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ABSTRACT

Recent developments in numetdicmodelling methods and tools have ledthe
application of new andmprovel fatigue designand assessmenmnethods The
structural hot spot stress (SHSS) approach is a relatively new approach for fatigue
assessment of weldments. The method is advantagamupared to the traditional
nominal stress method mainly becauske its ability to assessnore types and
variations of the structural details. It incorporates the effect of structural geometry into
the local stress ranges at the welds and predicts tigeddife based on these local
stress ranges. The method has been in use ininthestries put is less applied in the
structural engineering field until recent years. Eurocode 3 accepts the structural hot
spot stresmethodfor fatigue design of weldesteel structureAs Eurocode 3 will be

the governing design code for steel structures in Sweden stémdimg201Q this

study can be gbracticalinterest

The aim of this project was iavestigatethe applicationof the SHSS method ithe

fatigue life assessment of detsikvailable in orthotropic steel bridge dechky
experimental and numerical studies. The experimental part of the study was carried
out at the Institute of Theoretical and Applied Mechanics (ITAM) in Prague. The
numerical study includefinite element modelling and analysis of thst specimens
Several finite element models with both shell and solid elements werehasel@ on
availableguidelines.The FE results were then pgsbcessed with a MATLAB code

to determine thesHSSin different hot spot locations in the detail. The fatigue life
predicted by the FE analysis was then compared to that of the experiments and also to
the service life estimated llge nominal stress method.

The results show th&HSS values derived from fimeedied solid element models

are in good agreement with the experimental measurementiseble difference in
computed structural hot spot stress between the solid element modekhelhd
element modelswas found The models predict a shorter fatigue lifer fthe
specimens, which ien the safe side. However, the fatigue life estimated by nominal
stress method is longer than the fatigue life of the tested specimens. Some
recommendations for further studies are presented at the last part of this study.

Key wards: fatigue assessmeribcal approachestructuralhot spotstressgeometric
stress, orthotropic deck,steel bridges, welded joints, finite element
method
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SAMMANFATTNING

Numeriska modelleringsmetoder och modelleringsprogram har blivit mer
tilampningsbara vid utmattningsdimensionering och utvardering av svetsade
stalkonstruktioner med de senaste utvecklingarna. Hot spotisgametoden &r en
relativt ny metod vid utvardering av utmattningshallfastheten hos svetsade detaljer.
Den framsta fordelen med denna metod jamfért med rd@ninella metoden &r
metodens férmaga att utvardera olika typer av konstruktionsdet@pgromdenra

metod lagges de geometriska effekterna till den lokala spanningen vid svetstan och
bestammes utmattningslivslangden baserad pa denna lokala spanning. Metoden har
anvants i andra branscher, miar mindre tillampats inom byggtekniska omradet
fram till de senaste aren. Enligt Eurokod 3 far hot spot metoden tillampas for
utmattningsémensionering. Forutsatt att Eurokod 3 kommer att vara den ledande
dimensioneringsnormen for stalkonstruktioner i Sverige fran och med ar 2010, kan
denna studie vara av praktigiktresse.

Syftet med detta arbete var att undersdka, genom experimentella och numeriska
studier, tillampningen av hot spot spanningsmetoden for utvardering av
utmattningslivslangden hos ett svetsférband som finns i ortotrop brobaneplatta. Den
experimentdd delen av studiergenoniordes vid ITAM i Prag. Den numeriska
studien omfattaddinita elementmodelleringar och anadys Olika typer av FE
modeller bade med skabch solidelements uppbyggdes pa grundval av tillgangliga
riktlinjer. FEA resultaten var défterbehandlade med MATLARod for att bestamma

hot spot spanniren i olika hot spot punkterna i detaljerna. Den erhallna
utmattningslivslangderfran FE Analysen jamfordes sedan med den i experimentet
och &aven livslangden uppskattades enligt metoden medinetla spanningar.
Resultaten visade att de hot spot spanningsvarden som erhallits fran tatt solidelement
modellerna éverensstamde med dieém experimentet. En anmarknirgg skillnad

mellan de berdknade hot spot spanningsvarden fran modeller medesaitiebch
skalelement hittades. Fiodellerna forutsdger en kortare utmattningslivslangd for
provkroppar,dvs. det liggempa den sakra sidan. Men utmattningslivslangden som
uppskattas av nominell stress meted langre an utmattningslivsiangd som
erhdlits fran utmattningsprovetNagra rekommendationer for vidare studtear
presenters pa den sista delen av denna studie.

Nyckelord: Utmattning dimensioneringlokal metoder hot spot spanningsmetod,
geometrskaspanningarortotrop brobaneplattailbraar, svetsforband.
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Notations

Roman upper case letters

D, Damage caused by nornfdirect)stress

D, Damage caused by shear stress

Dot Total damage calculated from Palmgidmer 6 s r ul e
E Modulus of elasticity for steel

Roman lower case letters

da/dN  Crack propagation rate
k Stress magnification factor due to misalignments

m

t Plate thickness

Greek Upper case letters

De, Elasticplastic strain range
Ds., Equivalent stress range
Ds, Elastic notch stress range
Ds, Nominal stress range

Ds, Structural stressange

DK Stress intensity range

Greek lower Case letters

d Distance from the weld toe in the Dong method.

Epat Measured strain in the reference point locaef from the weld ve

E o Measured strain in the reference point locdt@®t from the weld toe

Elomm Measured strain in the reference point located 12 mm from the weld toe
Enm Measured strain in theference point located 4 mm from the weld toe
Emm Measured strain in the reference point located 8 mm from the weld toe
Ene Structural strain at the weld toe (hot spot)

e, Strain in the directioperpendicular to the weld toe (Longitudinal strain)
e, Strain in the direction parallel to the weld toe (transverse strain)

S ot Stressan the reference point locate®i4t from the hot spot.

S ot Stress in the reference point loca@8t from the hot spot.

Sio Stress in the reference point locafie@ from the hot spot.

Sia Stress in the reference point loaheSt from the hot spot.

S Lomm Stress in the reference point locaigdmmfrom the hot spot.

S Jsmm Stress in the reference point located 15 mm from the hot spot.

S 4mm Stress in the ference point located mmfrom the hot spot.

S 5mm Stress in the reference point located 5 mm from the hot spot.
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S smm Stress in the reference point locaBhmfrom the hot spot.

Shell bendingtsess calculated through the thickness of the plate

Shs Structural hot spot stress (geometric stress)

Sk Notch stress

Ship Non-linear peak stress calculated through the thickness of the plate
Snom Nominal stress

Snommed  Modified nominal stress

S mem Membranestress calculated through the thickness of the plate

n Poi ssondés ratio for the steel
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1 Introduction

American Society for Testing and MaterigSTM) defines the fatigue agiThe
process of progressive localised permanent structural change occurring in a material
subjected to conditions that produce fluctuating stresses and strains at some point or
pointsand that may culminate in cracks or complete fracture afteffiaisnt number

of fluctuation® (ESDEP,1993)

Fatigue of materialssi a complex phenomenon. Fatigue of welds is even more
complex. Material homogeneity is disturbed by weld metal itself and also by the
change of the crystalline structure in the heat affected zone (HAZke 2003,

Radaj 199% Welding residual stresses and distori@ue to thse stressegalsomake

the stress state in the welded specimen much more different than a sinvilaidea
specimenas stated ifRadaj (1996)Furthermore, an ‘ideal’ welthnrarely be found

in reality. Weld defects such as inclusions, pores, cavities, undercuts, etc may occur.
The weld profile and newelded root gaps differ widely from the theoretical shape

Therefore the fatigue failure in welded structures usually forms at welds (or areas
affected by weld) rather than in the base metatording toFricke (2003) This is
reflected inFigure1.1. The figureshows thedramaticdecrease of fatigue strength of
the welded component compared to the plain specimen and even spegithem

hole It is noticeable that this decrease is resulted by adding the material to the
component and not decreasing the cross sectional area of the compbiei. in
contrast to the general rule for statically loaded structures, in which adding the
material to the crgs sectiorloes not cause a decreas¢he strength of the structure.

400 i~
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Pé . .\.i'. . {#
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Figure1l.1 Comparison of fatigue strength of welded, holed and pd@ecimen
after Maddox (1991)
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Considering wide use of welding process in several industries, a vast amount of
research is conducteslith reference tdatigue design of new structures and fatigue

life assessment of existing oneSeveral fatigue assessment methods have been
proposed. These methods can be categorized as global (nominal stress) and local
approaches.

The rominal stress approach h@aditionally been used for fatigue life evaluatioh o
steel structuresThe rominal stress methodses the fafield stress away from the
weld. On the other hand, fatigue failure of structural components, is a localised
process. Local parameters of geometry, loadang material influence the fatigue life

of a structureThese are considered roughly in the nominal stress method by defining
0det ai | classesd or oO6fati gudmiatiorsmthes ( FATSs
fatigue assessment of complex structural details which will be distisgse A more
accurate approach take local effects intaccounts fatigue assessment usidgcal

me t h.oTHesedpproachegenerally usdhe finite element method for evaltiag

local stresgs and use experimentstrain measurements as a basis to verify the
theoretical calculationgRadaj et al. 2006)These methods are discussed in more
detail in Chapter 2.

1.1 Aim and scope

The struatiral hot spot stress (SHSS) methas beemaccepted widely in the offshore
industry for many years as an efficient and reliable methiodassess the fatigue
strength of welded steel detaila recent years use of SHSS method in fatigue design
has beeraccepted byEurocode 3.It is expected that this method leads to more
realistic fatigue life assessment of welded details.

In this studythe application of a local method, namely hot spot mettiodfatigue

life assessment dtiffenerto cross beanoint in orthotropic bridge deskis studied.

This researchis part of investigations on applying SHSS method in the design and
assessment of welded details of steel bridges, determining some of the feasibilities
and limitations of the method and solving the peats involved.More specifically

the nfluences ofvarious modelling techniqueson the predicted fatigue life are
investigated based on the suggestions givethbyprevious researchers in the field.
The predicted life is compared to the experimentalli®étom the tests being done in

the ITAM ! in Prague Also, the fatigue life is assesseding the nominal stress
method based on Eurocode 3 and is compared to both the hot spot and experimental
results.Fatigue life assessment using Eurocode 3 is ofigpeactical interest since

it will be the governing design code for design of steel structures in Sweden starting
from 201Q

! Institute of Theoretical and Applied Mechanics
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1.2 Limitations

In this research, fatigue life in the high cycle fatigie. fatigue that occurs at
relatively large number of &ing cycle¥is investigatedThe only weld type studied
in both numerical and experimental investigations is fillet wdtdrthermore,
cracking in the weld toés considered as thgoverning modeof failure. This is
confirmed by the experimentl.shoutl be noted thataot cracking is also a possible
failure mode in the weldments thaas tobe avoided by choosing proper weld
dimensions. Root cracking cannotdieectly assesselly hot spot methad

The first cracks in the tested specimens were obsenvdte weld toes. Continuing
the test procedure, some cracks appeared in thevaelded parts of the detaiHot
spotmethodcannot be used for these cracks. Hettoey were not considered in this
study.

1.3 Structure of the thesis

The introduction to the mthod, previous work in the field, and literature review are
presented in the Chapter 3ince themethod has not yet been used widelythe

bridge engineering field, this chapter is intended to be moae descriptive and
pedagogical formFatigue testsand primary results from the tests are presented in
Chapter 3. Numerical modelling and finite element analygise another major part

of this study. These steps are described in Chapter 4. Different finite element models
together with Primary results dhe finite element analysis are presented in this
chapter. The results of the finite element analysis aregrosessed to calculate the
structural hot spot stresses at the critical (i.e. cracking) locations in the studied detail.
These resultscomparism of the results with experimental measurements, are
presented in Chapter 5. The comparison of results Finally, Chapter 6 includes the
concluding remarks and suggestions for further studies.

2 Someresearchers (Radaj et al. 2086d Fricke & Doerk 2006have proposed maths to consider
root cracking in SHSS method. This is also introduced in the 2008 edition of IIW code.
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2 Background

In this chapter, different categories of fatigueegsment methods are introduced
Structural hot spot stress method is investigated in more diesaapplications and
limitations are discussed and various SHSS evaluation methods are desbhibed.
lIW® recommendationsegading building of FE models aralso described. Finally,

the fatigue SN curves that should be used in the SHSS method are introduced based
on IIW and Eurocode recommendations.

2.1 Classification of fatigue assessment methods for welded
structures

According toRadaj (1996 andRadaj et al. (2009)the evaluation of fatigue strength
and service life of welded components dallnt o t wo main <categori
approacheso and Al ocal approacheso.

Global approach means that the fatigue strength assessment is directly based on the
external force(landor moment) ranges or from the nominal stress rarigdbe critical
crosssection by using e.g. simple beam theory (theretbis latter method is called
Anominal s t r Ehe sominap giress eamgbsotien are compared-No S
diagiams pertaining to the investigated detail or component.

Strength assessments are named Al ocal appr
and strain parameters. The local aspects of fatigue damage (i.e. crack initiation, crack
propagation and final frawre) can be consideredtimese approaches

Different variants of the local approashexist. They differ by the local stress or
strain parameters chosen and type of failure criteria introdiaibus parameters
together with characteristic diagramse shown inFigure2.1 for the globalapproach

and variants oflocal approacks Moving from variants in the left hand side of the
figure to the variants in the right hand side, increasingly more detailed local
conditions are takefnto account.The multitude of available approaches can be
assigned to thiollowing categories:

T Nomi nal stress approach: 53 evlsich sh e nomi
determined by simple calculations based on simple strength of materials theory.

1 Structurd hot spotstress method: takes into account change in structural stress
r a n gse dug mpthegartgeometry.The approach is suitabler welded joints
of hollow sectiormembersandfor plated structures.

1 Notch stress, notch stress intensity and notcinsapproaches: these methods
use the el asti c syna btreds intensity ersetasgidasticn ge (@
strai n g)a the weld togor root to assess the fatigue strength and
service life of the weldments.

% International Institute of Welding
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1 Crack propagation approach: based lomear elastic fracture mechanics
(LEFM) theory, assumes a crack is already available and uses special

parameters such asiJnt egr al or the range of t he
determine the increase in the crack length per cycle (or: crack propagdaéon r
da/dN).

Cross Structural El notch El-pi. notch Short Long
section discontin. effect effect crack crack
Cyclic Cyclic Cyclic Cyclic Cyclic Cyclic Cyclic
load = nominal || structural f=| notch =] notch e J-integral |~ stress
stress stress stress strain intensity
} f ] ! ! ) f
L = 7] N ~
q\ ; % ; \ ) \ ) & g \ g
\ l
N N N N N a AK

Figure2.1 Parameters and design curves used in global and local approaches for
determination of fatigue strength and service, lidfter Radaj et al.
(2006) E | . means Ol asmeadbipdagaéddde&lcadst i cpF
cyclic | e@gcidamrcga&,0mipn SlcyclE struckusals r ang e,
hotspast r ess sicayrcd d ,c @ 0d aydlic netthrsteam,s , (04]
g cyclic stress at crack tip, da/dN crack propagation rate, N number
of cycles to failure, a crack | ength

Accuracy
o —_LEM

Complexity

Figure2.2 Comparison of accuracy and effort for fatigagesessment methods in
weldmentsafter Marquis & Samuelson (2005)

Marquis & Samuelsson (200%yrovided aqualitative comparison of accuracy and
work effort for the aforementioned fatigue assessment methbhis is shown in
Figure2.2. The nominal stressnethod has acceptable accuracy for simple structures
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and requires less computational effort compared to the other methods, batirescg
decreases for more complex structures. Structural hot spot stress method has better
accuracy for the complex structurdsut it demands more work effort. The
computational demand for effective notch stress method and LEFM methods are more
than two ¢her methods, but in turn, they provide more accurate results.

It should be noted that-B curves do nostatemuch about the progress of fatigue
damage. Onlythe total fatigue life is provided. Bubcal approaches based on notch
stress method and frace mechanics can describe and model whole fatigue life of the
structure taking into account all significant parameters in the estimation. Notch stress
and strain approach covers the crack initiation phase, while crack propagation and
final fracture can bemodelled by the crack propagation approach (i.e. fracture
mechanics). Structural hot spot stress approach acts as a link between the global and
local concept¢Radaj et al. 2006)

2.1.1 Modelling of weld complexities in the local approaches

The abnormalitiesnd irregularities availabl@ the weldments can kdivided into 4
categoriesas stated bRRadaj et al. (2006)

1. Inhomogeneous material This is the characteristic of welded joints. The
filler material is similar to the base teaial but specially alloyed to attain a
higher weld quality. The base metal migtoucture is being altered in the heat
affected zone (HAZ) due to the high temperature during welding process.

2. Welding defects and imperfections Suchas cracks, porositynclusions and
root failure, welding starstop points, etc. In nominal stress approdbbse
are taken into account by the concept of quality classes (the permissible
nominal stress is determined according to the quality cldss)he local
approachegincluding structural hot spot stress methathfects should be
considered and modelled individually.

3. Welding residual stresses and distortionslf the material is ductile enough,
welding residual stresses wgknerally change in a favourable manner under
cyclic loadingwith sufficient load amplitude.

4. Geometry and dimensions of weldSomeweld dimensions (such as radius of
curvature in the weld toe) are not determined in the specifications, teen
specified weld dimensions vary within a large scattegeatiue to the nature
of welding process.

All of these peculiarities can affect the fatigue strength and service life fitheln
general, taking into account all these factigran intricate job and can make local
approaches too complex. As a resslimplifying assumptions are introduced: The
material characteristic values of the base material are used, the effect of residual
stresses is only roughly taken into account and the worst case of geometric weld
parameters is considered. Welding defects iamukrfectionscan be introduced into

local approaches in an Individual basis considering the worst case.
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2.2 Nominal stress approach

Nominal stress approach is thasic andmost widely used fatigue design method.
Based on huge numbers of laboratory fatigest results for different weldetails
with different geometries, a number of desigiNSurves that represent a 97.7%
survival probability for the detls that are associated with eachrve have been
provided in the design code¥he fatigue strengthS-N curves pertaining to the
nominal stressmethod for welded structures include the influence of material,
geometry and weld quality

The regulations fonominalstress method in chapter 9 of Euroc8d@2005)provide
a set ofl4 fatigue resistance-8 curves, equally spac&édFor each curvea set of
constructional details are asgded. Figure 2.3 showsthese desigrs-N curves for
normalstress in the Eurocode Bhe design is carried out as the following procedure:

g
£
~
&
£ L
[5) — —
&0 5
=
5
= 3
]
g
7]
‘5 )
=
A
T —_ 1 Detail category Aoy
R 2 Constant amplitude
Jfatigue limit Aop
10

1,0E+04 1,0E+05 108406 2 ° 108407 1,0E+08 1,0E+09 3 Cut-off limit Aoy,

Endurance, number of cycles N

Figure2.3 Eurocode 3(2005)fatigue strength curves for direct (normal) stress
range. The numbers on the curves indicate the detail category

* The same 9\ curves are recommended by [IW for nominal stress approach
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1. Direct (normal) or sheastress in thecritical sectionof welded detailis
calcuaed wusing simple basic elastic theor.i
stresses irthe beams) Relatively simple finite element models may also be
used to detenine the nominal stresses in raoicomplex or statically
indeterminate structures.

2. The detail categry pertaining to that specific detail is determimgtthe tables
from the design code and thus the propeN Surve is established The
nominal stress in the detail is compared to thd 8urve to determine the
fatigue strength and/or service life.

If both direct and shear stresses are present in the region prone to c(&tlinaxial

fatigue) then Eurocode 3 recommends the damage ratios due to each stress effect

being calculated and then the two damage ratios summed up to calculate the total
damage rdo. For design purposgthe damage ratio should be kept less than or equal

to unity (This isanalogous td?almgreAaMi ner 6 s t heory i n which i
total fatigue damage caused by combination of several sources is the summation of
damages causdxy each individual source).

D, +D, ¢1 (2.1)
WhereD, and D, are damage due to the normal stress and shear stress, respectively.

Damage ratio for each sme is the number of cycleékat detail is exposed to during
its service lifedividedto the number of cycles to failueg that stress level (evaluated
from the SN curve):

n n 5
Dot =D, +D, =(—), +(—), ¢1 2.2
L +D, = (), +(0), 22)

tot

One obvious limitation of the nominal stres&thod is that if the studied detail is not
available in the tables atandarddetails provided by the code, it cannot be designed
unless laboratory fatigue tests are carried out and the data from test results a
consolidated into a singlel$ curve for that detail.

To come up with some limitations of the nominal stress method, a modified nominal
stressmethod(also named local nominal stress) is introduced in Euroco@®b)

and [IW recommendation§2003) According o IIW recommendationsmodified
nominal stress comprise®minal stress including mageometric effects (such as

large openings, beam curvature, shear lag and eccentricity), concentrated load effects
and misalignments but disregarding the stress raigfagte of the welded joint itself
Figure2.4 shows some examples of macrogeometric effects.

The stress raising effects due to these factors are presented by stress concentration
factors (SCFs). So, the modified nhominal stresshmstated as:

snommod = SCFG nom

(2.3)

® This equation holsifor Constant Amplitde Fatigue Loading (CAFL) case.
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Where s 4 Is the modified nominal stress amxj,,, is the nominal stress in the

nommo

critical section to be designed. This modifimmominal stress can be used in
conjunction with SN curves described earlier for fatigue design and assessment of
some variants of the standard details.

Figure2.4 Examples of macrogeometric effecfter IIW (2003) s ., Shown on
the figure isactually s i.e. modified nominal stress.

nommod?

2.3 Structural hot spotstress approach

The stress distribution through the plate thickness in vicinity of the weld toe is

disturbed by notch effect of the weld. This is shbimrFigure2.5 . The notch stresses

are much higher thanomiral stresses in the weld toes A resultthey control the

fatigue cracking in the plate. Due to the plastic deformations before crack initiation in

this point, the temperature in this region
(Dieter Radaj et al. 2006)

Considering the ncfinear stress distributiorshown in Figure 2.5, three stress
components can be disguished:

Smem Membrane stress
Spen Shell bending stress

Snp  Nontlinear stress peak

® This distribution is for the cases where the stress profile does not change in the direction parallel to
the weld toe, i.e. 23Pe 6ad hot spot (See Section
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Notch stress = O mem +Gben+6nlp

Figure25 Typical stress distribution through the plate thickness at the weld toe,
decomposed to three componentsenmbrane stress, plate bending
stress, and notinear stress pealNiemi et al. 2006)

=
~
o

The membrane stressfen) is constant through the thickness and isatdo the
average stress through the plate thickness. The distribution of shell bending stress
(Swen Is linear through the thickness and is zero in theplagde. The remaining part

of the stresses is the ntinear stress peals ). This part is in dé-equilibrium and
depends on the size and form of the weld and weld toe geo(hetiyi et al. 2006)

For a given stress distributias(x), these three components can be calculated by the
following equationgHobbacher 2003)

S =1 PP () X @4
x=0
s .t ..
S =3 iS00 - %) Qi @9
t° 2 2

snlp :S(X)- S mem” (1_ _)G (26)

ben

Theidea of structural hot spotress approach i® texclude thidatter part (nonlinear
notch effect sy p) from the structural stres3his is reasonable because #xact and
detailedgeometry of the weld is not known accurately during design piiagenon
linear notch effect is indirectly included theS-N curves(The variations in the local
weld geometry are the main reason for scatter in the test resedtsalso Section
2.3.7). So, only the two linearly distributed stress components build up the structural
hot spotstress:

sh :smem+sben (27)

S
Where s, is the structural hot spot stress.
According to [IWrecommendation§003) the structural hot spot stress (also called

geometric stress) includes all the strasssing effects due to the structural
configuration (global geometry or maegeometry). But it does maonclude the non
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linear notch effect due to the detailgdometry of the weld itself (e.g. wefitofile
and weld dimension&)

The concept caalso be describedin a different way Figure 2.6 shows stress state
near aweld toeprone to fatigue crackinglhe figure showsncrease of the stress at
the plate surface near the weld toed@erpendicular to it)We can assume that this
increase is due to two different factors:

1. Change in structural configuratigqmacregeometry) acts aa stress raiser in
the vicinity of the weld toe.

2. Local geometry of the weld results in a notch effect. Thismeffectcauses a
drastic increasén the stressn the region very close to the weld toe (if the
notch radiusat the weld toe is assumed to bero, the elastic stress will be
singularat that point

The stress corresponding to the first factor above is hot spot stress. It should be
emphasized that the hot spot stress is a fictitious value. We try to break down the
stress in the weld toe to twseparate par{&riksson et al. 2003pne part caused by

the notch effect at the weld toe and thext part caused by other stress raiser
(macrogeometricjactors. An easy way to do this separation is extrapolation of the
surface stress towards weld toe from appropriate points which are located in a
reasonable distance from the weld toe. The-liear notch stress effects normally
vanish within a distanc@.3t to 0.4t from the weld toe t{ being the plate thickness).

It is why IIW recommends thdhe extrapolationpoints béng located 0.4t and 1.0t

from the weldtoe for linear extrapolation. This concept is showrFigure2.7. The

figure also shows the equivalence of the two definitions of structural hot spot stress;
I.e.: through thickness strelasearization and sudce stress extrapolation.

" Eurocode 3 definition is sligly different in case of multiaxial stress steéfee Sectio2.3.4
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Surface
stress

A

Notch stress(o )—(
Stress increase due to the weld’s

local geometry (notch effect)

Hot spot sfressmhs)—c X

Stress increase due fto
global geometry

Nominal

stress )

Distance from the weld foe

S - =

Expected crack location at
the weld toe (hot spot)

Figure2.6  Variation of the stresses (perpendicular to weld toe) in the vicinity of
the weld toe (note that the shown crack is not formed, but is expected to
occur during fatigue cess)

For the case of surface stress extrapolation, similar to the other definition of hot spot
stress (i.e. through thicknefisearization of stresses), the effeaseto the global
geometry are included in the structural strédserefore the fatigue strength &N

curve does not need to include gheeffectsIn fact, the hot spot-8l curves include

only notch effect from the weld geometry at the crack initiation point. Thus,-the S
curves for a specific weld type can be used for any detail wititraasb geometric
configuration as long as the weld type and properties are similar to the original weld
type associated with thel$ curve.

_\/\_

M \ i | M
S (T

0.4t

Figure2.7 Relation betweethetwo definitions of the hot spdiress
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As stated byRadaj et al. (2006)early investigations to exclude the stress
concentration due to the waetoe,werecarried out byPetersonManson and Haibach

in 1960s.Their method was simply measuring stress or strain at a cetisiance

from the weld toe and relating it to the fatiggexvicelife of the component. The idea

was developed further in 708nd the fatigue assessment procedure evolved to
evaluation of stresses at defined reference points in a certain distance from the weld
toe (usually two or three points) and then extrapolating the stresses to estimate the
structural stress in the weld toe.

The methodwas originally developed for welded joints of circuland rectangular
hollow sections and has been in use for more ®BGaryears in offshore industry,
where the fatigue assessmentsath detailds of special interestThe method has
been léer applied successfully to welded plate structufiéscke (2003); Niemi &
Marquis (2002); Maddox (2002); Eriksson et al. (2008Bhis has led to extension of

the method to other industries like shipbuilding, automotive industry and last but not
least, bridge engineering.

For the case of plated structures, three alternative procedures for evaluation of hot
spot structural stregseom the finite element analysexist(Radaj et al. (2004)

a. surface stress extrapolation (SSE)
b. through thicknses stresinearization (TT)

c. Linearized equilibrium stressedrom normal and shear stresses in a distance
dfrom the weld toe (Dong method)

Methods (a) and (b) are already introduced and method (c) wifiefty introduced
later in his chapter.lt is emphasized agaithat all of this three methods are
attempting to compute the same stress valuesanithey theoretically givehe same
resultsPoutiainen et al. (2004figure2.8 showsa summary of the three methods.

|
LT TTE
11 | |+
S oy o ) I A I —
1 ‘

(a) (b) (c)

Figure2.8 Poutiainen et al. (2004)Alternative methods for calculation of
structural hot spot stress: surface stress extrapolation (a);
Linearization of stresses throughickness (b)Linearized equilibrium
stresses at distance d from the weld toe proposed by Dong (c).
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As reported byHobbacher (209), currently, thereis a considerable amount of
ongoing research towards improving tk&uctural hot spot stressiethod and
reducing its limitationsAs a measure for the amount of research work and resulted
improvements,comparison of the 1996evsionof [IW recommendationsvith the

recent 2006 revision, reveals that the section dedicated to structural hot spot stress has
been substantially revised. Thesalso the case for the new 2@h8ft of the code.

The European prestandard ENV 1993-1 (Eurocale 3 was the firstgeneraldesign

code to include the structural hot spot stress approach (Eurocode uses the term
6geometric st r,igsnstroctiongpapamsuifeientand.therB is diclear
guidance regarding the finite element modellingl dot spot (or geometric) stress
calculation. In contrast, the lI\Milecommendationéspecially its recent 2006 version)

has comprehensive guidelines and recommendations in this regard.

2.3.1 Applications

The structural hot spaitress (SHSSnethod is still a n@ method. It hasot been
used as wide as nominal stress method. It is suited to use in the folktitipns:

1. When fatigue design of a new welded detail or fatigue assessment of an
existing detail i's requiredthattanlbe t he
found in thetables provided by the design code. This means either the detail is
not available in the codat all or some of its featuresuch as construction
tolerances or misalignmentdo not match with the code requirements.

2. In complex detils which a clear definition for the nominal stressinotbe
made

3. When modelling a component with a detailed finite element model, calculation
of the nominal stress is not trivial and ahdt needs some pgstocessing.
Besides, if one wants to utilizéhe accuracy and power of finite element
method to better estimation of the fatigue life of the components, then the use
of a local approach such as structural hot spot stress method is the choice.

It should be mentioned that althougktructural hot spostress method requires a
relatively fine mesh in the weld region, it is not as demanding as other local
approachegnamely notch stress method and LERKRQt require averyfine mesh in

the weld regionlin addition, the LEFM methods are very sensitive he thosen
initial crack size and as a result, they are mainly used for welded details with known
flaws (Niemi & Marquis 2002)Thus,the SHSS method advantageoysompared to

other local approaches in terms of computational cdst. method also provides a
valuable tool for choosing the locations of strain gauges when verifying the design by
field or laboratorytests according tdNiemi & Marquis (2002)

As an example for comparison of the SHSS method with nomiresssinethodthe
investigation conducted IBriksson et al. (2003 explained here. Thatigue life of
a plate with fillet-welded longitudinal attachmeston both sideswith different
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attachment lengths was evaluatesingthe hot spot methodhe detail is shown in

the upper right corner dfigure 2.9. The height of thegussets is 100nm and the
thickness of the plate is 10 mmhé joint is loaded with an axial force in the direction
shown inFigure 2.9. The resulted nominal stress in the plate is 80 MRdle 2.1
shows therecommendedfatigue categoriésfor the studied detail in the IIW
recommendationsThese values should be used in the nominal stress approach. It is
obvious that the fatigue strength (FAT), and consequently fatigee dife a
continuous function of the gusset length (L); but for the sake of simplicity, this
continuous function isubstituted by &tep function in the code; like the one shown

by adashed line irFigure2.9.

8 Fatigue catego®( FAT) concept in |1 W codeegerybei sambheakubdad
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Table2.1 Fatigue categories for the plate with longitudinal gusset (hominal
stress approach)

Gusset Length (LYmm] Fatigue category (FAT
L<50mm 80
50mm<L<150mm 71
150mm<L<300mm 63
L>300mm 50

However, this limitationdoes not exist for the hot spot meth&ahsed on the weld
type, the hot spot stress fatigue category is FAT 100 for the details with arbitrary
gusset length (se€able 2.4). The structural hot spot stress is calculated for gusset
lengths of 40, 75, 150, 200 and 300 millimetbgsconstructing one finite element
model for each gusset lengihd then calculating the stress profile at the weld toe and
finally extrapolating the stresses at reference points into the weld toe (hotGpet)

of the FE models used for the hot spot stress evaluation is shdviguime2.10. The

detail has three planes of symmetry (both in loading and geometry). So, only one
quarter of the detail is modelled. Thepdzetween the plates is not modelled.
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Figure2.9 Fatigue life predictions of plate with a longitudinal attachment with
various lengthsData fromEriksson et al. (2003)
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Figure2.10 Computational model for the investigation conductedbksson et al.
(2003)

The hot spot stresses are then used to evaluate the fatigue life of the details and the

results are shown ifrigure 2.9 together with the results from the nominal stress

met hod. The figure shows that the dédcontinu
detail and the gusset length is maintained in the SHSS method. This rationally leads to

more realistic fatigue life estimation. On the other hand, the stepped shape of the

fatigue life curve for the nominal stress approach will lead to either some non
conservative results or results which are much on the safdtstieuld be added that

the authors did not provide the actual fatigue life from the laboratory tests to
determine which method better models the real behaviour, or if one method is
conservative or neoonservative.

SHSS method can be applied to welded joints where the principbt syress is
predominantly exerted perpendicular to the weld toe or the end points of a
longitudinal weld. These are the locations prone to fatigue cradkiggre2.11-(a) to

(e) show some examples in which cracking initiatman be predicted by SHSS
method. However, cases (f) to (j) in the figure cannot be dealt with by SHSS method.
This is discussed further in the SectihB.2

f= -

N g

Figure2.11 Exampes of fatigue crack initiation points in welded plate joints, after
Niemi et al. (2006)
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Fricke (2002)xhowed the wide variety of applications of the hot spot method together
with a summary of modelling aspects. He presented some successithtapys of

the method from different engineering disciplines. However, in a case study of a
complex structural detail with various competing hot spots, he showed that the hot
spot stress approach could lead to incorrect conclusions if used alone. Hmatent

that some influencing factors, such as favourable residual stresses, exist which are
neglected in the geometric stress approach.

Several researchers have contributeshvestigation of applicability of SHSS method

into fatigue life assessment of welents. This is done mainly by comparing the finite
element analysis followed by SHSS evaluation basethe SN curves and compare

this estimated service life with the actual service life from the small scale or full scale
fatigue tests. To name a fet#iot et al. (2001)andLindemark et al. (2009pllowed

this procedure to evaluate the applicability of the SHSS method in the field of marine
structures. Both groups conducted full scale td3itst et al. (2001Ieported that the
results were consistent between numerical approach and expetimdeimark et al.
(2009) proposed some modifications in the definition of hot spot stresdagigde

failure criteria for gaining more consistent results. Fatigue failurermit for the
welded plate connections is usually considered the formation of a through thickness
crack. These authors believed that for a full scale test specimen, a critical crack length
along the weld line is more relevant to define the failure.

In the field of bridge engineeringMiki & Tateishi (1997) proposed parametric
geometric stress concentration factors for cope higtails in steel bridge girders.
Chan et al. (2003¢onducted a largstudy for finite element modelling of a large
suspengin bridge located in Hong Kong. As part of their study, thegd local FE
modelsin conjunction with structural hot spot stress method to evaluate the fatigue
life of certain welded dails. Schumacher & Nussbaumer (2006yestigated the
fatigue service life ofsome welded kjoints of circular hollow sectionsy
experimental measurement of structural hot spot streffiseir test specimensh@&y
showed thenfluenceof size effect (wall thickness of welded sectioos)fatigue life

in their study.

2.3.2 Limitations

The aack locationsn the part or detail under investigatishould be knowrmprior to

hot spot analysisThis can be made bgxamining several different possible cracking
points bystructural analysis, preliminary finite element study, laboratory testing of
similar details, or observation of similar details that have been cracked during their
service life.

As statedearlier, the method is limited to surface cracks (toe cracking). For the root
cracking failure mode, other methods (e.g. nominal stress method) can be used. This
failure mode should be avoided in good design practice, because the crack cannot be
deteded until it is propagated through the webme examples of root cracking are
presented irFigure 2.11-(f) to (j). It should be added that accordingRadaj et al.

(2006) assessment of weld root fatigue cracking using the hot spot method is
investigated by some researchers, but the topic is not yet mature enough to be
involved in the dagn codes.
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AsRadaj et al. (200@eport previous investigations have shown that the extrapolated
hot spot stresis not independent of the location of the points selected as reference
points. The element type and mesh size of the finite element model also affect the
results. To overcomthis limitation and make SHSS approach a practical and reliable
method,extensve research has been conducted. This research has |[gaddgption

of some provisionsn the design code® limit the variability of the results. These
rules are described more detail in the following sections in this chapter.

Another alternativavay to reduce thancertaintiesn the extrapolatioprocedure has

come into focus in recent yeaescording toNiemi et al. (2006)That is calculation

of the hot spot stress from the throtthickness stress distributions providedfioyte
elementanalysis. These methods such as the method introducdabiby (2001)
eliminate the need for the extrapolation and claim to be nmel@pendent. This

means that structural hot spot stress results are not affected by reasonable changes in
the mesh size.

2.3.3 Types of hot spots

According to the designerods guide to the s
by IIW (Niemi et al. 2006)two types of hot spots can be distinguished in the welded
details:

Type 06 théhotspotis placed on the plate surface
Ty pe 06 théhotspotislocated on a plate edge

These two types can be seerfrigure2.12.

Figure2.12 Different types of hot spots in a typichdtail, afterNiemi et al. (2006)

2.3.4 Multiaxial stress states

According tollW recommendationsin a biaxial stress statéhe larger of the two
following extrapolated stresses should be taken as hot spot stress:
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a) The principal stress which is acting within £48%he normal to the weld toe
(i.e. the principal stress more close to the normal to the weld toe)

b) The direct (normal) stress component perpendicular to the weld toe.

Niemi et al. (2006)tate that the accurate way to calculate the first of the two above
stresses, is to extrapolate each stress component (direct and shear stresses) to the weld
toe and then calculatte principal stress at the weld toe. Bthey also consider it
sufficient in practical cases that just the principal stresses being estimated in the
reference points and then extrapolated into the weld toe.

Eurocode recommends a differenéthod for calalation ofhot spot stress in the case
of biaxial stresses. It recommends usihg taximumprincipal stress in the parent
material adjacent to the weld tas the SHSS.

I n type 06a6 hot spots, the size efof ect (de
the components) affects the stress values. So, to take into account this geometric size

effect, the locatios of the reference points are a (linear) function of the plate

thickness typically chosen a®.4t and 1.0t). However, this is not the case for type

O0bdéd hot spots. That is, the stress profile
change in plate thicknes@Niemi et al. (2006) Hence, the placement of the
extrapolation points is not determined as proportional to the plate thickness and their
distance from the weld toe is determined as absolute distances, fgndegnd 12

mm. Because of the existence of higher stress gradients in vicinity of the weld toe in

type 6bd hot spot s, a quadratic extrapol at
three reference points are mentioned for t°

2.3.5 Experimental evaluation of SHSS

Regularly, the only available measurement points in the experimental atisdgsis
are the points on the plate surfa&e, the SHSS iderivedfrom the surface stress
profile in the vicinity of the weld toeThis is done byextrapolation of the surface
stresses from the reference points into weld toe.

Type 6abd hot spots

As mentioned earliein thissection at a distancef 0.4t from the weld toe, the nen
linear notch peak stress is vanished and the spmedge shape is almost linear for
type 06 a 6Fighre2tl3 shopvothisssituation together with the reference points
for the extrapolation recommended by IIWor linear extrapolation, this points are
located 0.4t and 1.0t from the weld toeHence the extrapolation will yield the
structural hot spot strain as:

e.=167¢, - 0.67¢,, (2.8)

Where e, is the structurastrain at the weld toe and,,, and e, are the measured

strains in theeference points located at the distan@&ls and1.0t from the weld tog
respectively. In some cases wlehe plate is resting on a stiff elastic support (like a
beam flange supported by the web) the linear extrapolation may underestimate the hot
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spot stress lIW recommends using a quadratic extrapolation scheme for these
situations.

Structural hot spot stress
Non-linear stress peak

Weld toe
Strain gauge A

—

Figure2.13 Linear extrapolation of strains into the weld timeevaluateSHSSstress
i n type ,afedNiemietals(p00&) s

Type 6bd hot spots

As mentioned before, a quadratic extrapolation from the reference points placed at the
absolute distances of 4, 8 and 12 mm is re
hot spots. The ftdwing equation is given for estimation of the structural hot spot

strain:

€ = 3e4mm - 3e8mm * Eomm (29)

If the stress state is uakial, SHSSf or bot h typeanbadstmatedd t ype
from theHooked Rw:

shs = E C"E'hs (210)

Where s, is the structural hot spot stress aidis the modulus of elasticitior the
steel

According to 1IW, for the casefdi-axial stress state the hot spot stresses may be up
to 10% larger than the value given by the above equation. In this case IIW

recommends that the ratio of the longitudinal and transverse st@jpig, () being

estimated from the FEAesults or reette strain gauge measurements. Consequently,
the structural hot spot stress can be evaluated from the following equation:

1+n &
— o ex
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Wherenn isthePo ssonds ratio of the steel. I n t
assumed that the principal stress is approximately perpendicular to the weld toe.

2.3.6 Calculation of structural hot spot stressusing FEM

Except for some simplified cases, the anahjtidetermination of structural hot spot
stresses in structural details is not generally posshdea result finite element
methodis used to determine SHSS in the structural detailgood understanding of
the FEM principles and the concept of the Bpbt method are required to gain
reliable results The results aravithin the accuracy range of +10%, according to
Niemi & Marquis (2003)

The finite elemenimodel usually is made based on the idealized geometry, neglecting
the possible misalignment®©n the other hand, amufacturing misalignments can
generally have a considerable stress raising effect and hence, reduegighe f
service life of the detailEriksson et al. (2003) The effects of misalignments can be
taken into acount by using the appropriate stress magnification factgr¥ given by

the IIW recommendationor different categories of misalignments.

To determine the SHSS, linear elastic analysis is used. The mechanical properties of
the mateml are selected same as the parent m8&aih shell and solid element
modelscan be used. The elemebditgpe and mesh size should be such that the model
can capture the formation abruptstress gradients at the weld .t@it at the same

time only the Inear stress distribution in the plate thickness is needed to be
determined. This is obviously a requirement put by the definition of the structural hot
spot stress. To satisfy these two requirements, some rules and guidelines should be
followed in the numecal modelling of the structure. Thepeovisionsare presented

here according to IIW recommendations.

In shell element modeld-igure 2.14, left part) the elements are placed in the-mid
plane of the real structural partéJse of 8-node isoparametric elements is
recommended. Usually the welds are not introduced into the nwodgmplified
models But, if there is an offset between plates (such as cover plates), or there is a
small distance between two adjacent welds, then thdswaklould be modelled. The
welds can be modelled in several ways. A few methods to model the welds are as
follows:

- Increasing the thickness of shell elements in the weld region to compensate for
the increasstiffnessin that region.

- Modelling the weld wit oblique shell elements.
- Using rigid links between the corresponding nodes on the two joined plates.
- Using solid elements to model the welad shell elements to model the plates.

Eriksson et al. (2003jhave investigated various modelling techniques and their
advantages and limitations. They have gigemprehesive guidelinedased on these
investigationsTheyalso point out the issue of using shell elements with dimensions
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that are much smaller than the plate thickness. This can be troublesome in some
commercial FEM software. Hence, the software manuals should be consulted to avoid
any problems in this regard.

If the weld geometry is not modelled in the FE model, special care should be taken in
selection of the extrapolation points. In this case several authors advise that
extrapolation should be performed into a point on the intersection of the two plates,
rather than the point on the weld tdgi€¢mi et al. (2006); Radaj et al. (2006Jhis is

to compensate for stress reduction due to omitted weld stiffness in the model.

Solid elementgFigure2.14, right part)also may be used and they are recommended

in modelling complex structuredJsually prismatic solid elementsith quadratic

shape functions andeduced integratiorare usedAnother less selected choice is
tetrahedral elements. These elements are desib@gause of easy and automatic
mesh generatiotechnique (free meshingh this case, a sufficiently fine mesh of
second order tetrahedral elements should be used and the user should verify the results
in proper ways.When using solid elements, modelling of the weld is always
recommended. The gap be®n the two joined plates does not need to be modelled
according tcEriksson et al. (2003¥inceit has litle effect on the results. This aso
confirmedin the research conducted Ngtaro et al. (2007)

shell elements solid elements
(without welds)

= attachment width

=

Figure2.14 Two types of FE models for evaluation of SHSS. Left: shell elements
model; Right:Solid elements moddtrom Niemi et al. (2006)

Below, sme rules thatshould be followed for both types of the elements are
presented, according kbobbacher (2003)

- The chosen element types should allow for a linear stress distribution through
the thickness. This is because the fingar stress is to be omitted. This can
be achieved by eightode shell elemestor 20node solid elements with
reduced integration. A single layer of solid elements through the thickness is
sufficient. But if more layers of solid elements through the plate thickness are
used, then the stress results shouldifsarized through thethickness to omit
the nonlinear peak stress contribution.

- The sizes of the elements in the vicinity of the hot spot should be chosen such
that the extrapolation points coincide
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nodal points. This way, the achievemef the highest possible accuracy is
insured.

- When the computation of SHSS is based on nodal stress values, care should be
taken that no stress averaging across the element boundaries for intersecting
shell or solid elementareconducted. For examplet an intersection between
two shell elements when one shell element is highly stressed and the other is
not stressed, the nodal average values for the stresses have no practical
usefulness.

- The largest allowed aspect ratio for the elements is limited to 3.

- The transition from fine mesh at the weld region into coarser mesh in other
parts of the model should be gradual.

- When loading causes bending in the plate, the weld should be modeled curved
around the ends of the gusset, like the one showkigimre 2.12 (this is the
case when modelling with solid elements).

|
it
’—_./_-
| Bl G
! 3 g :
‘ Extrapolation i ~_|
1 points ]
by
Gusset Symmetry plane J\x

212 Modelling of the weld near the end of the gusset plateording to
Niemi et al. (2006)

It is worth mentioning the study conducted Bperk et al. (2003)here. They
compared geometric stress results from different meshes and calculation techniques
with the experimental measurements. Their conclusions mainly supported the [IW
guidelineswhich are presented in this section. In addition, they emphasized that the
SHSS results are meskensitive angtventhe mesloutsidethe stress evaluation area

in front of the weld toe can affect the results. They recommended that the designer
should alwag remind the limitations due to FE model, and due to the hot spot
method.

Recently Fricke et al. (2008ronducted a round bin study of two structural details

of ship structures using various FEM software and different meshing techniques.
Some scatter in the analysis results was observed. The scatter was higher in the case
of the second detail which was more complex. Télegwed thatthe scatterwas due
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to several factors. Namelyifferent types and properties of the finite elements,
changes in mesh size, and various stress extrapolation techniques (linear orqquadrati
extrapolation) were main factors that produced this sdattbe results.

In the following sections, SectioR.3.6.1to Section2.3.6.3 different methods for

ostpr ocessing6 the frasultsandecicwdation meSHSS aaen al ysi s
described. Acomparison of the methods is presented in Se@i8r6.4based on the

previous research in the field.

2.3.6.1 Through thickness integration

As shownearlier in this chapter, the structural hot spot stress can be assumed as the

sum ofmembrane stress(neg) and shell bending stress,§,). Some FEM programs
(including ABAQUiSeprizahtai voen 6t hcea pbéasbtpréeessisyy i n t he
section that c a llicearizddt esdt rtehsiss. sTohicalfleead ug e
t ypaed Oh ot linegize thes strassedirectly at the weld toe through the plate

thickness and hence, calculate the hot spot stiessder to compute the structural

stress with the through thickness stress linearization at the weld toe (TTWT), at least

three elements through the plate thicknessaegledPoutiainen et al. 2004)

2.3.6.2 Surface stress extrapolation methods

Extrapolation of the suate stresses in FEM model is quite similar to the
extrapolations discussed in the sectt.5(Experimental evaluation of SHSSIW
documen{(2003)proposes two meshing options: a coarse mesh and a fine mesh which
givesmore accurate results. These two methods are preserfathlgR.2 and Table

2.3. These two meshing methoaie described more in the following:

Fine mesh:f or evaluation of type 6éabd hot Sspot s
exceed.4t. Stress evaluation points should dre nodal points0.4t and 1.0t away
from the hot spoand linear extrapolations is used

5., =167, - 067G, (2.13)

For type Odldngths bfdhe firs fhreaglemens along the edgshould be

equal to, or less than 4 mm at the hot spot. Reference points should be coincident with
the nodal points at the 4 mm, 8 mm, and 12 mm from the hot spot. Quadratic
extrapolation is used in this case:

=3G -3G,,, +S

4mm 8mm 12mm

s, (2.14)

S

O0Designer6s guide t o tNemietalt (2O0Ogréecommmerids hot sp
useof fine mesh in the following situations:

- High stress gradients are available in the joint;

° In cases where the plate is resting on a stiff elastic stupprrecommends using a quadratic
extrapoldion scheme.
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- Discontinuities exist adjacent to the weld;

- Comparindfinite element results and measured stresses are required.

Table2.2 [IW (2006) guidelines for meshing and stress evaluation using surface
stress extrapolatiofSee alsd’able2.3).
Types of model Relatively coarse mesh Relatively fine mesh
and hot spot
Type a Type b Type a Type b
9 Shell | txt, max txw2 10mmx10mm O00. 4t 7Tt O4 mml 4 mr
z 0.4txw2
@
£ Solid | txt, max txw 10mmx10mm O0. 4t 1Tt O 4 mx4mm
] 0.4txw/2
0 Shell 0.5t/ 1.5t 5mm/ 15mm 0.4t/ 1.0t 4mm / 8mm /
e (mid-side (nodal points) 12mm
g points) (mid-side (nodal points)
S points)
2
8 Solid 0.5t/ 1.5t 5mm/ 15mm 0.4t/ 1.0t 4mm / 8mm /
g (surface centre) | (surface centre) | (nodal points) 12mm
0 (nodal points)

Note: weattachment widthdefine as attachment thickness plus twice the weld leg
length(SeeFigure2.14).

Coarse meshthis meshing option can be used if no other severe discontinuities exist

close to the wid and the stress gradient close to the hot spot is not extremely high.

Second order elements should be used. The lengths of elements at the hot spot region
should be equal to the plate thickness @.ét, f or type Oém@d(fdnot spot
type O6b6é hot spots). The el ement widths (i
affect the results. Too wide elements may lead to-aomservative results. Thus,

some recommended values for the element widths are also givenTialiie®.2 and

Table2.3. Reference points for the stress extrapolation will be placed at thsideid

points of the first two elements. Linear extrapolation should be used:

Type &850, - 0503, (2.15

Type 06508, -0506,, . (2.16)
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Table2.3 [IW (2006) illustrated guidelines on meshing and stress evaluation
using surface stress extrapolation

Relatively fine mesh Relatively coarse mesh
(as shown or finer) (fixed element sizes)
{ T \ '
Hot Vo ( ) -
spot ) |
\ ) ! k .
T}/pe 0.4t | 0.5¢
0a 1.0t 1.5t
() (ii)
Hot
spot :
Type .'111'1m. H T o ~
é b B8mm . lomm
| l2mm _
(iif) (iv)

2.3.6.3 Alternative methods

In recent years, some researchers have proposed other evaluation methods for
structural hot spot stress. Among thédong (2001)andXiao & Yamada (2004have

gained more interest. Dong method investigates the equilibrium conditions at an
arbitrary (small) distance from the weld toeassess the structural stress. This method

is claimed to be mesisensitive (see next sectionXiao and Yamada suggest
evaluation of the stress at 1 mm defibm the plate surface at the weld toe and
taking this value as the structural hot spot stress.

2.3.6.4 Comparison of SHSS evaluation methods

Several groups of researchers have investigated different evaluagtiods of
geometricstress in structural detaigsd have compared the fatigue life based on the

anal ytical met hods t o t Mhenumbeaof comparsani me ns 0
studies has increaseespecially after the recent introduction of the altative
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methods such as the methods proposeBdnyg (2001)and Xiao & Yamada (2004)
Some of these investigations are introduced here in chronological order:

As their work was referred earlier in this Secti@mgerk et al. (2003rompared the
following SHSS evaluation methods: surface streggapolation(SSE), through
thicknessstresslinearization at the weld toéTTWT), and the Dong method.hey
found that the methods generally give similar results and since the definition of
structural stress is principally the same in all methods, the saheusves can be
used regardless of the methoddi$ar evaluation of SHSS. They also confirmed the
meshinsensitivity claimed by the Dong method in case of 2D models. But, in case of
3D models all methods showed a scatter as a result of variations in the mesh size.

In a similar work,Poutiainen et al. (2004pompared the same methods as above
research. They found that for 2D models all methods give virtuadlysame results

and if one element is used through the thickness, all methods can be considered mesh
insensitive. In the case of 3D model, nodal averaging seemed to be very influential on
the results of theTTWT and Dong methodsThe Dong method was the sto
demanding method in terms of computational effort required for post processing.
They also pointed out that SSE method is the most sensitive method to mesh
variations.

Fricke & Kahl (2005)also carried oua comparison between three structural stress
evaluation methods by applying the methods to different structural dethis.
investigated methods were surface stress extmtipn carried out by IIW regulations,
Dong (2001)method,and Xiao & Yamada (2004)nethod.Theyfound thatelement
properties andsizes were the main reason for variations time hot spotvalues
particulaty in the case of modefig with shell elementsThey also pointed out the
beneficial effect of residual stresses on the fatigue lives of real specimens. This
caused large differences between experiments and computed fatigue life.

Notaro et al. (2007assessed the fatigue life of a complex welded detail which is in
wide use in the shipbuilding industry using two SHSS evaluation methods. One
method wasthe surface stress extrapolation and the other tvasiew method
proposed byXiao & Yamada (2004)They compared the analytical values to the
experimental measurementsand found an acceptable agreement between the
analytical methodand the results from the tests.

Kim & Kang (2008)tested12 specimen® f a si mpl e edge det ai
with various dimensionand, based on FE analysesmputed the geometric stress
according tdooth SSEand Dong method. Tlydound thathe Dong method results in

lower geometric stress values than SSE. The fatigue life prediction using these
methods was better than predictions based on the nominal stress mEtkgyd.
proposed thatn evenbetter fatigue life predictions possibleby introducing a
thicknesscorrection factointo thevalues obtained from tHeong method

These investigations and similar works of other researchers have lead to adoption of
the alternative SHSS evaluation methods in the newest draft of the IIW
recommendation&009 revision).
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2.3.7 Hot spot SN design curves

The OFAT class6é or o6det ail categoryo 1is
a fatigue life of two million cycles. Thehape offatigue strength &l curves in IW
recommendation$or the structuralhot spot stresare similar to the direct nominal
stress SN curves and consist of a line with constant slope of m=3.00 (in-bodpg
scale) and a caff limit for the case of CAFE® at the 5 million cycles. A schematic

of the SN curves is presented Fgure2.15.

logAc

Slope m=3.00

: FAT
1 Class

Constant amplitude
 Fatigue Limit

1.E+05 1.E+06 2 E+06 5.E+06 1.E+07
logIN

Figure 2.15 fatigue strength 8l curves for structural hot spot stress in steel

Marquis and Kahonen (199@erformed a comparison between severd 8urves
(recommended by design codes or proposed by various researches) versus
experimental results. The older g®ndard Eurocode (& 1992) was also included

in their study. They concluded that the tandard Eurocode-S curves are
significantly on the safe side. As a result, the last revision of Eurocode 3 has
recommended the same fatigue resistand¢ @Girves as the [IWecommendtions

which gives slightly higher fatigue life for the components.

In contrastwith nominal stress approach (See Sec8dandFigure2.3), no standard
details are associated with the curves. Inst@aypes of welds are introduced and one

SN curve is recommended for each type. These are shown Trabie2.4. It should

be noticed that the effect of the misalignments are not included in these ddsign S
curves and as it & noted before, that effect should be taken into account in a proper
way in the design process. Another effect that should be considered when using these
SN curves is the effect of component size on the fatigue strength of the component.
This is done byntroducing a reduction factor for plates more than 25 mm thick.

1% Constant Amplitude Fatigue Limit
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Table2.4 Detail categories for the structural hot spot stress method
recomnended with both Eurocode and Iilcommendations.

Detail Constructioal detail Description Requirements
category
112 1) Full penetration | 1)

2 L butt joint(Special
@ ‘Gé'::B:éD’ quaI{ty) (Sp - All welds ground flush to platd

surface parallel to direction d
the arrow

- Weld runon and ruroff
pieces to be used ar
subsequently removed, pia]
edges to be ground flush
direction of stress.

-Welded from both sideg
checked by NDT.

2)

100 ® 2) Full penetration
- . butt joint(Normal
QGEB'__J%D, ) ( - Weld not ground flush

quality).

- Weld runon and ruroff
pieces to be wused an
subsequently removed, plaj
edgesto be ground flush ir
direction of stress.

- Welded from both sides.

100 B 3) Cruciformjoint | 3) Weld toe an
with full
® ~q<_ 9} penetration Kbutt
N < welds.

100 1 4) Non load 4) Weld toe an
carrying fillet
@ Qé welds.

' >)
100 L 5) Bracket ends, 5) Weld toe an
ends of longidinal
® — 1 —}), stiffeners
100 6) Cover plateends 6) Wel d toe an
—_ and similar joints

R F ; 9}

90 = 7)cruciform joints| 7) Wel d toe an
with loadcarrying
@ (= i i ‘ :—)-), fillet welds
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As Maddox (2002)states, one of the major research issues in the field of fatigue
assessment using hot spot method is the choice of hot spot stress desoymv8s.

Many research effts have been done in this regard. For examydiddox (2002)

investigated a large number of hot spofNSdata for vamus structural details

available in the literature including the data obtained during a major joint industry

project (JIP) aiming at the design of floating production, storage and offloading

(FSPO) units. He concluded that the analysed fatigue data stipp@$sumption of

FAT 90 design SN curve when using the IIW A0. 4t a
the framework of the phase Il of above mentioned JIP prdjetdberg & Sigurdsson

(2006)conf i rmed the validity of the FAT 90 cut

It is worth mentioning that both Eurocode and ligé¢ommendationallow using data

from fatigue tests foderivation of design 8l curves for details similar to the tested
specimens. For example, in an earlier research conductédeblgerg & Persson

(1998) at the department of naval architecture and ocean engineering of Chalmers
university of technology, the experimental fatigue data from testing of 11 different

types of specimens were analysed and a desigrc@ve with aslope of m=3.40 and
fatigue <c¢class of FAT 85 was proposed for
details similar to the examined specimens.
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3 Fatigue Tests
3.1 Orthotropic bridge decks

Orthotropic bridge deckconsist of a deck plate stiffened by a systanorthogonal
longitudinal and transverse stiffeners. The stiffermedd be of open or closed cross
sections. These are shownhkigure 3.1. The resulting system is a light weight deck
for steel road bridges and especiallyefficient for use in longspan or suspension
bridges, where the reduction in dead weight of the structure is more important.
According toKolstein (2007) Germany and Netherlands are the largest owners of
steel bridges with orthotropic deck®rthotropic bridge decksvere introduced in
1%500bei M popul arity was at i1ts highest
Kolstein (2007)statesthe decline in use of this system relatedto the growing
awareness of engineers to fatigue problems withotropic decks.

Wearing surface

Types of stiffeners Types of stiffeners

(a) Deck with open stiffeners {b) Deck with closed stiffeners

Figure3.1 Two types of orthotropic bridge decks

3.2 The assessed detall

A detailin orthotropic bridge deckwith openstiffeners(also named troughs oibs)

was investigated in this sty. That waghe stiffenerto crossbeam joiniThis joint is

the most complex joint in the orthotropic deck. Two highly stressed members cross
each other in this locatios a part of his extensive study of fatigue in orthotropic
bridge decksKaolstein (2007)summarizd the reported fatigue failures in this type of
joints for the case of decks with closgtiffeness. The joint can be constructed in two
ways:
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- The cross beams being continuous atiffienes being welded to thenT.his
method was used in earlier designs. This reduces the possibility of cracking in
the cross beam, but the weld betweséffenerand cross beans rather weak
in fatigue loading.

- Keepingstiffenes continuous by making cotuts in the cross beams. Besides,
cope holes may be provided in the locations of top and bottom edges of the
stiffenerto improve the fatigue life.

In this study, the second g of the abovetypeswas assessed.hree ftill-scale
specimeny were tested in the experimental part of the study. The dimensions of the
specimens are shown Figure 3.2. The joints between thstiffener, cross beam and
deck plagé were all fillet welded with a weld throat dimension of a=5 mm.

3.3 Test method

The specimens were testeda waysimilar to the three point bending test, as shown
in Figure 3.3 and Figure 3.4. Each speanen was held on two roller supports at the
cross beam ends. The load was applied weréical plane passing through the mid
span of the cross beam by an actuator via a load cell kadiiagbeam.Theloading
beam divided the load into two equal partsl @pplied each part to one end of the
stiffenes. Thestiffenes were stiffened by two stiffeners at the point of application of
concentrated load to prevent local deformations, as seEmgume 3.3. This loading
would cause a rgative moment in thetiffenerin the joint location, and a positive
moment in the cross beam in that sectigpecimers werefirst loaded statically with

a small load to carry out elastic strain measurements via strain Gadessquently,
high cycle fatgue testing with constant amplitude fatigue load was performed.

1 A fourth specimen waslso tested. It watoaded monotonically until failure to determine the
collapse load.
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Dimensions of the tested specimens

Figure 3.2
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/ Loading beam

Figure3.3  specimen mounted ihd fatigue test machine
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Figure3.4 specimen mounted in the fatigue test machine

3.4 Measurements

Strain measurements were taken during the static tests. The hot spot zones (i.e.
placement of the strain gag)ewere located by a primary finite element analybine
pointson the weld toesvith high values of principal stresses are prone to cracking
These zones are shownkigure3.5. It is worth noting thataccording to FE analysis
results,there is a possible cracking zooe thecurved edge of the upper cope hole
which cannot be predicted by the SHSS method. This is addressed in the limitations of
the study in Chapter 2.

The model also predicted that the fifastiguecracks shold initiate on the surface of
the web of theerossbeam at thieottom ofweld line (point A inFigure3.5). Thiswas
the case fothe specimen A4 (se€kable3.11 at the end of this chapter). However, the
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stresses irthe end of cross beato-deck connectionwere underestimated since the

weld geometry at that hot spot was not modelled. During the experiments, this point

was the first place for the cracks to initiate in the A2 and A3 specimens. The studied

deai |l shows an example of a detail with sev

From the data mentioned aboveur hot spots were identified on the web of the cross

beam ( 6wb OFigareB®) dSavtd ficqur hot spdHsaod O & 2¢
in Figure 3.6). Becauseof the symmetry of the detaitherearetwo of each of the

above mentioned hot spots. O6wbdéd and o6wtd p
ofl 26 poi nt Basedorethedile eléememnd analysighé cracking impoint

60fl1 16 di dberrdgidcal Hoveerem some cracking was observed at the deck

plate in this point. So, it was added to the list of the hot spots for further investigation.

The cracking might also initiate ithe weld toe on thstiffener plate. But for the
assessed detail, this was not the case, because of the relatively high thickness of the
stiffener plate (18mm). This was shown also in finite element analysis and was
verified in the experiments.

Deck plate

Stiffener

Cross bea

Figure3.5 Identifying the hot spot locations from the FE analysis

The stress profiles in the hot spot zones were measured with chain strain gages, as
shown inFigure3.7. This was done for specimen A4. Furthermore, two simple strain
gages were installed on the plate surface opposite to the face where chain strain gages
were installed. This way, the calculation of structural stress by surface stress
extrapolation could be verdd by two measurements. Given the complexity of the
detail geometry in one hand and the irregularities in the weld geometry in the other
hand, the placement of the strain gages on the desired location was an intricate job.
This was specially the case filve type B hot spots, because the strain gradient in the
hot spot is steeper and exact placement of strain gages in both directions,
perpendicular to the weld and along the weld, is crucial. It also appeared in practice
that the exact placement of simpteagh gages in the prescribed extrapolation points

is rather hard. Hence, the use of chain strain gages is recommended in all hot spot
zones in future studies. As an example of the problems involved in placement of the
strain gages on their theoretical &ion, Figure 3.8 shows the measured distances of
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installed strain gage from the hot spot o0v
vertical distance of the strain gage from the hot spot is hardly avoidable, because of
the curvatee of the plate edge at the cope hole.

’ S et |
fl2 (type a)
198
fl1 (type a)
wt (type b)
wb (type b)

Figure3.6  Assesseddt spot locations on the specimen

Furthermore si nce the o6fl 16 and 6fl 26 hot spots
possible tanstall two strain gages in the area between these two points. So, just one

chain strain gage was installed in the area at a distadtdrom the weld toe at hot

spot oOfl 16.

Since the specimend2 and A3 were tested before the start this study, the
arrangement of the strain gages did not conform to the requirements put3yyShe
method. hemeasurements on these specimens were made by rosette strain gages.
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Figure3.7 Chain stran gages installed o6 wb 6 h o specameroA4 (before
wiring).

\"*-’iil!lllll]
£ c
Hintnthag il

i

0

ekbibidian - 1§

Figure3.8 Measurement of the horizontal and vertical distance of the chain strain
gagefrom the type 'b' hot spot (‘wb' pon#&4 speciman).
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3.5 Specimens

3.5.1 SpecimenA2

This specimen was first tested under a constant amplitude fatigue load with a load
range of 200 kN. After about 5.5 million cycles, no visible crack was formed. So, the
test continued with a load range of 400 kN for anothenillion cycles. The loading

data is presented ifable3.1.

Figure 3.9 andFigure 3.10 show the specimen after the téBable3.2 andTable3.3
show the fatigue crack growth data for the cracks shown in the figures.

Table3.1 Fatigue loading data for the specimen.A2

Maximum | Minimum | Load range Load Number of
load [KN] load [KN] [KN] frequerty Hz] cycles [n]
210 10 200 3 5527 812
410 10 400 2 1 543 930

Figure3.9  Fatigue cacks in specimen A2
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Table3.2

Crack growth data SpecmnenA2.

Crack Cracka| Crack b| Crackc| Crackd| Cracke| Crackg
Hot spot N/A N/A wit fl2 fl1 wb
Length Length Length Length Length Length
Cycles[n] [mm] [mm] [mm] [mm] [mm] [mm]
180000 0 0 0 0 0 0
305000 0 0 0 0 0 0
368000 0 0 0 0 0 0
552739 0 0 0 0 0 0
732330 0 0 0 0 0 0
907260 0 0 0 0 0 0
1123466 0 0 0 0 0 0
1136255 0 0 0 0 0 0
130800(¢ 0 0 0 0 0 0
132800(¢ 33,66 0 0 0 0 0
1489000C 84 31,89 16,15 0 31,54 0
154393(C 95,46 69,29 48,11 14,61 77,3 54,01
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Figure3.10 Fatigue cracks in specimen A2 (other side of the specimen)

Table3.3 Crack growth data Specime\2, continued
Crack h Crack i Crack | Crack k
Hot spot wb wb wit fl2
Lengh Length Length Length
Cycles[n]] [mm] [mm] [mm] [mm]
0 0 0
180000 0 20,51
305000 12,09 30,07
368000 19,76 38,59
552739 25,5 55,52
732330 32,93 81,58
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907260 38,02 0 16,88 96,26
1123466 47,61 0 28,95 123,33
1136255 52,58 0 34,99 132,@
130800( 52,58 0 34,99 152,22
132800(0 52,58 0 34,99 164,33
148900(¢ 60,39 125 34,99 174,32
154393(Q 60,39 125 34,99 178,61

Figure3.10 shows that the crackganddbhave initiated on the web plate surface of
the cross bea. But their development pattern is rather complex. Instead of
developing at the weld toe along the weld line (crack path i), they have grown through
the weld itself andhen through the thick web plate of thtefener.

Crack growth data for cracks a abdTable3.2) reveals that the crack initiation in the
curved parts of the cope holes, which are highly stressed but are not welded, occurs
far more later than the cracking in hot spots

3.5.2 Specimen A3

This specimenwas tested underl constant amplitude fatigue load with a loal
range of 30 kN up to 5 million cyclesThe loading data is presentedTiable 3.4.
Figure3.11 to Figure 3.14 show thevarious cracks in thepecimen after the testhe
fatigue crack growtldata for these cracks are presentetiable3.5 to Table3.7.

Table3.4 Fatigue loading data for the specimen.A3

Maximum | Minimum | Load range Number of
load [kN] load [kN] [KN] cycles [n]

360 10 350 5000 000
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Figure3.11 Fatigue cracks in specimen A3: (a)fl2 hot spot;(b)fl2 hot spot;(c)fl2 hot
spot;(d)fl2 hot spot;(ewb hot spot.
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Table3.5

Crack growth data Specimen A3

Crack a Crack b Crack c Crack d Crack e
Hot spot fl2 fI2 fl2 fl2 wb
length length length length length
Cycles[n] [mm] [mm] [mm] [mm] [mm]
0 0 0 0 0 0
985 000 18 22 20 30 0
1 085 00d 18 22 20 30 5
1 140 00d 23 30 20 35 5
1 330 00¢ 23 30 20 35 15
1 460 00d 28 30 20 35 15
1 830 00( 33 30 20 43 15
1 871000 33 30 20 43 15
1 935 00( 33 30 20 43 15
2 070 00d 37 30 20 49 15
2 255 00d 43 35 20 49 63
2 527 00( 43 35 20 54 63
2 550 00d 47 41 33 54 63
2 641 00( 47 41 33 54 63
2 886 00( 47 41 33 54 63
3 065 00C 47 41 33 54 63
3139 00C 47 41 33 54 63
3468 000 47 46 33 54 88
3719 00C 47 46 33 54 88
3 785 00C 47 46 36 54 88
3963 00C 47 46 36 54 88
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4 139 000 47 46 36 54 92
4 370 00C 47 46 36 54 92
4 731 00C 47 46 36 54 92
5 000 00¢ 47 46 36 54 122

1
¥
k

1

\

h

"

Y
.
3
V.

Figure3.12 Fatigue cracks in specimen A3.

Table3.6

Crack growth data Specimen A3, continued.

Crack m1

Crack m2

Crack m3

Crack m4

Hot spot

wb

wit

wb

wb

Cycles[n]

length [mm]

length [mm]

length [mm]

length [mm]

0

0

0

0

0

985 000

0

0

0

0
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1 085 00d 0 0 0 0
1 140 00C 0 0 0 0
1 330 00C 0 0 0 0
1 460 00d 0 0 0 0
1 830 00C 23 0 22 0
1 871 00d 37 0 22 0
1 935 00C 49 0 22 0
2 070 00C 68 0 24 0
2 255 00C 90 0 24 0
2 527 00C 105 65 24 28
2 550 00C 105 78 24 28
2 641 00C 105 105 24 28
2 886 00C 105 105 24 28
3 065 00( 105 105 24 28
3 139 00¢ 105 105 24 28
3 468 00C 112 105 24 36
3 719 00¢ 112 105 24 36
3 785 00C 112 105 24 36
3 963 00( 112 105 24 36
4 139 00¢ 112 105 24 56
4 370 00( 112 105 24 72
4 731 00( 112 105 24 126
5 000 00c 115 105 24 160

CHALMERS, Civil and Environmental Engineering Ma st e 2OD%104T he s i s 47



Figure3.13 Fatigue cracks in specimen A3.

Figure3.14 Fatigue cracks in specimen A3.
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Table3.7

Crack growth data Specimen A3, continued.

Crack p Crackr Crack v
Hot spot N/A N/A fl1

Cycles[n] length [mm] length [mm] length [mm]
0 0 0 0
985 000 20 0 0
1 085 00¢ 28 0 0
1 140 00(¢ 36 0 0
1 330000 36 0 0
1 460 00( 36 0 0
1 830 00¢ 36 0 0
1 871 00¢ 36 0 0
1 935 00d 36 0 0
2 070 00d 36 0 0
2 255 00( 36 0 0
2 527 00( 36 0 0
2 550 00( 36 0 0
2 641 00( 36 0 0
2 886 00( 36 0 0
3 065 00C 36 61 0
3 139 00C 36 61 0
3468 00C 36 61 0
3719 @O 36 75 0
3 785 00C 36 89 0
3 963 00C 36 128 0
4 139 00C 36 138 0
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4 370 00(¢ 36 144 0

4 731 00( 36 150 85

5 000 00¢ 36 153 85

3.5.3 Specimen A4

The specimen was tested with a fatigue load range of 37(0ké&l.loading data is
presented iTable3.8.

Table3.8 Fatigue loading data for the specimen.A4

Maximum | Minimum | Load range| Number of
load [kN] load [kN] [KN] cycles [n]

10 380 370 Testin
progress

This specimen was instrumedtdy chain strain gages in hot spot regiombke

measurement method gsvenin Section3.4. Following the 1IW guidelines described

in Section2.3.5 the structural hot spot streseutd be evaluated experimentally.

Figure 3.15 shows the placement of strain gages on the specimen. Red numbers

bold on the figure show the channel numbers in the strain data output. Ranges of
numbers denote chastrain gages. For example channels 51 twé&@® connected to

the chain strain gage iMoedva,lcharmes3lelhh t he 6
captured the chain strain gage output I nsi
other side of the specimen.

The stressewere calculated fronthe strain measurements usiBguation 211. The
ratios of the longitudinal and transverse strai5§/(9x) at hot spot regions were

required for this calculatioriThese werecalculated from the finite eleamt analysis
results (see sectidh3.5, and are shown imable3.9.

Table39 ¢, /e, ratios for hot spots.

Hot spot wb wt fl1 fl2

ey/e -0.2149 -0.2081 -0.0673 Not Calculated

X
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Figure 3.15 Placement of the strain gages on the specimen A4. Numbeesi
denote the channel number in the strain data oufRanigesof numbes
(e.g. 1021) denote chain strain gages

The stress profiles at the two sides of each hot spot are shéwgune3.16 to Figure

318f or hot spot s .orhebxadxis dieetiondor theagores o léfi 1 0

column is from right towards leffhe extrapolated hot spot stresses are also indicated

on the figures. Structur al hot spot stress
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quadratic extrapolation of the stresses at 4 mm, 8 mm, and 1f2ammthe weld tog

according to lIWWguidelines

Measured Stress profile near "wb" (left side)-200kN load
120

100

80

Stress [MPa]

) —@— Stress measured at strain gages 31-40
......... Extrapolated stress (o, =89MPa)

&  Extrapolation points

14 12 10 8 6
Distance from the weld toe [mm]

Stress [MPa)

120

100

80

60

40~

20

Measured Stress profile near "wb" (right side)-200kN load

—e— Stress measured al strain gages 51-60
--------- Extrapolated stress. (nhe-‘ 13MPa)

4 Extrapolation points

Figure3.16 Measured stress profiles near the 'wb'

Measured Stress profile near “wt" (left side)-200kN load
100~

90l —e— Stress measured at strain gages 21-30 |
~--=---- Extrapolated stress (o, =94MPa)

w5l & Extrapolation points |

70

50

Stress [MPa)

40+

30

. . . . . .
18 16 14 12 10 8 6 4
Distance from the weld toe [mm]

Stress [MPa)

100~

90}

80+

70

60

50

40+

30

20

2 4 6 8 10 12 14
Distance from the weld toe [mm]

hot spot (applied load:200kN)

Measured Stress profile near "wt" (right side)-200kN load

Stress measured at strain gages 41-50
O (5, =NIA)

\\\

L L L
2 4 6 8 10 12 14 16 18

Distance from the weld toe [mm]

Figure3.17 Measured stress profiles near the 'wt' hot spot (applied load:200kN)

Measured Stress profile near “fl1" (left side)-200kN load

©
3

—@— Stress measured at strain gages 1-10
———eene- Extrapolated stress (0, =N/A)

@
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Measured Stress profile near “fl1" (right side)-200kN load

| —e— stress measured at strain gages 11-20
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Figure 3.18 Measured stress profiles near tfid"hot spot (applied load:200kN)
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For the right side of d$hef édwhe b6t 16pbbDt
extrapolation was not possible, because the strains at 4 mm distance from the weld toe

were not measured. The difference between the stress profiles at the two sides of each

hot spot can be associated with the misalignment$ienjoint (see sectio.3.6.

Table3.10 shows a summary of experimentally evaluated SHSS values. The value for

Owbé in the table is selected as thle aver a
of the hot spot.

Table3.10 experimental SHSS values for different hot spots for a 200 kN load.

*

Hot spot whb wit fl1 fl2

s,.[MPa] 101 94 N/A N/A

Since the test was in progress at thmet of preparation of this thesis, the crack
growth data could not be presented here. The observations showtte firat crack
initiated in the OwbOoFighre3tld. spot at 304 000

Figure3.19 First observed fatigue crack on specimen A4 (Location: wb).

CHALMERS, Civil and Environmental Engineering Ma st e 200%104T hesi s 53



3.6 Summary of test results

A summary of the crack initiation data from the tests is present@dble 3.11. For

all specimens, the first crlan the joint was observed at the hot spots. For specimen
A3, an earlycrack in the nofwelded cope hole edderackp) was observed at the
same timeof cracking in a hot spot in the detalil.

Table3.11 Sumnary of crack initiation data for specimens A2 to. A4

Specimen Load Number of cycles to cracking in hot spots [n]
range [kN]
wb wt fl1 fl2
A2’ 400 3.05*1C 9.07*1C 1.49*1¢ 1.80*1C0
A3 350 1.09*1C 2.5310° 4.73*1¢ 9.85*1C
A4 370 3.04*10 N/A N/A N/A

* Specimen A2 was first tested for 5 million cycles under a 200 kN load without any visible crac
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4 Finite elementmodelling and analysis

Three main steps were taken in the FE modelling and analysis of the specimens.
Those werepre-processing (maelling), processinganalysis), and pogirocessing.
Thesestepsare described in the following sections in ttimpterVarious FE models

were madedo investigate the effect of different modelling techniques on the resulting
SHSS values. These models asmime preliminary results from the analyses are
presented in this chapter. In addition, some modelling andpposéssing issues were
observed that has been addressed in this chapter.

4.1 Modelling

The finite element analysis program ABAQUWSrsion 6.7.2ABAQUS, 2007)was
used fomumericalmodelling®.

Geometry: The geometry of the models was based on the theoretical dimensions. For
shell element models the geometry was based on theplaunds of the plates in the
physical part For solid element models ar@he of shell element models,nty a
quarter of the physical part was modelled because thewaartsymmetric intwo
directions.Later on, it appeared that using the symmetry to reduce the maeel si
could affectthe stresses in shell element models. This is due to the fact that the
symmetry plane passes through the mid plane of some piaties joint Therefore,
these plates shouloe modelled with a shell thickness of half of the plate thickness.
This causes some difference in the stress results from the guadet and whole
model of the part. So, the whole geometry of the part was modellethénshell
element models.

Weld geometry was not modelled iwo of shell elemenimodels.An investigation on

a more simple joint detail revealed that weld modelling had significant effect on the

SHSS values whea geometric feature (such as a chypde) exists at the weld toe

location. Ths investigation is presented in Appendix D. Thereftwey other shell

element modelgi.e. SW04 and TS02 modelgjere built withthe weld geometry

modelled Weld modelling was carried ousing thetechniques explained in section

2.3.6 Weld geometry was alsmodelled in solid elemenhodels The geometry of

the fillet weldsin solid element modelwas generated by chamfering two intersecting

volumes (e.g. web plate arstiffener) in ABAQUS. There was aninor problem in

this procedureWhen the chamfer was passing through the curved edge of copge holes

some small extra edges were created in the carseefigure4.1. These small edges

prevented the correct generation of structured mesthensubsegent steps.To

correct the topology of the model and remévh e se edges, t he O0small
tool 6 avail abl e LaterinAhR AQlkliiBg phaseit appeazed that a

more convenient way to model the weld geometry would be generation of weld

vol ume by O6extrudeb6é, O6revolveb, and b6sweepd
module of the program. These operations provide more control and better accuracy in

12 At the beginning of the study, als€DEAS computer aided engineering package was considéoed
usein the analysisLater on, ABAQUS was selected because ofghed posi{processing options and
better availability of the documentation at the department.
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generation of the weld geometiyhe weld geometry in the shell element models was

created using this latter method.

Smalledge

|-

al |_7_7_7_7I17_

Figure4.1 Modelling of the weld geometry

Material properties: Typical steel mechanical propertieskE € 210GPa and
n =0.30) were used forhite material propertie©nly elastic propertieseeded to be
considered.

Loading and boundary conditions: A unit load of 1 kN was applied to the model in

the form of uniform vertical pressure applied right on the top of the stiffeBarse

one quarter ofthe model was modelled, this was equal to a 4 kN load on the
specimen. Thanalysis was linear elastic and the stresses were linearly proportional to
the loading. So, to calculate the stresses for other loading values, the analysis results
were multipliedby the ratio of the desired load to the reference load (i.e. 4 kN).
Boundary conditionsonsistedf: (a) restraint against vertical displacement along the
roller support lineand(b) symmetry boundary conditions on the planes of symmetry

of the physicamodel The loading and boundary conditions are showFigure4.2.

Meshing and element type The first model, which wasused for preliminary
evaluation was meshed with the tetrahatlelements (free mesh). All other models
weremeshed with prismatic elements (structured mesh) which complies with the 1W
guidelines. To place the nodes exactly on the prescribed extrapolation points, the
mod el vol ume was divided to oOpartitionso.
different mesh densities. This is shown kigure 4.3 and Figure 4.4. 10-node solid
elements (C3D10) were used for free meshing. For structured mesbd20solid
elements with reduced integration (C3D20R) anab& shell elements (S8R) were
used.

56 CHALMERS, Civil and Environmental Engeering Ma st e 2ODS104T hes i s



UX=URY=URZ=0
on this symmetry plane

Vertical load on top
of the stiffener UZ=URX=URY=0
on this symmetry plane

UY=0 on the location
of the roller support

Figure4.2 Loading and Boundary conditions for the FE models

Figure4.3 Partitioned mode&nd closeup view at thdwot spots region.
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Figure4.4  Structured meshon model followingthe partitioning shown on
Figure 4.3.

4.2 Description of the models

4.2.1 Model FR

This model was usefbr primary analysis of théest specimemnd to determine the

highly stressed regions in the joiftherefore minimal meshing rules were applied

building this model The model was meshed with fregesling method. 1éhode
tetrahedral solid elements 3010) were used. The mesh density was increased in the
joint region to increase the accuracy of the reshltgure4.5 andFigure4.6 show the

mesh pattern in the whole model and in the joint, respégtiteom the maximum
principal stress plot ifrigure4.7, it can be seen that the joint region is the most highly
stressed zone in the model, as it was expected. Further investigation of the joint region
(Figure 4.8) shows that the Owbd hot spot i s
initiation, because of the high principal stress values.

Figure4.5 Free mesh on the model FR.
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Figure4.6  Closeup of the mesh in the joint region, FR model.

S, Max. Principal
(Avg: 75%)
+6.400e+03

-1.23%e+03
-1.552e+03

Figure4.7 Maximum principal stress plot, FR model.
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Figure4.8 Closeup of the maximum principal stress plot in the joint region, FR
model.

This model was not used furtherthestudies because the use of tetrahedral elements
is not recomranded (although not prohibiteity the SHSS guidelines.

4.2.2 Model SH10

This mode] shown n Figure 4.9, was made based on the [IW recommendations for
analysis withcoarse meskhell element modelsee sectio2.3.6.9. This model was
the only shell element model in which a quarter of thgspal specimen was
modelled (see Sectiofl). As shown in closeip view of the model ifrigure 4.10,
themaxi mum el ement size at t h 8E0mnt*A0mpre 6
(.e.t*t) and in type 6baditwas10mns 0o Fhe weéldvb 6 and
geometry was not modelled.

Figure4.11 shows the deflecteshape of the model under loadingerification data
for the model $ presented in the sectidn2.9 Figure 4.12 shows theplot of S11,
which is thestress component perpendicular to the weldatade top layer (surface)
of the shell elemerits This plot and similarplots from other modelsere used in
extraction of the stress profiles at the weld toe regh@nan example, the line denoted

13311 is the stressomponentat xdirection (S11 §. In the studied model, this corresponds to the
stress component perpendicular to the weld toe for all four hot spots investigated.

6C CHALMERS, Civil and Environmental Engeering Ma st e 2ODS104T hes i s



by o6starté and diguned.HO wasnthe patheto extact thé stress
profil eb®ohot hepow. TIaters thiwchépter. be descri bed

Figure4.9  Structured mesh with shell elements, SH10 model.
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10mm

Figure4.10 Closeup of the mesh ithe joint region SH10model

Figure4.11 Deformed shape, SH10 model.
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Figure4.12 Closeup of theS11plot (stress component perpendicular to the weld
line) in the joint region, SH10 model.

4.2.3 Model SHO4

This model was made with shell elements. Instead of modelling a quarter of the
physical part, whole specimen was modelled to reduce the issues addressed earlier in
Section4.1 Finite element mesh was generally similar to the SH10 model. However,
the mesh was modified such that nodal points coincided with the extrapolation points
for calculation of SHSS. The mesh was alsefinedat the joint region, seBigure

4.13. The refinement was based on the IIW recommendations for modelling with the
fine mesh The el ement size at t hémmtdymp e G ad
(i.e.04t*0.4t) and 10mnm*10mm (i.e.t*t) in the elements adjacent to those
elementsFortype 6 b6 hot s p othesnegh Gizelasddmre” dndn fay att 6 )
least three consecutive elements near the weldagshown in closap view of the

model inFigure4.13. The weld geometry was not modelled.

Figure 4.14 and Figure 4.15 show the plot othe stress component perpendicular to
the weld toeand maximum principal stress, respectiv&egfinitely, these stresses are
at the top layer (surface) of the shell elements

4 For a more detailed explanation of the role of these extra nodal points, see the description of the
OP04 model (Sectio#.2.6 andFigure4.23.
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Figure4.13 Meshin the joint region, SHOModel.

Figure4.14 S11 plotin the jointegion, SHO4 model.
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