beam is measured to she differene comparedio smaller in sizefatigue test
specimens These areconductedto gather more data from the weddand testing
circumstances and also to validate the fatigue test resudased on thebtainedresults

design rules for the gfied welds are presented.

3.1Testspecimensnd studied weld details

The weld shaps and groove dimensionsf the investigatedail connectionwelds are
presented ifrigure18. The smallest possibleeld groove shamand dimensionacepted
by the EN130043-1 standardhave been utilized in this studyhe used height of the groove
is 9 mmfor the top welded rail connectioRor thethreesidewelded rail connectigrthe
weld groove height is Bim. Those values atte minimum allowed higihts for thedesign

of the studied welds'hose dimensions adesired for testingpecause nominal stresstlie
highest possible under allowed groove dimensiarthe rail connection weld&ail parts
are machined to getesireddimensions. There is a®mm clearance between rail and rail
connection pieceThe clearancés used becaus@ typical assembly situatianthereare
always some clearansbetween the rail pieces to hdhle assembly phas@esidesit is
wanted teensurein the laboratory testg that all thetrail forces arearried byrail connection
weld andassemblyillet welds. The EN130043-1 standard daenotgive instructions related
to the clearance size and how it would affect the defatigue life Obviously, the clearance
size will havea more signifcant role on the welding quality at the weld root side and thus

impact on fatigue resistance
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Figure 18. Detail view and main dimensiod sudied rail connection welds

The estspecimerspan is 3 000 mpand cylinders distance between each other is 800 mm
measured from the middle of the wheel contact arka.@&stspecimefs main dimensions
and welding markings are shownkigure19. The red arrows indicate the cylinderdes
locationon the tesspecimenintermittent fllet welds lengths 50 mm, anddesignedhroat

thicknessay dimensionof afillet weldis 4 mm.
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Figure 19. Main dimensions of theestspecimerand welding mark

The contact widthof a pushebetween cylinder and rag 30 mm. The pushegapplies the
forces from the cylinder to the tegpecimenThe contact areas wider compared tahe
wheel loadapplications, but the nominal stress is the same in the intermittent fillet weld in
both casesBased on the standafeN13001-3-1, pages 16364, sufficient distribution
length under concentratedheelloadcontact width is 12nmthat is usedn the calciations
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whenusedwheel diameter is 70 mnirigure 20 illustrates how local compressivstress is

constant over the intermittent fillet weld.
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Figure 20. Distribution of thelocal compressivestress from the wheel in real size

application.

The rail height is enough fdocal compressivstress from wheel load toddiibute evenly
over the intermittent fillet weld based on the dlistributionrule. That is why the wider 30
mm contactareacan be used in testing and keep the cylinders stable during the fatigue

testing.

3.2Preparingestspecimens

Testspecimensare manufacturedith regularworkshoppractices. The estspecimensre
made ina workshopthat usuwally fabricates the Konecranes craneunways in Finland.
Welding order, welding direction, dimensions of the wibldat thikness and locatiorof

the welds have been made the same way in everygesimenWeld locations are marked
for every weld before weldind\ll thetackwelds argplacedin the location where the welder
needs to stop welding. This wahewelder knows the pre@docationto stop weldingand
tackwelds donot affect the quality of the actual weldshe same welder welds all the test
specimens The welder has over 15 yean$ experience in different types of welding
circumstancesand welded structuresuch as nuclear power plants, shipyard, ship repair

welding, and pressure vessels.

Testspecimensvelding ordelin Figure21l:

1. All therail pieces ar¢éackweldedto the right place
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2. Intermittent fillet welds are welded
3. Rail connection welds are welded in tufine rext welding pass
is welded when the weld temperaturéétow 150 °C

4. Finally, 500mm assembly fillet weld is welded

Figure 21. Welding order irthe testspecimen

A3 rail connectionveld takes three passésfill the groove A2 weld needs two passégr
thetop grooveand one pass vertically to full fill groos&om all three sides. Weldingrch
position is perpendicular theweld. Welding directiorand ordearethe same for every test

specimenThe used mean welding parameters are showabie?2.

Table2. The averagevelding parameters of theeasuredralues Measuring is donevhen
thetest specimens have begelded

A3 top | A2top A2 Intermittent| 500mm assembly
vertical | fillet welds fillet weld

| [A] 210 200 190 230 230

U [V] 27.3 26.1 259 27.8 27.8

Wire feed [m/min] 8 8 8 95 95

Travelling speed 5.92 - - 541 4.87
[mm/s]

Heat inpufkJ/mm] 0.77 - - 0.95 1.05
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The used welding process msetatarc active gaswelding MAG (136). The usedfiller
material is1.2 mm flux-cored wire made by Lincoln electric outershield #Eand all the
tackwelds aremade withl.2 mm metal wie. Shield gas is SB5 25%Carboroxide (COy)
+ Argon (Ar), and the flow rate is 280 I/min. Therail connection welds are finallyrinded
with the electrical grinder witkhe 3M Cubitron 11 982C fibre disandthe K40flap disc

One test specimen after welding is showFkigure22.
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Figure 22. A2 weld detail estspecimerat theweldedstage Grinding is the next phase.

For four (A3) testspecimensthereis intentionally madea roughlyl mm gap between rail
and top flange t@nsurethat the wheel load is going through the intermittent fillet weld
without contact between rail and top flandée gaphas been donbky placinga 12 mm
wire between rail and top flangthen the rail pieces atack welded and finally, the 1.2
mm wire is removedbefore final welding. Gap measurement is ongoingigure 23, and
finished A3 rail connection weld is shown kiigure 24. Note that intermittent weld total
length is 60mm. Thislength includes thestarting and ending of the welding. Pure weld
length is 50mm with the desireday dimension.
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Figure 24. Testspecimerafter welding and grinding. Ratbnnection weld detail is A3.

Finally, testspecimensresurface treatedith workshop primer paint to avoid corrosion.
The gap is measured from every tegecimenwhere the gap has beemade Overall the
visual inspection shows thitte quality of weldsis good Macro pictures of thstudiedwelds

after weldingarepresented ifrigure25, Figure26, Figure27, andFigure28.
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Figure 25. A3 rail connection weld after fatigue test.

Figure 26. Vertical welds of the A2 rail connection weld after fatigue test.
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Figure 28. Intermittent fillet weld after 938 000 cycles. The gap.&Mm between rail and
the top flange.

The average intermittent fillet weltiroat thicknessw dimension is 4 mm based on the
macroscopiénvestigationand measurements witiiet weld gauge Thisaw 4.5 mm value
is used in th@nalyticalcalculations for the intermittent fillet weld.
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3.2.2 Hardness measurements from the welds

Vickers HV5 hardness test method is usedetermine the hardness in the studied welds.

In the Vickers hardness test, hardness is determined by pressing astqgumae regular
diamond pyramieshaped to the measuring point with a fdf¢c@s shown irrigure29. The
anglektUbet ween the sides of the pyramid is 136
is made with 5 kg weight. The tip of the pyrdnmeeds to rest on the material fofixed

time. Finally, the machine measures the diagothedmdd, of the depression antdased on

that calculates the Vickers hardness at the measuring point locd@N65071, 2018, p.

6-8)

Figure 29. Principle picture of the Vickers hardnessasureme(EN65071, 2018, p. 7)

" Testing should be carried out to ensure that the highest and the lowest leuelradss of

both parent metal and weld metal is determinédN90151, 2011, p. 1)Two different

rows of measurements were performed on each weld joint. The measured areas are the weld
top area and the weld root. More than one measurement rows provide comprehensive data

to determine the hardness of the weld joint.

Hardness test specinmgefrom the weld area are mechanically, eud the specimen surface

has been carefully polishe@arefully done polishingorevents excess heabm being
introduced into the specimen, which could affect hardness results and metallurgical
properties in thestudied area. Finally, the specimens are carefully cleaned to reveal grain
boundaries in macro images. The hardness test is done at room temperature. Test results are

presented ifrigure30 andFigure31.
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Figure 30. Intermittent fillet weld hardness profile at the weld root and the top of the weld
(HV5).
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Figure 31. Top welded rail connection weld (A3) hardness profile at the weld root and the
top of the weld (HV5).
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HV5

Measuring point

Figure 32. Vertical weld hardness profil@HV5) of the threeside welded rail connection

weld (A2). The measurement is domethe middle of the weld

Exact measuring points location and hardness value are presented in Appendix XV.

3.3Residual stress-Xay measurements the rail connection wetd

The rail connection weld is measuredtbg X-ray methodto obtainanunderstanding of the
residual stress level in the weld after weld{Rggure 33). Measurement isonductednly
in thelongitudinaldirectionof the test specimemotin the perpendicular directio(Figure
33). The measured tespecimeris in the welded stageand it has not beegroundbefore

thefirst measurements.
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Figure 33. X-ray measurement. The tegiecimens measured awelded stageThe red

arrow indicates measuring point location in the weld root side.

The testspecimens also measured after grinding to see how the grinding effects residual
stress levelFigure 34. Rounding of the rail profile is not gurd, only top of the railln

doing sq it allowsto find out potential changes of residual stresses dgendingin the

weld root side. Xray diffraction measursthe residual stress on the surface, not through the
material. If thegroundsurface is measured, it doaat tell the actual residual st the
weld, only the outer layer situationhe goal is to estimate the residual stresses in the weld

root sidebecauséhe exact value cannot be measubsdX-ray in the studied case
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Figure 34. Rail connection welds for residual stress measurements after grinding. Left A3
and right A2 weld detail.
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3.3.1 Residual stress measurements results

Residual stress measurements have been taken on both rail connectioarvdeids welds
of each weld detail A2nd A3 are measured. Every test point is measured twice to double
check that measurements are reliablgure 35 shows theprimary principal picture ofthe

locations of the measuring points.

Measurement 1. Measurement 2.
3. " 3.
Ki_1® o= ®K2_1
T— T—
2. 2.
1.
0 . .
2. 3. Three measuring points:

1. Top of the rail

2. Close as possible to the rail connection
weld root side

3. Close as possible to the rail connection
weld root side

@ = Measuring point

Figure 35. Residual stress point locatiookthe X-ray measurement

Measurement points are close to the weld @od it has been taken on the outer side of the

rail connection welds. In addition to that, residual stresses are measured from the top of the
actual weld. This measurement is marke&igure36 by W marking and neasuring point
locations are shown iRigure35. All the X-ray measurement results aregmeted irFigure

36 andFigure38.
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Before grinding Measurement 1 Before grinding Measurement 2
Measuring point Stress ~ Variation FHMA Variation  Measuring point Stress Variation FHMA Variation
MPa (+/-) MPa  deg (+/-) MPa (+/-) MPa  deg (+/-)

Kl 1 =311 29 25 0.06 Kl 1 -309 31 25 0.07
K1_2 -320 74 2.6 0.06 K1_2 -333 77 2.6 0.06
K1 3 -107 75 2.5 0.06 K1_3 -101 75 2.5 0.05
K21 -435 37 3.0 0.05 K2 1 -446 28 3.0 0.05
K2 2 -332 14 2.4 0.04 K2 2 -325 13 2.4 0.04
K2 3 -117 33 2.1 0.03 K2 3 -131 30 2.1 0.03
Kl W -327 19 2.3 0.03 Kl W -327 19 23 0.03
K2 W -401 55 2.4 0.03 K2 W -382 4 24 0.05

After grinding After grinding

Measurement 1 Measurement 2
Measuring point Stress Variation FHMA Variation  Measuring point Stress Variation FHMA Variation
MPa (+/-)MPa  deg (+-) MPa (+/-)MPa  deg (+/-)

Kl 1 -158.8 42 2.5 0.02 K1 1 -162 40 2.2 0.02
K1 2 -236 136 2.6 0.10 K1 2 -255 127 2.6 0.10
K1 3 -221 78 2.5 0.06 K1 3 -230 91 2.5 0.07
K21 -159 42 3.0 0.04 K2 1 -162 42 2.5 0.04
K2 2 -260 26 2.4 0.10 K2 2 -257 25 2.4 0.09
K2 3 -156 10 2.1 0.04 K2 3 -162 15 2.1 0.03
K1 W -226 28 2.3 0.03 KI.W -222 24 2.6 0.03
K2 W -201 10 2.4 0.04 K2 W -196 12 2.8 0.04

Figure 36. Residual stress measurements result before and after grinding of top welded rail

connection weld (A3) detail.

Figure 37 summarizes the residual streseasurements by using the mean results of the
measuring point location in the top welded rail connection weld. There are comparison

curves before and after grinding.
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Figure 37. Residual stress measurements mean values after and before grinding of top
welded rail connection weld (A3Jhe direction of measurement is longitudinal to thedoad
carrying beam.
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Figure 38 and Figure 39 shows the threside welded rail connection weld residual stress
measurement results.

Before grinding Measurement 1 Before grinding Measurement 2

Measuring point  Stress ~ Variation FHMA Variation Measuring point Stress Variation FHMA Variation

MPa (+/-)MPa  deg (+/-) MPa (+/-)MPa deg (+/-)
Kl 1 -382 8 3.1 0.03 K11 -373 8 3.1 0.03
K1 2 -243 88 2.4 0.14 K1 2 -260 82 2.4 0.11
KL 3 -164 57 2.1 0.03 K1 3 -161 58 2.1 0.03
K21 -476 11 3.3 0.04 K2 1 -471 10 33 0.04
K2 2 -193 14 2.3 0.05 K2 2 -188 15 2.3 0.05
K2 3 -369 35 2.5 0.06 K2 3 -368 34 2.5 0.07
K1_W -197 32 2.3 0.03 Kl H -188 32 2.3 0.04
K2 W -169 37 2.2 0.05 K2 H -177 36 2.2 0.04

After grinding Measurement 1 After grinding Measurement 2

Measuring point ~ Stress  Variation FHMA Variation  Measuring point Stress Variation FHMA Variation

MPa  (+/-) MPa deg (+/-) MPa (+/-) MPa deg (+/-)
Kl 1 68 25 2.5 0.02 Ki 1 56 23 25 0.02
Kl 2 -183 41 2.6 0.13 Kl 2 -182 47 2.6 0.13
K1_3 -100 36 2.2 0.09 K1 3 -113 26 2.1 0.07
K2 1 295 19 2.4 0.02 K2 1 295 19 24 0.02
K2 2 -264 63 2.3 0.08 K2 2 -254 61 23 0.08
K2 3 -365 21 2.6 0.04 K2 3 -361 16 2.6 0.02
K1 W 93 13 2.7 0.01 Kl W 94 15 2.7 0.01
K2 W 238 26 2.6 0.01 K2 W 238 24 2.6 0.02

Figure 38. Residual stress measurements result before and after grinding of theideree

welded rail connection weld (A2) detail.
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--- K1 Mean before grinding K2 Mean before grinding
—KI1 Mean after grinding K2 Mean after grinding

Figure 39. Residual stress measurements mean values after and befdiegaf the three
side welded rail connection weld (A2)he direction of measurement is longitudinal to the
load-carrying beam.



51

3.4Laboratory testingnd test set up

Studied welds are tested in the laboratoinsteel Structureat LUT University. The est
setup isbuilt in a way that testing time for every tegtecimenis reasonableand rail
connection weldsindintermittent fillet welds can dtested at the same tinfeermanent
four-point bending is useffFigure40) to achieve desired aspects in the testifilge est set

up main dimensions are presented in appendirdting is don@troom temperature.
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Figure 40. The st set umt LUT University.

Test specimensare scaleddown compared taypical runway application to increase the
stress level in theail connection welaénd thusdecrease testing time. The used padfile

size is 30 x 50 (mm)yhichis common in many runway applicatiotst the load-carrying
beamusually isbigger tharusedin testing.In this test theload-carrying beam is HEA160.

It is usuallyused for exanple, the HEA340 beam under the test lodadscranés runway
HEA160 is usedor smallercapacitycranes HEA refers toa European lightweight wide
flange beamHEA160 and HEA340dimensions and material certificates are presented in
Appendix Xl andXIlIl. Both materialsHEA160, andrail aremade fromS355J2Cylinders
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are forcecontrolled one cylinder is masteand the second ia slave. Most of the test
specimensre tested b6 kN/cylinderforce Otherappliedforces are 6&N/cylinder and
75KkN/cylinder.

Studied rail connection welds al@catedbetween théwo cylinders wherethe bending
momentof the beanis constant. That is why the nominal stress is the same for both rail
connection weldsand it is possible to test two rail connection welds at the same time in one
testspecimenin this situationshear stressf the beamis zero between the cylinderBest
specimenwelds are designed in a way that intermittent fillet welds are under the cylinders
wheel contactln that casethe wheel loadjoesthrough the intermittent fillet weldl'he

situation is the samasin Figure20, but thecontact width is 30 mm instead of 12 mm.

In this researclthetraveling wheel load is natsedfor the intermittent fillet weldsndrail
connection weld Traveling wheel load will caae shear stress change in the weld. Now
this is notto be testepdand shear stressabse tazeroin the wheel contact ardéis assumed
thattheinteraction equatiofil) between nominal and shear stress is workisig presented

in theEN19931-9 standard

The inteactionequation(1) considers theffectof theshear stregs on the fatigue capacity
of the jointseparatelyand that is why the shear stress change itorim tested by a traveling
wheel. It is assumed that shear stress design details in the Eu®aoelevalidin these

studied situationsT'his decision also reduces testing time and costs, and test resoitzrare

comfortableto analyseand results areeliable when the loading imiaxial

Figure41 shows all the supporting structures tkaepthe testspecimerand cylinders are
in the right place during testingBetween metal partghere are oiled plastic plates to
minimize friction. In Figure40, two mountirg parts that are under tesgiecimerend plates
can rotate and move freebn the floor These arrangementdlow the test specimento
behaveas it should be in the foupoint bending Strain gauges aratilized in the test
specimengand thosevaluestake into account thieiction between the moving parts.
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Figure 41. Supporting parts to keep the cylinders and tgsécimernis in place during the
testing.

Figure 42. The st set up and tespecimenst LUT University.

3.5 Testparameters
Testspecimensare testedby threedifferent loadimg levels. Most of the test results atested

with 66kN/cylinderforce, and the second loading case ikRBcylinderalsq testspecimens
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are tested by 60kN/cylinder force.These values are used becatisey are common
maximum values for the wheel loads that are accepted imthestrial cranés runway
applications.Therebre, the intermittent fillet welds are tested cloe actual loadings.
Different load caseslso obtaintest results from different nominal stressmges andgive
additionalreliability to thefinal FAT. valug whichis derived from the fatigugest results
In the testthe appliedstress level is higher than itgeneally accepted in the runway load

carrying beams orderto reduce the testing time.

In Figure18, weld shapes dahe studied rail connectiomeldswerepresentedFATS6 (A3)

is the main tested rail connection weldheTarget is to get 16 test points for the FAT56 rail
connection weld. This number of test poietsableso doregressioranalysis for the test
results. FAT71(A2) rail connection weld is tested to get 10 test moifhe goalis to
determinaf the test redts are in line witithe EN130013-1 design rule. Intermittent fillet
welds are tested at the same time when testing rail connection welds and test results are
reported.The runrout limit for the studied weldss set in this study to b800 000 cycles.
Somre welds especiallyintermittent fillet weld weretested longerFailure in the stdied
welds ha happened when thrack was propagatetrough the weldigament In order to
estimate the@ime of the failure in the specific number of the cycles, strain gaugethe
studied welds and laboratory staff observations are Wsdnbratory staff observations are
needed becauskee fatigue crack may grothrough the stain gaugefbee the final fracture

happens intte rail connection weld.

3.5.1 Nominal stress in the testing and calculations

In the testingtherewereused strain gauges in different locations to determine the failure
stage of the studied welds, ensurethat loading is correct for every tegtecimerandto
calibrate the FEnodel. Therewere strain gauges in 12 different locat®on the test
specimenA minimum number of strain gaugestiseein one tesspecimenBased on the
strain gauge valuethere is under 5% difference betwdamte element(FE) model results.

All the strain gauge locations are showfigure45.

The used nominal stress is verifiedthe testing Straingauge valuesaremeasured in the
fatigue testingand then compared to the FHBodel valuesStrain gaugs were usedn

different area®f the test specimen to calibrate the-fRBdel Strain gaige locations are
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shown inFigure45. Results show that the AR&odelis similar to the testing situatipand
strain gaugegive the same values #s FEmodel Constraints aré¢he samein the FE
modelasin the testingloadingis located at the same positiandthe wheel contact width

In the FEmodelconstraints are modelediddle of the tesspecimerassembly groovd-E-
modelconsiss of 3D tennodestetraelementsand mesh size is increased in the studied areas
to give accurate values. The used material properties are Peisgmy = 0.3 andY ounds
modulusk = 207 GPa.An examplingpicture of the testpecimerFE-model is presented in
Figure43.
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Figure 43. Testspecimer-E-model. The used load in the picture iskb§cylinder.

Rail connection weld A3 nominal strasgalculatedoy usingthe FE-model The totalsum
of the forces in the nominal directiorthat is going through the weld used Finally, hat

value isdivided bythecrosssection of the weldequationl8).

SUM-nomi nal

l‘:Itop wel ded r ai-l gcowrﬁctﬂo%dvelrﬂm 18

Illustration pictureof how theglue forces are read is shownFigure44.
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Figure 44. The glue force sum determinedrom FEmodel.

The affecting nominal stressin the tes arepresented iTable3. Most of the inérmittent
fillet welds ay throat thicknesseare approximately 4 mm, and hat value is used in the
calculations.The value is deriveffom the visual inspection after welding amdeasuing

testspecimens

In Figure45, the numbered circles show the different areas where the nominal stress is rea
Those values are presentedTiable 3, andthe presentechominal stress values are taken
from the calibratedFE-model Red circles indicate the strain gauge locations in the test

specimen

All the strain gauges are
measuring the longitudinal
strain values.

One strain gauge

measuring nominal
and perpendicular

directions

One strain gauge

measuring nominal
and perpendicular

Totally there has
been strain
gauges in 12
different
locations during
the testing

directions

One strain gauge
middle of the bottom
flange

el

Figure 45. Strain gauge locations in the fatigue testing and nominal stress areas that are used

in the calculations.
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Table3. Nominal $ress levels when testing rail connectiondsgatith different load cases
Thecircled number indicates the studied area locatiorigure 45.

Loading Nominalstress in the area [MPhésed on thealibrated=E-model
case Bottom | Top | Top of the Top Intermittent | Intermittent
flange | flange rail welded fillet weld fillet weld
connection rail whenthegap | whenthegap
part connection| is Imm and | is 1mm and
weld(A3) | aw=4mm aw=4.5mm
Cylinder 257 -139 -220 -380 -150 -133
force
60kN/unit
Cylinder 283 -153 -242 -418 -165 -147
force
66kN/unit
Cylinder 322 -174 -275 -474 -188 -167
force 75
KN/unit

The nominal stressf rail connection welds laterusedwhen thetest results are scal¢d

the bigger loagtarrying beams.

3.6 Verification ofthe fatigue testing system and smaller tggécimensompared to the
averagesizeof theload-carrying beam
HEA340beam is typically used in the crameunway applicationsn thefatiguetestingrail
connectionwelds FAT class is testaslith the HEA160 beamBecause there isdefinite
sizedifference in the loadarrying beam sizat will affect to theresidual stresseasa the
weld (Figure46). As presented previousiy the theory partresidual stresses havede in
weld fatigue strength. That is whige HEA340 beam is welded wh a 30 x 50 (mm) rail.
Both materials are S35%nd thesame welding proceduris usedthan welding test
specimendor fatigue testingResidual stresses are measuretivo different stageto see
the difference in the residual stressiging and afterwelding and compared to HEA160
beam:
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1. Residual stresses are measured before welding 500 mm assembly fillet welds
2. Residual stresses are measuredelsled stage after the 500 mm assembly fillet

welds are welded

]

v ‘5 i

Figure 46. HEA160with rail com[;ard t¢HEA340with rail fatiguetestspecimen

Shield gas flow rate was 18nin, and the used shield gas is Misom8yjichincludes Ar+
8% CQ + 0.03% NO. The usewelding process is (MAG) 13andfiller material was 2
mm ESAB OK AristoRod 12.50 metal wire. Used welding parameters are presehéddian
4. Welding order is the sanssfatigue tesspecimensand the next welding pass in the rail
connection weld is welded when the interpass temperature is undéC13elding is

performedatroom temperature.

Table4. Welding parameters when welditige HEA340 tesspecimen

A3 top Intermittent fillet | 500mm assembly
welds fillet welds
I [A] 270- 290 280- 300 280- 300
U [V] 26.6 279 279
Wire feed [m/min] 8.0 8.8 8.8
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Intermittent fillet weldsaw throat thickness is.6 mm averageand the 500 mm assembly
fillet welds aw valuesare between.B-5.5 mm. Visual inspection shows that welgsality

is excellent HEA340 tesspecimerafter welding is shown iRkigure47.

o bR
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Figure 47. HEA340 and top welded rail connection weld (A3) after weldingd intermittent
fillet weld.

3.6.1 HEA340 loadcarrying beanmeasuredesidual stresses

Theresidual stress measurement reafltdEA340 test specimen top welded rail connection
weld (A3) are shown ifrigure48 andFigure49.

Before 500 mm Before 500 mm
fillet welds Measurement 1 fillet welds Measurement 2

Measuring point ~ Stress  Variation FHMA Variation Measuring point ~ Stress ~ Variation FHMA Variation

MPa (+/-)MPa deg (+-) MPa  (+/-) MPa deg (+/-)
Kl 1 161 22 2.6 0.02 Kl 1 160 23 2.6 0.02
Kl 2 -54 29 2.1 0.02 K1 2 -49 31 2.1 0.02
K1 3 38 12 2.3 0.04 Kl 3 24 12 2.3 0.04
K2 1 175 11 2.0 0.03 K2 1 180 14 2.0 0.02
K2 2 19 28 2.1 0.02 K2 2 7 25 2.1 0.02
K2 3 5 15 2.3 0.05 K2 3 5 8 2.3 0.05
KI W 196 37 1.7 0.05 Kl W 191 26 1.7 0.05
K2 W 173 33 1.8 0.03 K2 W 184 31 1.8 0.04

After welding 500 After welding 500
mm fillet welds Measurement 1 mm fillet welds Measurement 2

Measuring point ~ Stress Variation FHMA Variation Measuring point ~ Stress Variation FHMA Variation

MPa (+/-) MPa deg (+/-) MPa (+/-) MPa deg (+/-)
Kl 1 82 27 2.2 0.04 Kl_1 83 29 2.2 0.03
K1 2 64 40 2.1 0.05 Kl 2 70 38 2.1 0.04
Kl 3 -160 31 24 0.04 K1 3 -158 33 23 0.04
K2 1 153 43 2.1 0.04 K2 1 151 41 2.1 0.04
K2 2 -5 77 2.2 0.04 K2 2 -20 78 2.2 0.04
K23 -3 36 2.1 0.04 K2 3 -6 29 2.2 0.04
Kl W 209 67 1.9 0.06 Kl W 217 064 1.8 0.07
K2 wW 205 74 1.7 0.06 K2 W 213 73 1.7 0.07

Figure 48. Residual stress measurements result before and after welding 500 mm assembly
fillet welds in the top welded rail connection weld of the HEA340gpstimen
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= Measuring point location
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Figure 49. Residual stress measurements mean values before and elflergn5600 mm
assembly fillet welds in the top welded rail connection weld of the HEA348pestmen

The direction of measurement is longituditathe loadcarrying beam.
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4 RESULTS

4.1 Analytical fatigue strength assessmeesults
4.1.1 Nominal stressnethod

The rominal stress method igtilizedto determine the fatigue strengtith equatior2. Table

5 summarizethe resultsvith different loadcasesThere are chacteristicand mean fatigue
life estimations for eacktudied caselhe used nominal stressafsthetop flangeare based

on the calibrated Fodel Intermittent fillet weld nominal stress has been obtained by
using4.5 mm throat thickness and 50 mm weld lerfgttithe loadcarrying crosssectionof

the weld The FATcvalues are taken from tleN130013-1 and the EN1993-9 standards
FATmvalue has been obtained by multiplying #&T. value witha 1.37 factor.Thereare
presentedFAT claseswith and without the special conditiofts the rail connection welds

in Table5.

Table5. Fatigue life estimationsef nominal stress methaghder testing loadinggxx=FAT
class without special conditions // yf=AT classvhenspecial conditionsire applied.

Studied area ol FAT: | Nic[cycles]| FATm | Nicmea [cYycles]
[MPa] | [MPa] [MPa]
Intermittent fillet weld | weld 36 39663 49 100 015
aw= 4.5 mm. 133
(60kN/cylinder loading)
Intermittent fillet weld | weld 36 29376 49 74 074
aw= 4.5 mm. 147
(66kN/cylinder
loading)
Intermittent fillet weld | weld 36 20 035 49 50521
aw= 4.5 mm. 167
(75kN/cylinder loading)
Intermittent fillet weld | weld 45 77 466 61 192 959
(aw= 4.5 mm). 133
(60kN/cylinder loading)
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Table 5. Fatigue life estimation®f nominal stress method under testing loadin
(xx=FAT class without special conditions // y{#AT class when special conditions &

applied).

Studied area ol FAT: | Nic[cycles]| FATm | Nimean[Cycles]
[MPa] | [MPa] [MPa]
Intermittent fillet weld | weld 45 57 374 61 142 912
aw=4.5 mm. 147
(66kN/cylinder loading)
Intermittent fillet weld | weld 45 39131 61 97 470
aw=4.5 mm. 167
(75kN/cylinder loading)
Rail connection weld,| top |56//63| 130783//| 77//86 | 339983 // 474
A3. Based on the flange 186 212 676
EN130013-1 standard| 139
(60kN/cylinder loading)
Rail connection weld,| top |56// 63| 98066/ | 77//86 | 254 934 // 355
A3. Based on the flange 139 630 182
EN130013-1 standard| 153
(66kN/cylinder loading)
Rail connection weld,| top |56// 63| 66672/ | 77//86 | 173 322 & 241
A3. Based on the flange 94 930 478
EN130013-1 standard| 174
(75kN/cylinder loading)
Rail connection weld,| top | 71//80| 266539//|97// 110, 679 &4 // 991
A2. Based on the flange 381 290 205
EN130013-1 standard| 139
(60kN/cylinder loading)
Rail connection weld,| top 71//80| 135881 // |97/ 110| 346 495 // 505
A2. Based on the flange 194 380 313
EN130013-1 standard| 174
(75kN/cylinder loading)
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4.1.2 Effective notch stress

FE-modelis usedo determine the ENS factin themodel one megapaschiad is applied
in therail. After analyzing the FEmodel,themax pringpal stress is read from the weld root
side.Thecalculatedhominal stress different loading conditions thenmultiplied by this

factor to get effective noficstress valua the weld root side

The FE-modelis madebased on the [IW recommendatioAsl mm radius circle is applied

to the weld root side and then2 mm radius circle around that to help get needed size
elements around the rounding. In the-fRBdel it is used M5 mm element sizeand the

size is also determined to the radius edge. The used eleraaeightnode 2D plane stress

el ement. Used materi alv=p3 opred ty esnExEr®e Mmod u
GPa.The samemodeling practices and material properties are used in evenydeel. One

example FEmodel is shown irigure50.

Figure 50. Used FEmodel to determine the ENS factor for the intermittent fillet weld

ENS fatigudlife estimations are presentedTiable6. The same B7 factor can be used

the ENS calculations to ha¥\Tm mean values that have a 50% survival probability.
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Table6. ENScalculation method fatigue life estimatiod®@ble3 nominal stress values are
utilized. A3 rail connection weld dimensions aleown inFigure 18.

StUd|ed area ijENS [M Pa], FAT Nfc FATm Nfc,mean
ENSactor ool = qalens | [MPa] | [cycles] [MPa] | [cycles]
Intermittent fillet 423 150=635 225 88 973 308 228 224

weld, aw =4 mm
(60kN/cylinde)
Intermittent fillet 4.23 165=698 225 66 990 308 171 837
weld, aw =4 mm
(66kN/cylinde)

Intermittent fillet 423 188=795 225 45 339 308 116 300
weld, ay=4 mm.
(75kN/cylinde)

Rail connection 428 8031626 225 5299 308 13 593
weld, A3.

(60kN/cylinde)

Rail connection 4.28 4 189 = 225 3979 308 10 206
weld, A3.

(66kN/cylinde)

Rail connection 428 4 2 d@29
weld, A3.
(75kN/cylinde)

225 2727 308 6 996

ENSmethodeffective notch radius locatiorad valuesn the studied weldare presented

in Appendixll.

4.1.3 Linear elastic fracture mechasi

Linear elastic fracture mechanics analysisasied out Franc2D software for A3 ralil
connection weld and intermittent fillet wellhe used software is Franc2D versiqradd

the actual 2Bmodel is done with CASCA prerocessor softwar&.or the threeside welded
rail connectionweld A2 Fran@D softwards not suitabléecause t A2weld detailcannot

be studied within 2D dimensions.
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Franc2Dsoftware is utilized t@et fracture propagatiotime and to see if it is possible to
get good results from this analysis method in these studied cases. Used values in the analysis
arg C=3.0 0 (urit§ Newton and millimetreghdm = 3. In the Franc2Dthecrack
increment isset to beD.2 amount of crack gneth at each stepkrintegral is onpand intern
theory SIGTHEFT maxis on. The same parameters are used toe top-welded ralil
connection weld A3 and intermittent fillet wekthd the used analysis tyisghe plane strain
method.In the calculationthe used reference loady is 100 MPa. For A3 rail connection
weld, the used constraints are on the left 310€Yi, and Y directioris fixed, andthebottom
line Y direction is fixed. Intermittent fillet we left side Xdirection is fixedand bottom ¥
direction is fixed. In addition to that, the situation is calculaigdusingan analytical
approacho confirmthat K1 values ari line with Franc2D resultéAppendix Il). Franc2D

models for the rail connection weld A3 and intermittent fillet weld are showigure51.

X and.Y a=21mm Load
directions B >
fixed aw =9 mm

Y-direction fixed

T Load

VAY,
/\ 2 /
7 AVAY,
7, A
ai=25mm
X-direction _
fixed aw=4 mm
Y [ >
X

Y-direction fixed

Figure 51. Franc2Dcrosssectionmodekrepresentingrinciples of A3 rail connection weld

and intermittent fillet weld.

Crack propagation results from the Franc2D analysis are sholabla7. TheFAT, class

is derived fromequationl9, and theN« value is @t from the Franc2lanalysis
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Table7. Franc2D linear elastic fracture mechasimethod results

Studied case Nrc [Cycled FAT.: based on the result
a n di=tP0MPa
A3 rail connection weld 9125 16
Intermittent weld 27 711 24

In Figure52, indicatesthe strain value change in the weld during fatigue tesfinga (1)
present the crack initiatiorphaseandArea (2) is the crack propagation pha&elta curve
is the difference between max and reirainvaluesof the strain gaugd.hestrain gauges

located top of theail connection weld.

4000
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0 Mecoooooooo s T
0 S i [ 100000 ’ - 150000
[ s e — — — — . — — :
1000 —_——t . —— s
1 >l 2. >

-2000

Figure 52. Strain gauge valuest thetop of the rail connection weld. The tesgtecimen

number isA3-9G, and the strain gauge number is 4.
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4.1.4 AR method

Maximum pointsi andUare calculatethy RambergOsgood materigdbehaviourin the first
load cycle In the plasticegime local maximum stress is differeabd maximum stress can
be obtained in that region by using Neubaotch theory Uressetsthe initial starting point

in the RambergOsgood material curvéBjork, et al., 2018, p3.) To solve equatior20,
numerical solver or other mathematical methods need to be used becausdocinsed

solution is not possible to derive.

6 OF O+0 o2
EYE o 20
where,
E Youndgs modulus
H 1. 6R5
n 0.15
a Maximum (8max) or minimum stres (Gmin)
U Notch stress
Cres Residual stresses

The right stressymbol (-) needs to beadded to thefinal U result if the loading is
compressive in the studied area, like in this stdilien unloading occursthe material
behaves based othe kinematic hardening rule, also known as Bauschmgsfect
RambergOsgood material model and Neubeawuleare used ta@hange froma monotonic
curve tocyclic curve(Bjork, et al., 2018, p. 3] h ell vaioie can be calculatetcordingo
equation 2, but a closedorm solution cannot be derivedndthe numerical solver needs

to be used

1

o o = o 2
qi ool
4 A—_ = =
ET?0R T ok 21

ThenUmaxor Umincan be calculated by equatid®.

lc-,lmiﬁ&ma;(qj:I 22
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Finally, Rocaican be calculately equatior23.
G
R o c:a&mI " 23
ma X

These values are utilized to calcul#tte 4R method fatigue life in the studied situations
based on equatidhin the theory part. Results are show able8 and detailed calculatien

in AppendixIV.

Table8. 4R method resultsf the bp welded (A3) rail connection weld

Studied caserail connection weld (A3) Nrc [cycles]
Cylinder force of 60 kN 117 515
Cylinder force of 66 kN 83 001
Cylinder force of 75 kN 75 959

4.2 Fatigue ést results

In the testingthefailure occurswhen the cracgrewthrough the weldresulting inost load
carrying capacityln Figure53 left sideis afatigue failure in theéop weldedail connection

weld and in the assembly fillet weld that is longitudinal to the rail. Indbeng fatigue
failure appeardirstly in the assembly fillet weldl.), before the rail connection we(@.).
Threeside welded rail connection weld (A2) fatigue failure is shown on the rightirside
Figure 53, and the fatigue cracks propagated around the rail connection weld before it

merged
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Figure 53. Left is a ftigue failurein the A3 weldafter 209 000 cycles the A39G test
specimenOn the ight side is datigue failure of the A2 weld detail.

Test resultfrom the fatigue testingrepresented i able9. Appendix XVI includes all the

strain gauges data of the fatigue test specimens.

Table 9. Test matrix othe top welded rail connectiorneld (A3)test resultsMarking G
meanghat there is a gap between rail atite top flange in the testpecimenThe fatigue
life estimation values are characteristic.

Fatigue testing results
Nominal Cycles to
Type of a- stress Top flange failure based
cint Test dimension, intermittent nominal stress on the Cyclesto  Cyclesto

] piece  Testing Cylinder avarage filletweld  (FE-model) EN13001  failure, rail failure, rail  Test

code order force [N] measured F/A [Mpa] [Mpa] standard weld 1 weld 2 stopped
A3

A3-2 1 60 000 5 120 -138 133 646 221194 254 110 550 138
A3-6 7 73000 4.6 163 -174 66443 143 769 1405396 174 934
A3-7 ] 66 000 4.4 150 -153 98066 211 865 242 648 301645
A39G 3 66 000 4.5 146 -153 98066 138 482 161 552 904 836
A3-11 8 75000 4.1 182 -174 66443 104 201 110357 205911
A3-16G 2 66 000 39 169 -153 98066 188 278 100 856 938 440
A3-17G 4 66 000 4 165 -153 98066 105 357 138907 605 182
A3-18G 3 66 000 42 157 -153 98066 107 686 108 301 500008
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In Figure 54, testpoints areplotted accordingdo the fatigue life estimation based on the
EN130013-1 design ruls of rail connection weld detaivith FAT56 and FAT63in the
logarithmic scaleFigure54 shows how the test results are scattered compared to the design
rule. There are two comparison linéise grey line number of cycles to failerin fatigue
testingNr is multiplied by three andthe second@reyline N is divided by threeThis rule

is presented iRRadaj, Sonsino and Frick2016 bookpage28. Between lhe wo greylines

the survival probability level is 95 %. The x-axis is thefatigue test resultandthe y-axis

value is the calculated fatigue life based on the EN133Dktandard.

1000000
line
—Nf*3
—N1/3
A FATc56
® FATc63

100000

Ny test results [Cycles]

10000

1000
1000 10000 100000 1000000

Nj, calculated by EN13001-3-1 design rules [Cycles]

Figure 54. Top welded rail connection weld (A3atigue test points compared to the
EN130013-1 design rule

Fatigue test resultsf threeside welded rail connection weld are showi @ble 10.
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Table 10. Test matrix of théhreesidewelded rail connection weld (A2) test resulifie
fatigue life estimation values are characteristic.

Fatigue testing results

Cycles to
Type of Top flange failure based

Lo Test nominal stress on the Cyclesto  Cycles to

Jomt piece Cylinder (FE-model) EN13001 failure, rail failure, rail  Test
code force [N] [Mpa] standard weld 1 weld2  stopped

A2
A2-1 60000 -138 389 639 353578 360527 486 565
A2-2 75000 -174 193 712 264 204 270807 270807
A2-3 60000 -138 389 639 297211 497214 497214
A2-4 75000 -174 193 712 203 441 232174 232174
A2-5 75 000 -174 193 712 192 256 351595 4314006

Fatigue tesresults are plotted and compared to the EN1330Istandard design rules in

Figurebb.

1000000

—line
—NT*3
—NTf/3

A FATc71
® FATc80

100000

Nj, test results [Cycles]

10000

1000 10000 100000 1000000
Ny, calculated by EN13001-3-1 design rules [Cycles]
Figure 55. Threeside welded rail connection weld (Aftiguetest points compared to the

EN130013-1 design rule.
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4.3S-N curves and FAJvalues of the fatiguetest results
For the testesults statistical evaluation igstablishedby three different method. Two
methodsare based on thédW recommendations for the fatigue test resudisd the third

method isEurocode 3 appendix D instructions.

In this chapterFAT. valuesbased on the testing aneNScurves are presented. The FAT
value based on the testing is also comptrdide closest standard base FAT cldssese S

N curves areonductedased on the\W recommendations. There are 16 test points totally
from the A3 rail connection weldnd 10 test points A2 rail connection wekbr the
intermittent fillet welds there are 16 test pointShe presentedrAT clasesaredepending
on how t he nivameisdefihed BAT classes deriged from the test results are
presented iTablel2. For the regression analysis in both sade S-N curve slope is fixed

to be 3.In this testingit is desied to know the derived value based on threderlying
assumption than valueis 3. More test points are required to determmealue accurately
from thetest resultsMore exactvaluesof the calculationsfor the regressio analysisare
shown in appendix VI, VII, VIIJ IX, X, andXI.

SN curve inFigure 56 qal value is read from top flange nominal stress based on the
EN130013-1 standard instruction$he redline isacomparison lindased on thetandard
andbluelines are derived from testinghe used comparisdPAT. is 56 in the &N curve
based on the EN1306&1 standardand FATm value iscreatedoy multiplying the 56 by
1,37 factor
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1000 . .
N S-N Curves, Ao is top flange nominal stress
e ——FAT56 EN13001
- - e Test points
- - - FAT50% Test
Tl ——FAT97,7% Test
& --- FATm76,7 EN13001 Mean
2
3
<
100
10
1000 10000 100000 1000000 10000000

Ng [Cyecles]
Figure 56. S-N curve based on tHatiguet e st rleaua ik tbpsflangegmominal stress

asin theEN130013-1 standardTop welded rail connection weld (A3).

Figure57 0 thiersominal stressf rail connection weldand it has been compared?AT.
36 value (red curve)lhe FAT. is 36 based on the current EN1993® standard fothe
fatiguedesign ruleof the weld rooside andthe FATm value iscreatedoy multiply the 36

by 1,37 factor.
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10000
S-N Curves, Ao is A3 rail connection weld nominal stress

——FATc36 root side EN1993-1-9
e Test points
FATS50% Test
FAT97,7% Test
- -- FATm49,3 root side EN1993-1-9 mean

Ao [MPa]

10
1000 10000 100000 1000000 10000000

Ni [Cycles]
Figure57.SNcur ve based o valueishernomisalstresss topuleltes . @

rail connection weld(A3), and comparisonFAT class is taken from the EN19939

standard

In the IIW recommendation®ther regression methodan bamore accurate than previously
presentedThe main difference between these two IIW regression analysis is how the value
k is calculatedTwo SN curves are plotted based on thisegression method resu:N

curves withm = 3 andm = 2.29 (based on the test results) are showRigure58, and the

FAT valuesfrom this regressiomethodare presenteith Table11.
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Figure 58. IIW other regression analysisethodresults of theop welded rail connection

weld (A3),

Table11. Results fronthe secondl\W regression analysis.

Top weldedail connection weld (A3)

m FATm FAT. R2
3.00 65 52 0.25
2.29 50 37 0.28

Threeside welded rail connection weld (A2)

m FATm FAT. R2
3.00 84 67 0.28
1.8 55 40 0.51




76

1000 . .
S-N Curves, Ao is top flange nominal stress
——FAT71 EN13001
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---FAT50% Test
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Figure 59. SN curve based on the fatigue test

nominal stress adefinedaccording tathe EN130043-1 standardThreeside welded rall

connection weld (A2).

For the intermittent fillet weldso fatigue failure h@happened during the testing. Only one
small crack occurredt the weld toeFour testspecimengvere cut into two piecesn the
intermittent fillet weld locatioato see if there iafatigue crack growing from the weld root

side(Figure60). There werenot noticed any fatiguecracksat all.

Figure 60. The weld root sideof the intermittent filletweld is inspectedo seepotential

fatigue crackpropagatedrom the weld root side



77

Intermittent fillet weld results are analysed using load cycles when testing is stdpped
assumptions thatthe fatigue failure would happen in the next load cydlest results with
the gap between rail anthe top flangeare usedto determinethe FAT. value becausat
ensursthat wheel loadgothrough the intermittent fillet weJ@nd the nominalteessof the
studiedintermittent filletweldsis known Therun-out limit of thetest specimenis set to be
500 000 cyclesTheusedstatistical analysis thellW method to determinghe characteristic
FAT value fromfatigue testingThe obtainedcharacteristi¢-AT. valueis 86 in this caseln
Figure6l, the SN curve is shown and compared to the EN1QIBFAT36 class

10000
S-N Curves, Ao is intermittent fillet weld nominal stress

—— FATc36 root side EN1993-1-9
* Run out points
FAT50% test
FAT97,7% Test
--- FATm49,3 EN1993-1-9 mean

10
1000 10000 100000 1000000 10000000

Ng [Cycles]
Figure 61. S-N curveof intermittent fillet weld based on the test resulise baselineFAT

class is taken from the EN19939 standard

Table12 is a summary of the FAJ valueswith differentregressiommethods Values are
compared to the current standard valokthe studied weld detailhe usedraluesin the

Eurocode regression analyaieshown inAppendix M and X
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Table12. DerivedFAT. valuesof the studied weldsom the fatiguetest results.

Weld detail& used statistical calculation| FAT derived from | FAT based on the

method thetest results standard
(A3); qail value is nominal stress top 147 360r45
weldedrail connection weldllW 97.7%
(A3); qal value isthetop flange nominal 54 63
stress of the test speciméiw 97.7%
(A3); U v ia fopuflangenominal stress| 37, m=2.29& 63
of the test specimeffhe secondlW 52,m=3

regressiormethod 977%

(A3); U v iathetop flange nominal 53 63
stress of the test specimé&urocode

regression analysis

Intermittent fillet weld,ppd v atheu e 86 360r45
nominal stress of the weldW 97.7%
(A2); pd v athedop flahge nominal 69 80
stressf thetest specimerllW 97.7%
(A2); pd v athetop flahge nominal 40,m=1.80 80
stress of the tespecimenThe second [IW 67, m=3

regression method 97.7%

(A2); pl v athedoe flange nominal 67 80
stress of the test specimé&urocode

regression analysis

4.4 Scaling test results to resilze runway application

Usually, the loadcarrying beam idarger than the used onen this fatigue testing for
example, HEA340n that casetherail with a fixed crosssection sizehas amore significant
impacton the overall crossection propertieshenthe loadcarrying beanprofile is small.
Then thenominal stress level changen®re considerablieetweertherail connection weld
and the top flange with smalleHEA160) load-carrying beamcompared tothe large
(HEA340) beamlt needs to be cortkered becausthe EN130013-1 standard design ride
use thenominal stressf the top flange¢o determinghe fatigue strengttof rail connection
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welds. That is why test results need to be scaledHetargeload-carying beam to gethe
correct FAT value Thenominal stressf rail connection welds usedas a reference value
betweertheteg specimerandlargeload-carrying beanin the scalig procedurgFigure62.
Finally, the top flange nominal stress of the largeamis obtainedfrom the FEmodel.
Therefore,it is conducted in order teee the diffeencein thetop flange nominal stresses
when the nominal stresd rail connection welds fixed between differensizesof load

carrying beamprofiles This samescaling procedure can be done with thealytcal
equations also.

Case 1. Fl Fl Fatigue test: Span 3 000
mm, HEA160 + rail

1. 6141 welqa NOminal stress value is got by FE-
model in case 1.

\ 2. A large in size runway application is modelled,
/’ case 2. Force F2 is adjusted in a way that 6,441 weid
nominal stress value is the same than in the case 1.

O HEA340 Top flange = ¢ » Top flange nominal stress

is read from the FE-model and that value is used in the
scaling.

F2 F2

|

A large in size
application: Span 6 000
mm, HEA340 + rail

Figure 62. The main principle of the scaling procedure.

The FEmodel ofthelargerload-carrying beanis donefor theHEA340profile, andthe used
rail profile size is30 x 50 (mm)The panlengthis 6 000 mm, loading is 153¥ kN/cylinder
and cylinders location 800 mm away from each other. In this sity#tiemominal stress is
the same in the rail connection weld adatiguetesting. From the Fiodel, top flange
nominal stress idrawn andbased on that valu&AT. valuescaling is created. Fitgt the
fatigue life is calculated bysingequation 2 andcharacteristid~AT. value from fatigue
testing The nominal stress of the HEA160 top flange is u3é@nscaledFAT. value is

derivedby equation25 using nominal stressf the HEA340 profile top flangeand fatigue
life from equation24.
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When doing thisthe FAT: is comparable with the EN1306&1 standarddesign ruls that

usethe nominal stres®f the top flange Table 13 showsa summary of the scaled FAT

values More detailed calculations are shownAppendix V.This sameprocedurds also

conductedvith analyticalequations without FiEnodel inAppendix XV.

Tablel13. Scaled FAJvaluesof the studied welds

Studiedsituation Usednominal stress and

calculation method

FAT.: derived from the

test resultsind scaled

FAT: based on

the standard

(A3) top welded rail connection weldest
resultsarescaled tdarge insize application
by usingthe nominal stressf rail connection
weldand IIW 977% valuefrom thefatigue
testing (Nominal stress values ageawnby
usingFEA)

64

63

(A3) top welded rail connection weldest
resultsarescaled tdarge insize application
by usingthe nominal stressf rail connection
weldand [IW 977% value fronthe fatigue
testing. Nominal stress values ageawnby

usinganalyticalformulas)

67

63

(A?2) threesidewelded rail connection weld
Test resultarescaled tdarge in size
application by usinghenominal stressf rail
connection weland IIW 977% value from

the fatiguetesting.

82

80
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Tablel3. Scaled FAJvaluesof the studied welds

Studied weldUsednominal stress and | FAT. derived from the FAT. based on

calculation method test results and scale the standard

(A2) threesidewelded rail connection weld 86 80
Test results scaled targe insize application
by usingthe nominal stressf rail connection
weldand IIW 97.7% value frorthe fatigue
testing. Nominal stress values ageawnby

usinganalyticalformulas)

4.5 New analyticalequationdaseddesign rule for the rail connection welds

The scaled FAJvalueresult show that there is a difference in tR&\T. valuedepending

on the loaecarrying beam size. That is why a new design stleuldbe developed for the

rail connection weldand it shouldconsiderall the affecting variables: the loadrrying

beam profile crossection, rail crossection and rail connection weld crosgction. The
EN130013-1 standard design rule does not consider these aspects. FAT class is the same

for every loadcarrying beantrosssections and rail profiles.

In the new design rule for the rail connection veelthalyticalequations are used. Fixst
testspecimemominal stress in the weld roteid,0tis determinedisingequation26. The
moment of inertidgeamarailiNCludes the crossection Aprofite) Of load-carrying beam profile
andrail crosssection frail). The eweid,root iS the distance fronthe neutral axel to the rail

connection weld roofThe pinciple picture of thenew design rule is shown Figure63.

IBeam&rail
_— 26
Erel d, root

Ower a =r %t, W, =

y
Equation 3 is usedo catulatethe weld rods nominal stresfor every loadcasen fatigue
testing This Uweldrootvalues are used to determine the Exdluefrom thefatiguetestresults
for the weld root detaibf rail connectionweld. Based on this approadetop welded rail
connection weld FAJis 71, andthe threeside welded rail connection weld FAB 9%6.
TheseFAT. values can be used to determitiee fatigue strengttof rail connection weldn

every runway application bysingequation Z.
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3
_ FAT -
Nfc, rail 'COﬂv\?ectiAnzaeld 27
el d, root
0,
N 7 —
(Apait)

| {Apmﬂle) ﬁ

Cweld root €weld root
Neutral axel

I = Beam profile (A,,.g.) * rail (A.)

eweld root — Distance from neutral axel to

/-' \ weld root

| I G

Figure 63. Principle picture of the new design rule for the rail connectionstkht utilizes
analyticalformulas.In the figure (A3) rail connection weld detail is shqvat the same
principle isused for thehreesidewelded rail connection weld (A2).
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5 DISCUSSION

Test results show thahe FAT classes ofthe EN130013-1 design rule for the rail
connection weldareapplicablefor the bigger loadcarrying beamslin addition to thatit is
recommended techangethe current design rule of thrail connectiofs weld design rule
description Based on the fatigue test resuttse FAT. valueis 54 for the top welded ralil
connectiorweld, and for thehreesidewelded rail connection weld FAValueis 69. These
values arebased on théatigue testresultsand the EN130013-1 design rule calculation
method. IIW and Eurocode regression analgsisdonego determinghe FATvalues Figure
54 andFigure 55 show that test resultsf both studiedail connection weldare inside th
95% survival probability levelvhen usingcurrent design rule$rom the EN130013-1
stendard

When using a smaller loazhrrying beamthe rail crosssection starts taffectthe overall
crosssection properties. Thisffectneeds to be considered when analysingadliguetest
results and compeng themto the typically usedcranés runway loaetarrying beams. Teh
scalng procedureof fatigue test resultselated tocrosssection size is presented ahapter
4.4. If the test resutarescaled tahe typically usedunway application, the FAvalueis
64 when the nominal stresgéad fronthetop flange otheload-carrying beam. itomplies
with the FATclass63 that is presented in the EN136®81 standard for the top welded rail
connection weld-or thethreesidewelded rail connection weld, the scaled FATc value from
fatiguetesting is82, and he FAT class in th&N130013-1 standards 80 These results
show that EN13003-1 design rulswork for large in sizdoad-carrying beam profiles=or
the smaller loadcarying beams the FAT class need to be smalle when using the
EN130013-1 current design rule

Characteristic FAJvaluesthatare derived from thatiguetest resultsieed to belassified
into the different FAT classes that are presented in the stan8difdsent FAT classes in
the standards are shownhigurel7. For the top welded rail connection wettle right
class is 50 or 56nd for the threside welded rail connection welthe FAT class should

be63 or 71. The classificatiotlependn how much certainty is desired inside the design
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value.The scaledest resultAT classes are83 for the top welded rail connection weld

and 80for the threeside welded rail connection weld.

Based on the fatiguestfindings anew design rule is presented in chagtér It considers
all the crosssection parameterdor exampletheload-carrying beam profilgsizeandtherail
crosssectionandalsothe weld size Analytical equations are used takulatethe fatigue
life with the new design ruJ@ndtherefore the FE-analysas not neededrhis same design
rule can be used fdyoth of the studied rail connection weld$he used FAJvalueis the
only difference FAT.is 71 for the top welded rail connection weldnd the threeside
weldedFATcvalueis 96. In the sandardizationthe usedFAT clasgsare 71 for the top

welded rail connection weld and 90 for theeeside welded rail connection weld.

For the intermittent fillet weldtest results show that the FATassis at leasB80 under the
testing condition. fis value is derived from the rtout resultsand it is assumed that failure
would happen in the next load cycle. Thesultmeans thathe currenty usedEN19931-9
design rule FATIlass36 is conservative when the loading is compresdilies finding can
also be found in the fatigue testresultsof the top weldedrail connection weld.The
standardizedrAT classis 140 for the top welded rail connection welthis value is valid
whenthetop weldedrail connection weld nominal stresis used The weld nominal stress
is drawnfrom the FEmodel. The closest FAElassfor the weld detail in the Eurocode 3
standard is FAT36vhichis meant forthe weld root side detail under compressive or tensile
loading. Based on the test results A&Dand FATBO0 arerelatively high compared to the
FAT36 that is presented in the EN199® standardThe reason for this differentetween
test results and standacdn be that theveld rootside has compressive residual stresses
slight tensile stressethat increase the fatigue strength of the weldse EN19931-9
standard allowshe use of the 0.6 redution factor for the nominal stress if the loading is
compressiveThisfactorcannot be appliefibr thecircumstancestudied herbecause welds
are notstressrelieved. These findinghighlight the importancef studyingweldsseparately

undercompressivéoading in comparison to tensile loading

In the Euler & Kuhlmanis article, a similar type of fillet weld connection between rail and
load-carrying eam top flangevere studiedin that articlethe FAT. valuehas been tested

for the continuous fillet weld in the rail and top flange attachment instead of intermittent
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fillet weld. Testing carried odarger test specimenélso, therewasa moving wheel load
situation that was studiedwhich differed fromthis projecs testing principles. In that
researchthe proposed FAJVvaluewas57 for the continuous fillet weldThe valuewas
higher than the current FAT36 in the EN19B9 standargand it includes the shear stress
change effec{Euler & Kuhimann, R18) Thatstudy indicates that the fillet weld FAT class
should be higher than the current FAT36 in the Eurocode 3 if the loadinglys
compressiveln this study, the FAT. value is 8&or theintermittent fillet weldwithout the
shear stresshange effectt is significantlyhigher tharthe FAT. value57found in theEuler

& Kuhlmann article for the continuou$y welded fillet weld.The FAT. value 57 indicates
that intermittent fillet weld needs to be tested urakeaveling wheel loadt is anaddition

to stationary fatigue testingf this study andit allows to get shear stresshangeeffect
consideredn the new design ruleThe difference between these two RA®&Iuess7 and 86
highlightsthe effect otheresdual stresses in the weld root satel how it affectthe fatigue
strength of the weld

Test results araear one anothegand the scatter of the test poirdsmall. It createssome
difficulties for the second IIW methoa orderto gainreliableregessionanalysislt can be
seenin theR2values thatare0.25 and 0.28based orthetest pointsThe frget isthatthe
R2value is close t0.00, and now it is far from theargetedvalue.This valueindicatesthat
from a statistical point of view, test points are closedohother, and it causes variatidor
the regression analydis generate accurate slopevalue This uncertaintyaffectshow the
final FAT. value is going to be derived frothe testresults.In orderto getadditional
accurateesults of theegression analyswith this methogmore testing needs to be ¢ad
out wi t hdwhlue. fTreseealues slkpuld Isegnificantly differentfrom the ones
testechere It would help to geR2value closer t@ne When the slopmis fixed to bethree
in the second IIW regression anagysthe resultturns out to be close tthe first 1IW
regressioranalyss result. The relatively lownR2doesnat causethe problem to derivate the
FAT. values because standards recommasidg fixed m values: three for nominal stress

and five for shear stress.

Residual stregshaveasignificart role inthefatigue strengtlof thestudiedrail connection
welds Residual sessesare measuredy X-ray in orderto get more understandirgg the

residual stress level in the rail connection welcka It is essentiato recognize the residual
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stress state in theeld root sideto see if itis compressive otensile The residual stress
measuremestof the fatigue test specimesbow thatall aroundthe rail connection welds
there iscompressive residual stre3$e main reasorfor the compressive residual stress is
the welding order.A longitudinal assembly fillet weldsiwelded lastWhen the500 mm
fillet welds shrinkafter welding it causesa force thatproduces the compressive residual
stress in the rail connection weltwill increasehe fatigue strengtbf therail connection
welds. Therefore, itis recommended to hawecleardescription of the welding order in the

design rué.

To be able tacomparetheresidual stresses different sizedoad-carrying beamn the rail
connection weld area large sizerunway loadcarrying beamHEA340 is weldal, and
residual stresses are measur€dese results are compared to the fatigge specimeris
(HEA160) residual stress resulfheresultsof the HEA340 test specimésresidual stress
measuremenshow thatthe welding order has aesirableimpact. The weld root has
compressive residual stress close to zerwalue Additionally, the top of the weld has
tensike stresin the HEA340 tesspecimenThere is a&ompressive residual straaghe weld
root side beforghe welding of the 500 mm assembly fillet weldh. is in line with the
findings presented ithe theory partof this study These findings of theimulation results
show thatthere are compressive residual stresses in the weld root witen multipass
welding is used Generally,it can be said that aftéhe welding of the 500 mm assembly
fillet welds, thetensile residual stress levell@veringor turning into compressive residual
stress in the root sid# rail connection weldlt has a positive impact on the fatgstrength

of rail connection weld

Despite the fatigue tespecimensiave compressive residual stressésround thestudied
rail connectionwelds. A failure happenedn the fatigue testindrom the weld rootside
becauseheweld root side haa moreirregula notch shape thatme grounded weld' outer
surfacelt causes higher local stress concentratidhe weld rooside andalso this explains

why fatigue failure happesfrom the weld root side

Hardness valueare at an accepable level in the studied weldsTypically, valuesunder
350HV donat causehydrogen or cold crackingn the weld area. 400HV value can be

accepted ifow hydrogen filler material is use(Ovako, 2012, p. 11jlardness valuesf the
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heataffected zone (HAZ)changecompared to the material hardness vallteis namal,
andthe level ofchange isaccepable The weldsand materia hardneswalues are close to
eachother. Themeasured/alues ardetweenl60-250 HVA Multipass weldingcausestte
difference in the hardness valograil connection weldetweertheweld root side and top
area of the weldFirstly, the previousweld is heattreated byadjacentwelding passesand

this affecs thehardness values diedifferent areas in the rail connection weld

Crack initiation time isnuch longer than the crack propagation phagbefatigue life of

rail connection weldBased on th&ranc2D resultgshe FAT. value is16 for thetop welded
(A3) rail connection weldandFAT. value is24 for the intermittent fillet weld. These values
are relatively low compared to tfetiguetest resultsCrackinitiation and propagation phase
can be seeim the strain gage value®f thefatiguetest specimesn During the testingstrain
gauge valuesstay stablefor a specifictime. Thencrack propagation occyrandit causes
fatiguefailure to happenn the rail connection weldrigure52 shows how the strain gauge
values start to change duririgtigue testing The strain gauge is located top of the rail
connection weldlt indicatesif any changesare about tdappenin the wéd andwhatthe
failure stages. Straingauge values indicate that the crack propagation time iaelgmall
fraction of thetotal fatigue life of the weldThe crack initiation phase is dommaThat is
why thelinear elastic fracture mechasidoesnat give an accurate fatigue life estimation of
the studied welsl Franc2D aalysis takes into account the crack propagation phase but not

at allthe crack initiation phase.

Fatigue life estimations vary quite mydepending on the used method. For exanthke,
nominal stress method based on the EN13®Qlstandard design rule gives 98 066 cycles
with FAT56, and 139 630 cycles with FATG8r the top welded rail connection weld66

kN force per cylindetoading siuation The ENS method gives on&y3 979cycle fatigue

life estimation. Fatigue test resulterebetween 109007 242 000 cyclesand the average
amount ofcycles to cause fatiguilure with ten test points is 150 393. The ENS method
considers the copressive stress to be as effectivéesmsile stress. The difference between
theENS method anthe fatigudest results show that there is a need to create a more accurate
calculation method for the wel@hese methods shoulake intoconsideationtheresidual

stress and compressive load effective part.
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The4R method ientirelyaccurateas afatigue strength assessment metfmdhe studied

welds even thoughit is created to assetise fatigue strength of the weld tola this study

the Rocal isusedin the rail connection weld roothe 4R method predicts 83 000 load cycle
fatigue lifefor thetop welded rail connection weldhen the test force is 66 kN/cylindétr

IS a characteristic valyeand the fatiguetest results arenatchingwith this faigue life
estimation.Summary of theesults and accuracy of the different methodscerningthe

fatigue test resultareshown inFigure64. Also, theexcellentfatigue life of the intermittent
fillet welds indicat esUstrdssrangetismentirdyeffecive. c o mp

Figure 64. Top welded rail connection weld (A3) fatigue life estimations by differeigjifat
strength assessment methodspared to the fatigue test resufhle fatigue life estimation

values are characteristic.

In thefatiguetesting when the loading is increased toki¥/cylinder, testspecimensatigue
life staysalmostthe sameasthelower 66kN/cylinderload caselt shows thathelocalstress
ratioinfluenceghefatigue life of the weldslin the testingthestress ratio igero for external
loading The used forces and test frequenase constant.Test results indicate that the
experiencesstress ratioqal, of weld detailis different from the assumedml situation
Residual stresses haaeole in this situationandtheywill affect thelocal stresgatio Rocal
that the weld iexperiening. It is differentfrom the external load stress raRoCompressive





















