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ABSTRACT

Orthotropic steetleck has been widely used over the decades especially oispamg
bridges due to its light weight and fast constructiblowever atiguecrackingproblems

on the weld$avebeen observed in many countridRib-to-deck welds need special care
since they ar directly under wheel loads, which cause large local stress variations and

stress reversals.

Currentlythe only requiremerity AASHTO bridge codés that the ribto-deck welds

need to be fabricated as esided partial penetration welds with minimum peatdn of

80% into the rib wall thicknesHowever considering thiain rib plate thickness, it is

very difficult to achi etwvler ¢ hhglsotprermoedignHadd won w
defect Large cost has been caused for the regdawever recent search has found

that the fatigue performance of the-tdadeck weld is not directly related to its

penetration Other factors contribute to the fatigue performance as well. Therefore,

aternative requirementshich are more costffective and rationare desired.

The objective of this research is to provide recommendations to the design and
fabrication of ribto-deck welds by investigating their fatigue performance with different
weld dimensiongpenetrationsand welding processegatigue testsvereperformed to

95 full-scale singleib deck segments 8 specimen seridabricated with different

welding processes and root gap openn&secimensveretested under cyclic loads till
failure. Three failure modewere observed on Hotveld toes and the weld roofest

results showed that the fatigue performance was more affected by other factors such as
failure mode, Ratio and root gap openness, rather than the weld penetratienfailure

cycles were recorded for the followingh\curve analysis.

Finite element analysis was performed to determine the stress state on the fatigue



cracking locations Special considerations were made for the application e$jpatt

stress methodologyvhich postprocesses the FEA results to caltelhhe stress values at
cracking locations with the structural configuration taken into accotimthot-spot

stress range values were derived and adjusted accounting for the fabrication and test

error. Hot-spot SN curves were established for each speei series.

Statistical analyses were performed to studgepththe effect of weld dimensions and

test scenariosMultiple linear regression (MLR) was performed to investigate the sffect

of different weld dimensions; and multiay analysis of covariaegMulti-way

ANCOVA) for the effecs of specimen series, failure modeyd&io and weld root gaplit

was found that the weld ta@ze wa more relevant to the fatigue performaraerthan

the weld penetrationThe failure mode and-Ratio werevery influential on the fatigue
performance Recommendations to the weld geometry were proposed based on the MLR
model fitting S-N data were reategorized based on ANCOVA results and the lewer
bound SN curve was establisheddASHTO C curve was recommendeat the deck

design.
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Chapter 1. Overview

1.1 Background

Many geel orthotropidridgedecks have been built ovéirelast 60 yeargn Europe,

United States Japanand many other cotimes The origin of thisoridge deckype dates
backtot he @ or t h patanisguedn Germamy ire1®48edlacek, 1992)The
maja advantagesf steel orthotropic deckacludetheirlight weight, rapid erectigrand
easy assemblyTheoriginal patent claimed that the steel consumption could be reduced
by half With these advantagesithotropicbridge deck havebeen widely used olong
spanhighway bridgesmovable bridgesablestayed bridgesand suspension bridges

due totheirlight weight Theyalso hae been used on other types of bridges where fast
construction is desireduch as temporary bridges and bridges in high population density
areas Orthotropic steel deckarealso a common solution for-gecking old bidges due

to theireasy assemblyWolchuk (2001) gives a summary of the guidelines for using

steel orthotropic decka re-decking bridges.

A steelorthotropicdecktypically consists of a stedeckplatewith weldedstiffeners or

ribs parallel to each other in thengitudinal direction Transverse&rossbeams are

typically used to support the ribs apbvide stiffness in theransverse directionThe
transverse cross beams typically serve as floor beams transferring the deck loads to the
main structure These loor beams are often integrated with the deck struetheze the

top flanges of thoor beamsareoftenformed by the deck plate itselflhe stiffenng

ribs can be open shapes such as plates, invertagtflons, anglesind channels or
closedbox-typeribs with different geometric shapesapezoidaklosedribs arethe most
common Figurel.l givesanillustration of a typical trapezoidal closi steel

orthotropic deck panelThe first orthotropic steel deck with closed ribs was constructed
in Germany in 1954Compaedto openstiffeners, the closed ribs have many advantages
First, closed ribs can transfer the traffic load much more efflgiamthe transverse
direction As a resultclosedribs canhavewider spacinghanopenribs. This resulsin
fewerribs and therefae lighter weight compared to open rib systef@scond, closk



ribs can provide much high@iexural and torsionatfigidity in the longitudinal direction
allowinglonger spasto beachieved In other wordsfewercrossbeams are required,
therebyredueng the deckselfweightandthe number of welds associated witte cross
beams Lasty, sincesinglesided weldsare used to attach the closed ribs to the deck
versus doublesided welds for openbs,the number of rido-deck welds is reduced by
half. However the onesided weldsause quality control and inspection issues which

can be alisadvantagéor closed ribs.

Figurel.1 Typical closerib steel orthotropic deckgmel

To overcome the disadvantaggsonesided weldingand prevenpremature fatigue
failure, more careful consideratimneeded to desigib-to-deck welds Many of the
earlier vintage orthotropic decks with closed ribs expegdrfatigue cracking problems
There was a lack ddnowledge about fatigue and a lack of guidance in the structural
design codesThe canplexstress statpresentattherib-to-deckwelds m&es fatigue

designevenmore difficult Many orthotropic decks before late 1970s were constructed



under ths stateof knowledge The quest folighter selfweightled to relatively thin deck
plates in the structural desighlowever, many of the designs with thinner deck plates
were vulnerable to high local stress effects from wheel lo@dbe contribution of the
wheel-load effect was not fully considered in early deck designs and many bridges
experierwed fatigue cracking problem€ompaed to main structural members,

orthotropic steel decktend to have a higher incidencdaifgue problems becauséthe
local effects of whel loads Wheel loads cause large local stress variations, stress
reversals, and an increased number of stress cycles that must be considered in fatigue

design.

Steel orthotropic decks have bgmart ofengineering practice and extensively studied
Europe for decadedPartially due to theuse of relativelythin deckplates premature

fatigue crackhg wasobserved in many European countries (Mehue, 1981, 1990, 1992,
Burdekin, 1981; Leendertz, 2003%teel orthotropic decks have also been widely
constructed in the United Stategh mixed experiences relating fatigue behaviar The
situation has been steadily improving as more knowledge becomes available on how to
improve fatigue resistancé&urocode3 andthe AASHTO bridgedesigncode currently
have similar fatigue design philosophy and detailing requirements ftr-dbck welds
which employthetraditional nominal stredsased designoncept Experience has led to
an80% minimum weld penetratiaequirement for onsided welds to control
fabrication165in service Kolstein (2007) has recently studied-dbck weld

performance and has proposetisiors toEurocode3. Guidelinesfor fatiguedesignof
rib-to-deck weldshavealso been proposdxy Det Norske Veritas (DNV) anthe
International Institute of Welding (IIW)There are differences imelding processs
workmanship, material properties, detail classificataord plate thickness betwebi%
andEuropearpractice Thereforenot all of he guidance developed for European

practice can be directly used in the US.
1.2  Objectives

The present project involves experimental fatigue testing of orthotropic deck specimens

performed at boththe e d e r a | Hi g h wasyTurded-airbank Highway t i o n 6



Research Center and the Structures Laborato¥firgtnia Tech The goal is tgrovide
recommendations on both desigiethodsard fabricationdetailingto provide adequate
fatigue resistance of the riteck weldcommonly utilized in the U.SThe effects of
different weldgeometricdimensionsarestudied to optimize theeld shape and sizend
fatigue data is collected to develSgN curves forthedesign ofrib-to-deck welds under

differentloadingscenarios.

The first objective is to determine the effe€tveld process and geometry on the fatigue
resistance of the rioleck weld This is accomplished biatiguetestinga series 095
specimens witldifferent welding processe&MAW and SAW, different levels of weld
penetration45.4%6 to 96.3%), undertwo different loading regimesA statistical analysis
of the data is used to determine the effect eachhlarias on fatigue resistancéhe

data can then be classified into fatigue resistance curMdc(Bves) for use in design

In other wordsrib-to-deck welds with different welding process, workmanship and
failure modes can be classified irtppropriatdatigue desigrcategoriesf nominal stress

is calculated

The second objective is to investigate methodologies for calculating stress ranggis throu
finite element analysis that can agsociated witthe SN curves T h éot-$poto stress
basednethod will be investigated to determine how it can be applied to the complex
stress statpresent in the ritaleck weld Currently bothEurocode 3 and AASHO code

still utilize the nominal stresgnge approacto generate -l curvesthat include the

effects of geometry and welding proce3sis approach requires ftalcale testing where

the detail geometry, residual stresses, and other effects are iniclutledesistance

curves Nominal stress is easy to understand and feasible to calculate manually, but it is
accurate only when the structure n@sitivelysimple geometrand loading conditions
Thedevelopment of computededstress analysienables a better understanding of the
local stres®ccurring at detailsFinite element analysis can determine |stedss values
atweldmentsT h e -$i n ortethod has been developed bgeaarchio compare the

local stress to a fatigue master curviedesign Therefore, newnasterS-N curves need

to be established or selectied comparison tdinite-elemertbasecdhot-spotstress

values Standardized hedpot methodologies have been proposed utilibmigspot SN



curvesand a standardized thed ofcalculating the hespotstress (DNV, 2008;
Hobbacher, 2008

Another objective of this research is to optimize the size and shapetofddtk welds

as the basis of the detailing requiremer@sirrently it is common practice in the United
States t@roducepartial penetrationib-to-deck welds with a minimum penetration of
80% into the rib plateFor the upper bound, the welds cannot Haue | -tolwr o u g h 0
fimeltthroug htbat creates defects inside the rils reality, due to the thin rib plate
thicknessthatis commonlyused in steel orthotropic decks, 8@¥netration without
melt-throughor blowthroughis difficult to achieve A more toleranpenetration
requirement is needed to reduce the need for weld repairs anasentabrication
efficiency. However, any relaxation of the 80% penetration must not increase the

potential for fatigue cracking
1.3 Approach

Fatigue design of the rto-deck weld is more complicated compared to the AASHTO
fatigue design procedures for most bridge membéne AASHTO methodology relies

on calculating a fafield stress range that ignores any local stress concentration effects
close to welded detailsThe stress ranges are caused by the overall truck loading event
on the bridge This contrasts with the ritb-deck weld where local wheel load effects
combine with the global truck event loads to create a complicated stresB&tedeise

the ribto-deck weld is typically a onsided partial penetration weld, a crdide defect
exists at the root notclClassical elastistress analysis usirsplid mechanics encounters
asingularity problem at theracktip. The local stress effects and the crack tip
singularity cannot be readily analyzed using thefitdd stress range approach

Therefore alternative aproaches need to be established to anaheaéatigue resistance

of the ribto-deck weld This sectiomprovidesa brief overview okeveral alternative
approaches that aceirrently available, with an emphasis ongbk chosen for studg i

this research

Fatigue resistance is typically characterizgd S-N curveswhere fatigue test data is

plotted based on the stress range (S) and the number of cycles to fajlansa(N
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logarithmicscale, the fatigue data candieracterizedby a straight line relatiaghip for
metallic materials If the live load stress range is known at the detail, this relatively
simple straight line relationship can be used to predict the number of ngeldsd to
cause fatigue failureln fatigue assessment, the stress rangeegauvecalculated and
usedto predict the fatigue life, while in fatigue design tegquirednumber ofservice
loadcycles isusedto determine the allowable strassige The SN curve is determined
experimentally by performintpgarithmiclinear regression on test data developed at
different stress range®ifferent welded details will have different!$ curves;therefore
the curves need to be developed individually for each detail ¥Wfeenfatigue

resistance o& new type of structuraetail needs to bevaluated, new fatigue tests need
to be conductetb establish the-8I curve Alternative approaches have been developed
where a locally calculated stress range is compared to a masteunrSe for the fatigue
resistance of all weldemts Two alternative approaches, thetch stress approach and

thehot-spot stress approadme investigated in this study

Fracture mechanics is alteanativeapproach to theoreticallynderstandatigue and
fracture The discipline of fracture mechi@s wasdnitially developed in the 1940's and
has seewidespreadpplication since The fracture mechanics approatgtermineshe
fractureresistancexs amaterial property (toughness) acaimpares this to the stress
intensity determined by tH&aw sizeandapplied stressLinear elastic fracture
mechanics (LEFM) is usually applied to brittle fracture and fatigue crack growth
problems while more advanced elagilastic fracture mechanics (EPFM) and limit load
theories are required for ductile fractyproblems A brief introduction of fracture

mechanics is made in Sectiar?.

The traditional SN curvemethodologyis used in this study for two reasofi¥the
fracturemechanicsbasedapproachebased on predicting crack growth rateguire
assumptioa ofthe flaw size It is difficult to assess the microscopic flaw sizéridge
welds since it depends on the welding pthoe design and quality contr@ind2)
Fatigue assessmensing thecrackgrowthapproachdepends omumerical integratioof

a stress intensity factor equation that can only be approximated for-tioedeick weld.



To perform SN curveanalysis poththe stress rangand thenumber of cyas to failure
need to be obtainedrhe dgressrange can bealculatedusingthe structural stress
approachhot-s pot 0 st r)emiishrequpepfinite @eamient modelingFEM) of
the welded structureBecause the local stress predicted by FEM geddent on the
element type and mesh densttelinear surface extrapolation (LSE) method is applied
While this still requirespgecial considerations f@lementypeand mesh densityhe
results are largely mesh insensitiv&¥/elds can be included or excluded in thedelng
methodology The cetailedhot-spot stress analysmsethodology andmplementation of
the LSE method aréntroduced inSection2.2.1andChapter 4

The full-scale small specimen fatigue test specimen is used in this study to estatblish S
curves for the rido-deck weld Thesespecimens were cut from ftdkcale weldments
fabricated with different welding processes and procedurke specimens ayclically
loaded in special fixtures that allow load reversal to be applied to the specintens
number of cycles to failurerasrecordedand used to developI$ curves using linear
regression The testing was performed both at the FHWA Twirairbank Highway
Research Center in McLean, Virginia and in the Thomas Murray Structures Labatatory
Virginia Tech More information orthe specimen preparaticdestequipment, loading
configuration and teshg procedure ipresentedn Chapter 3 Similar fatigue tests

conducted by other researchers can be found in Settion

After obtainirg results from botthefatigue tests anthefinite element modeling,-8l

curves weraleveloped for each specimen group with a particular weld type and loading
scheme Different parameters weraeasured to characterize the different welds and
weld groupsincluding the weld dimensios R-ratio, failure modeand root gap

openness Statistical tools wereaitilized to analyze the effetheseparametersave on
fatigue resistanceTwo types of statistical analgsvereperformed Multiple linear
regressio (MLR) was performedb determine theffect of variousveld dimensionsn

the fatigue resistanceMulti-way analysis of covariance (ANCOVA) watsoperformed

to study the effect ahefailure modeR-ratio, and root gap opennesAnalyses and

conclusions are discussedGhapter 5



Chapter 2. Literature Review

The first researcrelated to the fatigue design steel orthotropic decksas carried out

in1976 undet he wor king group ADynNnamitheEwopead s on Br
Coal and Steel Executive Committee (FH&aibach, 1991) The purpose of this working

group was texperimentallystudy the fatigue strength of the weld detailsteel

orthotropic decksnd toprovide guidelines for the analysis of trafficluced stresses

orthotropic decks Multiple research projectgere performedby this working group

between 1976 and 1994irst, thetraffic-induced stress distribution in the deekas

measuredn a series of bridgesThese measured stresses were recreated in experimental

tests Thisworkb ecame t he foundation of the Eurocode
Bri dges o -3 BEBbY Fafigaedbghavior adteel orthotropic decksnder

simulated lads was then studied to assess the fatigue performance of different details in

the deck SN curves for these details were proposed basedestominal stressange
Recommendations for detailing were atkveloped This work ultimately led to the

provisionsinEur ocode 3 fADesign of Steel S9ructures
2005)

2.1 Fatigue Testsof Rib-to-Deck Welds on Steel Orthotropic Decks

There have been multiple research studiethe fatigue performance of fib-deck

welds on steelorthotropic decks Fatigue testlatahad beemgeneratedn different
research projects to establish reliablisl Surves for different weld details on a
orthotropic steel bridgeThe fatiguetestscan be roughly categorized irttaree levels
First, smallscale testhave been performdd understand the fatigue behavior of welds
especially under bending loadShese tesspecimensisually only include théocal
structural detailsind do notnclude the overall deck system behavi®he specimens are
subjected tadealizedloading conditions and the resultistyess patterrnthatare not

necessarily theame as those in actual decks in service.

Secondfatigue tests usingpecimens cut from fulicale ribdeck weldments have been
performed to study the fatigue performance oftabdeck welds undamnore realistic



loading conditions Individual smallscale test specimens are cut from a$ckle

weldment consisting of a single rib atteed to a strip of deck plat€oncentrated loads

are applied to the specimens on either the top of the deck plate or the bottom of the rib
plate Varioussupporting configurations can be applied in order to simulate the stress
fluctuationsmeasured in actual deck®nemajor advantage of thigsttype is that it
allowslong weld lengthsto becumulatively samplednder identical loading conditions
This contrasts to full size test panels under a wheel load where only a very localized area
under the wheel load is subjected to maximum stress conditBinse the fatigue
resistance of welded details is usually governed by the presefice efla k rddfetts,
sampling longer weld lengths provides a more accurate measure of fatigue resistance
One disadvantage is that it is not possible to recreate aktt@spf the local stress state in
the test specimendespie these tradeffs, full-scale, smalkpecimen testare

relatively feasible to fabricate and t@starge numbers to generate statistically

significant data sets for comparison of differentitgsvariables

Third, largescale tests using fudlize orthotropic steel deck panisve also been
performed by severaésearchersReal or simulated traffic loads are applied on the deck
panesto create stress distributions tlcidsely matcltonditions measured in actual

decks in serviceThese tests include the structural system effects of the decks and
produce the most realistic stress field at the test detddsvever, they are very costly to
perform and only small regions of the pareais subjected to the maximum whiead
effects This type of tesis most useful tinvestigae otherdetails in the orthotropic deck

system such as the fib-floor beam connections.

2.1.1 Full-Scale Panel Test

Two suspension bridges in New York Gitiie Wiliamsburg Bridge anthe Bronx-
Whitestone Bridgegxperienced rehabilitation during 199008 The rehabilitation
process involved the replacement of thigioal concretefilled steel griddeckswith
lighter-weight steel orthotropic deckempleted in 298 and 2003, respectivelfrior to
completion experimental researahcluding both field tests arfdll-scalelaboratory
testswas performed to validate the fatigue performance of the deck deligntestded
to modifiedfinal designs for the steelthotropic deckso maximize fatigue resistance



Field tests were conducted on both twges and laboratory tests were conducted in
Lehigh Universityds Center for Advanced Tech
(ATLSS) Engineering Research Center f@or & Fisher, 2000).

A series offield tess on the Williamsburg Bridge wagerformed firsthrough 1997

1999, providing information ofstress distribution under truck loadspt@vide
recommendations to the AASHTO LRFD fatigue provisiof@onnor &Fisher, 200Q)
Stain gages welastalled on theliaphragn and bulkhead plates where itsveonsidered
to be critical to fatigue failur@igure2.1). Bothlow speeccrawl test45 mph)andhigh
speeddynamics testf24 mph and 43 mphyere carried oubefore and aftethe
application of thevearing surface A number ofconclusions resulteflom the field test:

1) The wearing surface had little effect on the strasge in the diaphragms and ribs but
reduced the stress range in deck plate by 15%+2%éeck esponse unddioth the

crawl and dynamic tests were almost identittadreforegruck speed did not affect the
peakmeasuredtresgange;3) the stress cyclewas dominated by iplane stresss
transverse to the ribs in the diaphragmd4) the magnitude of the measured stress
ranges exceeded the values obtained from finite element impd€&hese tests also
showed that the number of stress cycles per truskgue exceeded the number predicted
by theAASHTO LRFD fatigue design provisions
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Figure2.1 Typical strain gagealyout on theliaphragm (Connor & Fisher, 2000)

Two laboratory tests witphrototypedeckpanels supportingfixtures, and loading
conditions similar to thewo bridgeswere carried ouat ATLSS during 19951998 and
20012002, respectivelyThe first test aimed at recovering the behavior of the
Williamsburg Bridge while the second test ainaethe BronxWhitestone Bridge

(Tsakopoulos & Fishe£003,2005) Strain gages weliastalledat multiple location®n

11



the two deck panelsThe same strain gage locatianghe field tests were included in the
laboratory tests to allow direct comparidmtween theesults fronfield tests and
laboratory testsThe primary objecte was toexperimentally evaluatie fatigue
performancef the proposed deck design walprimary focus on theb-to-diaphragm
joint design A broader purpose was to detene theappropriatdatigue design
categoriedor different weletddetailsin the deck Two rib-to-diaphragm joint design
schemesvere tested One (Option B ¢ followed the guidelines the 1994AASHTO
LRFD Bridge Design Specificatipan alternativd @Gp t i o n pgrapdsedw pravide
higher fatigue resistancén Option B the rib and diaphragm plates were connected
together by backo-back fillet welds terminated ®im away from the cutouts on
diaphragm plates, while the welds@ption A consiste@f 102mm-long full-penetration
groove welds starting from the cutout followed by b&mkack fillet welds for the
remairder. The iib-to-deck weld was not of major concern in this study so it was only
investigated in the second tedthe fabrication ofib-to-deck welds also followed the
guidelines ithe AASHTO LRFD Bridge Design Specificatipaiming atpartial
penetration welds with at least 80% penetration into the rib. pldte edges of rib plates

were beveled priathewelding process.

Theresults from the first test showed nearly identical stress ranges with the field test on
Williamsburg Bridge at the same strain gage locations under simulatedwdadss is a
good validation of the laboratory test setujpwas found thathe fatigue reistance othe
Option B welds wadgnsufficient The fatigue resistanagas determined to b@ategory E
compared to Category D that is predicted byARSHTO specifications On the other
hand, theDption A welds exhibited satisfactory fatigue performacitaracterized as
Category C Regardinglierib-to-deck weldsthe measuredveld penetratiowvaried
between’1% and91% for the 64 crosssectionseexaminedn the first test Seventy
percentof them satisfied the 80% minimumenetration requirementorthe second test,
the measured weld penetration varied between 61% and 96% for the 62emii®ss
examined Four longitudinal fatigue cracks initiated frahreweld root intothe deck

plate The cracks were locatetirectly under thevheelload patchused for loading in the
laboratory Since this was considered more severe than loading conditions present in

actual bridge decks, tleverallfatigue performance dherib-to-deck weldsvas
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considered to be adequatéhout furtherinvestigation.

Anotherfull-scale steel orthotropic deck panel test by Sim & Uang (2007) was carried
out to investigate the effect of fabrication procedures and weldthmeligh Six, 2-span,
10nmx3m full-scale steel orthotropic deck panels were tested with different conolomati
of distortion controimeasuresndweld penetrationsThree of the six test specimens
were heastraightened to remove welding distortion prior to testifige other three

were also preambered Three weld penetratigorofileswerestudiedas indicated in
Table2.1. . A primary purpose of the testing was to determineeffectthat themelt-
through has on fatigue resistanc€@ut-of-phase loads wempplied at the cent&f each

of the two spans up to 8 million cycles to simulate the load effect induced by a moving
truck Finite element models were built and analyzed prior the tieskstermine strain
gage locations3-D shell elemeninodek with six degreesf freedom per node were
used Figure2.2 shows thegeometry and loading pattern fiie finite element modejs

this also serves asgaod illustrationof the testspecimens

Table2.1 Designation of gecimens (Sim & Uang, 2007)

Without Precamber With Precamber
80% penetration welds . .
without meltthrough Specimen 1 Specimen 4
100% penetration welds
with continuous mek Specimen 2 Specimen 5
through
Alternating 80% and 100%
penetration welds every Specimen 3 Specimen 6
meter
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Figure2.2 Finite element models for specimen 1 (left) and specimérfrizjht)

(Sim & Uang, 2007)

The test results showeldat the mekthrough had a negative effect on the fatigue
performance, while the prsambering had a positive effect on the fatigue performance of
rib-to-deck welds Table2.2 shows the test results from all specimer@bserving the
failures,only one crack out of seven initiated from the weld root propagating into the
deck plate The sixremainingfatigue craks occurredat the weld toes on the rib plates
This result wasomewhatinexpectedgracking wasxpected fronthe meltthrough

areas of the weld roofThe only fatigue cracthatinitiated from the weld root was on
Specimen 6it waslocated at théransitionpoint between th&0% and 100% penetration
lengths of theveld. Considering a melthroughis more likely to take place accidentally
rather than continuousiy the actual deck fabricatipa tansition point is likely to
presentvhena meltthrough occurs Thereforeit was suggested that m¢ftrough should
be prevented
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Table2.2 Test results (Sim & Eng, 2007)

Welding Process

Without Precambering

With Precambering

Rib-to-deck welds with
80% penetration

without meltthrough

Specimen 1: noracks

Specimen 4: noracks

Rib-to-deck welds with
100% penetration with

continuous meithough

Specimen 2: 3 cracks at C1, C2 and C3

mIc2(125mm) |
_ E=C1(260mm) ||

Specimen 5: noracks

Rib-to-deck welds with
alternating 80% and
100%penetration every

meter

Specimen 6: 3 cracks at C1, C2 and C3

) C2 (275-mm) -
[ C1 (250-mm) |

* Length of the crack
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Precambeedspecimens did not experience any fatigue cracks -abileck welds

except Specimen 6 which was considet® be insufficiently pr&eambered It was
thereforeconcludedhat precambering was beneficial to the fatigue performance of rib
to-deck welds It is noted thateveal fatigue cracks occurred tite rib-to-bulkhead fillet
weldson Specimen 1Six large fatigue cracks developed at-tdsbulkhead fillet welds

on end supportand it isbelievedtheyinitiated earlier than one million cycles.

2.1.2 SingleWeld Tests

One advantagef full-scale deck panel teststigat many different details and possible
failure modes can be testsithultaneously However, this can also be a detriment for
some purposes sintiee behavior of apecificweld or failure mode cannot be isolated
andthe number of data points for forming\Scurves is limited A betterway tostudy

the behavior of a certain wettktailis to usdull-scale, smalspecimertestswith a

single weled detailunder idealized loadingvladdox (1974a) conducted a series of tests

in this fashion.

Specimens with 11 mm deck plate and 6.35 ninplatethicknesswerewelded together
manually Tenspecimerserieswith 5 different configurationéFigure2.3) were tested to
investigate various parameterBhe R-ratio of minimum stregmaximum stresw/as

applied differently taeachseries to create differefttadingscenarios.
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Figure2.4 Failure modes in series I(Maddox, 1974a)

Test series 1 through 4 investigated the fatigue performandztofdeck welds under
bending stressesThree different specimen types were loaded at four differaatiBs
Series 1A simulated the riilo-deck weld under pure bendin@his is the primary

loading expected for the Hio-deck weld in regions not idictly affected by wheel loads
Partial penetrationdit welds with a 60edge bevel were used in this seri€gries 2, 3
and 4 followed the same configuration but were loaded under differeattd® Series

2B and 3B usegartial penetratiobutt wets with R=0 and R=Hb, respectively, to
generate fully tensile or compressive stress ranges at the weld toes on the stiffeisers
created an inverse stress range at the weld featies 4C was fabricated with fillet
welds and was loaded similar toissr3B, except for a modification of the distance
between the support#\s a result, series 1A exhibited two failure modes with fatigue
cracks initiated from either weld toes or weld roots but the majority failed at weld roots
(Figure2.4). Both failure modes had similar fatigue resistan8pecimens in series 2B
and 3B, as expected, all failed at either weld toes on the stiffeners or weld roots,
respectively Series 4C hathe same failure mode with series 3B but with slightly less
stress cycleéTable2.3). It was concluded that generally R ratio had little influence on

the fatigue lie.
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Table2.3 Fatigue test results from Maddox (1974a)

Specimen Stress Cycles to
P R-ratio Range, ye Failure Description
Number 2 Failure
N/mm
Crack propagation from weld toe
1A/1 R=-2 at weld toe 300 447,000
Crackpresent at weld root
1A/2 R=-2 at weld toe 285 458,000 Crack propagation from weld roo
1A/3 R=-2 at weld toe 253 523,500 Crack propagation from weld roo
Crack propagation from weld roo
1A/4 R=-2 at weld toe 240 378,000
Crack present at weld toe
1A/5 R=-2 at weld toe 227 1,772,000 | Crack propagation from weld roo
1A/6 R=-2 at weld toe 193 1,943,000 | Crack propagation from weld roo
2B/1 R=0 at weld toe 304 250,000 Crack propagation from weld toe
2B/2 R=0 at weld toe 250 3,000,000 Crack propagation from weld toe
(unbroken)
2B/3 R=0 at weld toe 277 1,250,000 | Crack propagation from weld toe
2B/4 R=0 at weld toe 270 2,000,000 | Crack propagation from weld toe
2B/5 R=0 at weld toe 289 310,000 Crack propagation from weld toe
2B/6 R=0 at weld toe 279 582,500 Crack propagation from weld toe
3B/7 R=0 at weld root 139 3,400,000 Crack propagation from weld roo
(unbroken)
3B/8 R=0 at weld root 160 945,500 Crack propagation from weld roo
3B/9 R=0 at weld root 199 290,500 Crack propagation from welaot
4C/1 R=0 at weld root 314 74,000 Crack propagation from weld roo
4CJ/2 R=0 at weld root | 289 168,000 Crack propagation from weld roo

Series 5hroughl0tested theib-to-crossbeam welds undeombined bendingtress and

shear stressDifferent shear stress/bending stremtsoswere applied as shown kigure
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2.3. The effect of root gap openness was also studiée results lsowedthefatigue
resistance dfillet welds wasinsensitive to sheatresspending stress was the dominant
cause of crackingAlso, the root gap opennessdran obvious effect othefailure mode
For the specimens with singtéded welds (9E & 10E), fatigue cradkdtiated and
propagated through the weld throat if a root gap was pre$éstcracks initiated and
propagated into the deck plate if a root gap was not presdrtracks initiated from

weld root.

2.1.3 Full-Scale SingleRib Tests

Maddox (1974b) carried oainother experiment involving fatigue tests of sifgbesteel
orthotropic deck segments investigate the fatigue performancetwrib-to-deck weld
Manual welds with a leg size ofréBm were produced to connect the 6m3& thick rib
plate and 1Inm thick deck plate The dimensions of the specimens siiewn inFigure
2.5. The specimens were tested under three different loading scenarios to study the

effects of R-ratio and residual stresses shown irfrigure2.6.

R N A R

=

Weld dimensions

varied Specimens

ﬁ 35mm long
635 |

---rsa4-|
|

Trough centreline

Figure2.5 Dimensions of gecimens (Maddox, 1974b)

Two specimerseries (0/1 & 0/2/-) were tested under the loadiognfiguration shown in
Figure2.6 (a) with R=1 and R=0, respectivelyrhe purpose of #se test seriesas to
test the fatigue resistance of the welddoghedeck plate However, all specimens
failed at the weld root with fatigue crack propagating through the weld thrbé was
attributed to the bending strassluced by distortion dhe rib plate.
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The loading configuration shown kigure2.6 (b) was usedacreatearealistic stress

ratio at botitheweld toe on the deck plate (FB=75) andheweld toeon the rib plate
(R=-1.42) However, it was impossible to achieve the two target R ratios simultaneously,
so twodifferent testingserieswere required Series A/1f was tested &R=-8.75 for the

deck plataesulting inan R-ratio rangingbetweenl.73and-8.3in the rib plate Series

Al2/- was tested dR=-1.42for the rib plateesulting in arR-ratio rangingbetweenl.67
and-6.4in the deck plate There was no significant disparity between the results from

the two test seriesAgain, all specimesfailed through the weld throat from the weld

root Thetest datavereplotted by Kolstein (200Mased on thetress range at the weld

toe on the deck plat&igure2.7). The comparison between these two data sets revealed
that the residual stress played an important role in the fatigue performémee

magnitude of the tensile residual stress was believed to be high enough to overwhelm the
influence of Rratio, thereby convertinghe compressiveportions of the appliestress

cycleinto tenson.
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Figure2.6 Loading €enarios (Maddox, 1974b)
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MANUAL WELDING - Fillet weld - Throat failure
(Maddox 1974b)

1000

A Series A/1/- -1.73<R<-8.3
A Series Af2/- R=-1.42
O
o)

Series 0/1/- R = - ~ (deck)

Series 0/2/- R = - 1 (deck)
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| =i s EN 1993: 1-9 Cat 50
S

. C‘:[&%

2l

Stress range (N/mma2)
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1.E+404 1.E4+05 1.E+06 1.E+07
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Figure2.7 Influence of Rratio (Kolstein, 2007)

Three additionaspecimerseries (B/, C- and Df) were tested to further study the effect
of residual stressamder the same loading configuration andaRo used for ®ries

A/2/-. Each series was spbeated in alistinctiveway to introduce differerresidual
stress patternsThe results were compared wisaries A/2{ but still little disparity was
observedFigure?2.8).
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MANUAL WELDING - Fillet weld joint - Throat failure
(Maddox 1974b)

1000 -prr—————— A  Series Af2/- As welded
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~ T O Series C/- Spot heated surface
E % N N ¢ Series D/- Spot heated 'both’
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Figure2.8 Influence of thespot-heating (Kolstein, 2007)

The third loading scenarg&hown inFigure2.6 (c) applied a concentrated load at the
center of the deck platéf'wo specimerseries (E/X & E/2/-) were tested under this
loading scenario to study the effect of root gap openness oatitpecf performancef

the weld root By setting R= Hbat the weld root for series Ef1the stress cycle closed
the root gamlthough residual stress kepthe stress cycle partialyr fully in tension

For series E/2/ the Rratio was set to 0 to pdoce gap openingver the entire stress

cycle The test results showed that it was beneficial to have closing gap cycles since 4
out of 6 specimens in series E/fdiled at weld toes on rib plate$he fatigudife of this
series was also slightlpngerthan the averagef series Af/-. The fatigue life of series
E/2/- fell on the lower bound of the avera@egure2.9).
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MANUAL WELDING - Fillet weld - Throat failure
(Maddox 1974b)

1000 1 IIIIIII

A Series A/1/- -1.73<R<-8.3
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Figure2.9 Influence ofroot gapopenness (Kolstein, 2007)

Based orthese testesultsthe bending stress across the weld throatdessrmined to be
the appropriatstress rangéor plotting theS-N curve An equation was proposed to

calculate the bending stress in the weld throat:

) doo [} .
Uperg = - e(ub %+4 co 20u H (Equation2.1)
Where:
A = stress in the welthroat
A = bending stress in the rib plate
A = normal stress in the rib plate
4 = rib plate thickness
O  =weld throat size
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] = angle between the rib plate and the deck plate

Using the proposed equatian SN curve for all data was establisheBased orthe
resulting SN curve,Maddox (1974b) suggested the-tdddeck welddetail including
both weld toe and weld root, should be classified as Class F in the British Standard
Class Frefeisto anS-N curve with a stress range of 95 N/fma 2 million cycks, falling
betweerthe FAT-90 and FAT100 curve established by International Institute of
Welding (1IW).

Tests witha similar setup and specimen geometry were conductedhay researchers
Over the periodetweenl9742000,181 fatigue testsvereperformedn 7 research
projects adistedin Table2.4. A thorough description of them can be foundKolstein
(2007)

Table2.4 Fatiguetestsbetween 1974000(Kolstein,2007)

Fatigue Test & Time Conducted| Number of Specimens
Maddox (1974b) 30

Johnston (1978) 22

Maddox (1979) 53
Thonnard, Janss (1985, 1988) 36

Bruls (1990) 14

Bigonnet (1990) 20

Dijkstra, Kolstein (2000) 6

Total 181

2.2 Fatigue Assessmenilethodologiesfor Welded Joints

The fatigue process can be roughly divided into three phases as will be discussed in the
Section2.2.3 but the firstwo, thecrack initiation and crack propagatiphases,

consume most of the fatigue lifén welded detailsthe crack initiation stage relatively
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shortsince the welds amot refined enough to eliminate all cradke flaws. The fatigue
strength of welthentsin these two phases depends on the local notch stress and the local
stress intensity factorBoth of these parameteage affected byhe local notch effect

The ndch effectinducedsingularityat theweld toe andveld root cannot be predicted by
classicalinearsolid mechanicsWhile the stress intensity factoan be used to

characterize the singularity, approximations are required for the stress intensity facto
solution and the applied stress field present in théordeck detail Insteadthe

effective notclstress anadlternativeapproacheare introducedhto the S-N curve

analysis These includéhenominalstress and structural/hepotstressapproaches as

listed inTable2.5.

Table2.5 Comparison of the three basic approaches to fatigue analysis

Associated SN

Type of Stress Factors Considered Implementation Method
Curve
Loading scenario and _ Hand calculation, classicq
A series of N )
_ global/structural geometry _ structuralanalysis

Nominal Stress o curves for different

under simplified _ _ software (e.g

, detail categories
assumptions MASTAN?2)

Single SN curve

Structural/Hot | Loading scenario and for different details| _
Finite element modeling
SpotStress global/structural geometry (only for weld
toes)

. Loading scenario, global | Single SN curve | Finite element modeling
Effective Notch _ )
geometryand local (AASHTO A with special
Stress _ _
geometry curve) for all considerations

S-N curve analysis is by nature an empirical appro&thess range values are directly
related to the fatigue life defined byN6curves stablished from fatigue test datilost
SN curves in the worldwide codes are based on the nominal stress range (ENV, 2005;
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AASHTO, 2007; DNV, 2008; Hobbacher, 2008)he concepts and guidelines are

widely presented in the literature (Maddox, 1991 andaRd. 990, 1998) The nominal

stress approach assumes the fatigue cracks occur in the base metal instead of through the
welds The calculated nominal stress range and cycles to failure are used to develop the
S-N curves The data scatter is handled rfprming linear regression on the log(N)

and log(S) data pairsThe slope of the regression line is typically assumed t8,be

although the individual data sets may differ slightly from this vaAgsuming the slope

of -3 for all data, the intercepebomes the single parameter that defines {NecBrve

The slope of3 is also consistent with experimental observations of fatigue crack growth
rates (see Sectidh2.3. As a result, different-$l curvesneed to be established to

account for different details in terms of joint geometvg|d type,loadingtype, and
manufacturing influences (Radaj, 199@)ifferent detail categories are established in
similar fashion in all of the international codes for civil structy&NV, 2005;

AASHTO, 2007; DNV, 2008; Hobbacher, 2008 brief overview ofthe nominal stress
approactcan be found in Fricke (2003).

The structural stress approaelso calledhehot-spotstress approaabr geometric stress
approach, considers tnen-homogeneous stress distribution in welded strustuue
excludedocal notch effect Assuming the notch effetiassimilar magnituddor all
structural details, the structural stregproab combine SN curves for different
structural detailsnto a singlemasterS-N curve This assumption generally works for
evaluatingweld toes as shown Figure2.13, butis not valid for analysis of the weld
root Thereforethe structural stress approacttisrentlylimited to appicationon weld
toes In this thesis, hespot stress analysis is performed to establistspot SN curves

specifically for diffeent weld types and crack locations ontokdeck welds

The dructural stress can be obtairgtherby calcuation ordirectstrain measurements
Many methodologies exigb calculatethe structural stressiostlyfrom finite element
models Three majomethods, Linear Surface Extrapolation (LSE), Through Thickness
at Weld Toe (TTWT)and Do n g a@arsdiscossedninoSdctiah2.1 ThelLSE

methodwasselectedor analysis of the ribo-deck weldsn this study
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The fatigueresistancef a welded detail heavily depends on the notch effeaturring

at the weld toe and weld roothe notch effecinduces both severe stress concentration
and strength reductign Since the maximum stress due to live load, dead load, and other
loads is not allowed to exceed yield in structural destgran be assumed thad plastic
deformation occurs at thveeld toe Under theséigh-cycle fatigueconditions, thenotch
stresscan beevaluated as completely elasfiRadaj, 1998} he elastic stress at thesld

toe carbe assessaglith numerical methods such e finite element metho(FEM) or
boundary element methdBEM).

Evaluationof the effective notch stress usually empldiyite elementnodels that have a
fictitious roundingwith a certairradius at the notch roofricke (2006)studied
variations ofthenotch rounding approadbr predicting the fatigue resistance of three
structural details with both FEM and BBEMicke applied rounding with al-mm-radius
as recommended Wadaj (1990) The dfective notch stress asobtained from models
of each structural detailBBoththeweld toes and weld rootgere modeledvith different
notch rounding (keyhole, oval), eleméype (quadratic, linearand element sizeFricke
recommended quadratic elements veitthaximum size dd.25mm. The SN data based
on the effective notch stress had a lower bound correspondingRAT 225 curve
proposed byhellW. Fricke (2007 ¥urtheredthis approaclby constructindinite
element modelbased on the detailed weddometrymeasuredvith ahigh-precision
laserbased sheatf-light techniqugFigure2.10). The resuiing S-N curvehadlower
fatigue resistanceompared to thalealized rounded notch rootirves butthe results
werestill close to the FAT 225 curveThe gructural stres§&-N curve was alsoalculated
and it correpondsto FAT 90 curve recommended the llW. The dateexhibited
slightly larger scattecompared to theffective notch stress ddiar thedifferentweld
geometries Pedersen (2010)+&nalyzed a large numbef fatiguetest data fronthe
literaturefollowing the sameotch stresprocedure The resuk showed reasonable
agreement witthe FAT 225 curve buthe FAT 200 curve was still recommended
providea safety margironsistent wittthe conventional nominadtress approachA
summary othe guidelines foP e d e s appmroadhtogether with other notch stress

evaluation mdtods was made by Fricke (2008).
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Figure2.11 Fictitiousrounding atwveld toes andoots (Hobbacher, 2008)

Similar recommendations were also presentethbyW (Hobbacher, 2008)Fictitious
rounding witha 1 mmradius at both theveld toes and weld roots was propogeidure

2.11) with a 5 mm plate thicknedsnitation. For the determination dhe effective notch
stress by FEAthelinearelementizeshould not excedd6 of theroundingradius(1/4 of

the radius for quadratic element§)he derived effective notch stress values at weld toes
should be at least 1.6 times of the structuraldpatt $ress at the same location
Poutiainen (2008 compared this effective notch stress appragitih thetwo structural
stress approaches proposed by Xiao (2004) and Pout(@0e63. It was observed that

all three methods generated consistent resitlisasalso found that larger weld size

havea positive influence on fatigue strength.

Fatigue life assessment can be also carried out @rsiclyire mechanicapproaches
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based oriatigue crack propagatiorinlike the S-N curve equations which are basetd o
regression from experimental data, stress intensity factors are calculated based on
theoretical derivations from fracture mechanibori (2009) applied this approatt
study the fatigue strength weldedcruciform joints The method showed higitcuracy
for predicting failure in specimerfigiling from theweld root under oubf-planebending
As discussed isection2.2.3 thecrack propagation approacbquires establishment of
the constant valuas the equationamaostimportantlyis the determination &n accurate
initial cracksize Gurney (1991)sed the cracgrowthrate approacho study the effect
of localweld geometryon the fatigue strength tfansverse fillet welded jointHe
concluded that the predicted fatigue life is very sensitive taghemedhitial crack size
Since initial crack size data is not reliably known, fatigue crack growth rate methods

remain a research tool and are ns¢d for fatigue design purposes

The nominal stress approach is consideodokea globalapproach since is based othe
global geometry and neglects the influen€éocal weld geometry on the stress
distribution The effective notch stress approach #revariousfracturemechanics

based approachese consideretb be localapproaches since they require an assessment
of the local notch effectThe structural stress approamtts asomewhat of link

between the twsince ithas featuresommon taboth (Radaj, 1998) A comparison of

the above approaches is illustratedrigure2.12 and summarized in Fricke (280 A

comprehensive discussiontbilocal approaches can be found in Radaj (1998).

Cross Structural ElL notch El-pl. notch Short Long
section discontin. effect effect crack crack
{ ‘
Cyclic L Cyclic Cyclic Cyclic Cyclic Cyclic Cyclic
load nominal {={ structural}={ notch |~ notch |~} J-integral |~ stress
stress stress stress strain intensity
] 1 1 ! f !
c » e 14 (o] =z
) & ) \ ) L ) & ) \ g
N ©

N N N N a AK

Figure2.12 Summary of the differenatigueassessmerdpproachesHricke, 2003
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2.2.1 Hot-Spot Stress Methodology

The original hotspot stress method was proposed to solve the fatigue assessment
problemfor tubular jointsin offshore structurefijkstra, 1980) Since the stress
distribution is heavily influenced by the structural geometry of the tubular jeinthas
tubediameter, tube thicknesandthejoint angle, it is very hard to classify the joint into a
singledetail category The nominal stress is alslfficult to define The method was
laterextended tglatedstructures Threedifferenthot-spottypeswere identifiedfor

weld toes in different orientatior@s shown irFigure2.13.

Figure2.13 Types of hot gots(DNV, 2008)

The inear surface extrapolation (LSE) methzadculates a weld toe stress basedhen
platesurfacestressat a certain distance away from the weld tdbe stress values

normal to the weld toaredeterminedat e f er enc e up oit stheod fAr ead
reference point stresses are theaarly extrapolated to the hepotat the weld toe The

reference points shoulzklocateal far enoughaway from the weld toe exclude the

notch effect The LSEprocedure wasrst introduced by Niem{1995a, 1995b, 2001)

and Partanen (1996Reference points located at 0.4t and &away from the weld toe

(0410 extrapolatiomjvere recommendedavhere tis the base platinickness ashown in

Figure2.14. The calculated hedpot stress valuese compared to a masftatigue

resistancé&-N curve A series of SN curves were suggested for different structural
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detailsthat vary betweeRAT 90 to FAT 112 (Niemi, 2002

Figure2.14 Linear surface extrapolation (041®dutiainen, 2004)

A similar procedure was proposed by Fricke (2004iéh some additional
considerations Two alternative extrapolation techniques wengestigated in addition to
the 0410 techniqueThe 0515 technique uses reference pdotdated 0.5t and 1.5tway
from the weld toe The sngle readout pointtechnique is based on a single reference
pointlocated 0.5from the weld toe The 0515extrapolationshowedhigh agreement
with 0410 extrapolatiofor modelswith relatively fine meslisizebut the 0410
extrapolation had greater scattdren coarser meshes were uséterefore 0515
extrapolation was recommended for coarsesteswhile the 0410extrapolation was
only recommended fdiner mesies The single rea@ut pointtechniqueshowed lower
hotspot $ressvaluescompared to the other two techniqudserefore theFAT 90
curve was recommendéaor use with the single reaalit point technige while theFAT
100 curve was recommended for the other two extrapolation technigrielse also
showedthat plate thicknessas notthe besparameter to determine theference point
locationsfor thetype b weld toe shown iRigure2.13. He concluded thathe reference
points should be placed at fixed distanocES mm and 15 mm away from the weld toe
(Fricke, 2001b) These recommendations wer@opted byhe IIW (Hobbacher, 2008
2009 as shown irFigure2.15.
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Figure2.15 Location of reference points (Hobbacher, 2008)

Anotherhot-spot stresprocedurds to linearize thehroughthicknessnormalstress
distribution at the weld toe (TTWT)Radaj (1990) stagthat the structural stress should
be calculated ahe summation ofhemembrane and bending stregsrying linearly
through the thickness of the base plafbéehot-spotstress is taken as theaximum
valueoccurringat the platesurface The actual througthickness stress distribution is
nortlinear dueto the notch effectLineariang the distributionaverage outthe nonlinear
peakstress therebguppressg the notch effec{Radaj, 1998) According to Radaj, this
is a better way to define the structural stress because thediness distributions can be
calculated usin@ernoull-Eulerbeam theoryr Kirchhoff plate theorywithout the need
for finite element modelingThis structural stress definition was later adopteA8¥E
Boiler and Pressure Vessel Cq@®VC). It was noted thaboththe LSE and TTWT
method breakdownn the presence of heawahsverse shear stress because the shear
stress also generatanotch effect at the hetpot The shear notch effeappeasto be
independent from the normal streexch effect and is not consideregeitherthe LSE

or TTWT method.

Dong @001a) propsed an alternative structural stress determination method that
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includesthe transverse shear streffects Like the TTWT method,Dong's method
assumethat the structural stress at the weldhas a linear distribution based on the
addition ofmembraneand bending stressHowever,instead of calculatinthe stress
distributionat theweld toecross sectionstresseare calculated on a section away from
the weld toe Based on theormal and shear stress distributairthe remote section, the
hot-spotstress at the weld toe is calculateddsbsn equilibrium For the casahere

solid elements with monotonic throughickness stress distributi@ne usedthe

structural stress at the weld toe can be expressed as the summation of membrane and

bendingstresscalculated as follows:

(Equation2.2)

Weld

Figure2.16 Structural sresscalculation (Dong, 2001a)

Basedon the stress distribution shownkigure2.16, the membrane and bending stress
(Gr, andip) werecalculated from the last two equations then substitiate the first

equation to get the structural stresairthermodifications arenadeto the equations to
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account foffinite crack depteandnornrmonotonic stress distributienin cases

plate/shellelemensr e used, Dongds met hodforgesand str ess
moments) or nodal forces to calculate the structural stie®e sectional forces and

moments are transferr@uto local coordinates and denoted as showFigare2.17, the

structural stresat section AA can be calculatefilom the stress resultardassection BB

as:

6(m,. +ud,)

o] _O O _fx'
o=+ 0y =4 =0

S

(Equation2.3)

In cases section-B is not available in the FBodel, the sectional forces and moments at
section AA can be alternatively calculated from the nodal forces using appropriate shape
functions Then the structural stress is calculatetdasw. Note that the transverse

shear is taken into account by the nodal forces.

+0, =X +—2 (Equation2.4)

Figure217/Dong6s met hod for plate/ shell el ement

Dong's method claims to beash insensitig based on numericalvaluationn three

differentstructural details Guidelines and recommendatidios application of this
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method arelocumented in Dag (2001b) Dong (2004) later applied this approdoh
aluminum MIG and laser wahdents The calculated structural stress valoegelatel

very well with the experimental fatigue liteefined by themaster SN curve.

Kang (2007)applied Dong's method siudy spot weldssingthenodal forces and

momentsaround thespot weld Theresultingstructural stress showed a good correlation

with existingfatigue data Dong (2007) applietiis method together witthe LSE
methodandthe TTWT methodfrom theASME code to analyzeecent fatigue test data

from pressure vessehnd pipes A master SN curve waslevelopeb ased on Dongos

method.

Xiao and Yamada (Xiao, 2004; Yamada, 2004) developed another method for structural
stress analysis accounting for the sipé thickness effect observed in welded joirits
wasobservedhat the effect of weld local geometry diminished faster in the thickness
directioncompared to the surface directiohhe structural stress waalculatedl mm

below the plate surface tite weld toe perpendicular to theirection of the anticipated

crack path The method was supported track propagatiostudiesbased orinear

elastic fracture mechani¢sEFM). Application of thisapproachresulted iness scatter
onthe SN plot compaed to theother structuratress evaluation techniquesd a lower
bound fit to the dataorrespondto the FAT 100 curve.

Poutiainen (2005, 200 proposed astheralternative approach to determine the
structural stress considering both the nominal strefee plateand the normal stress in
the weld throat The structural stress evaluatedn theplatesurface at the weld toe
based on thenodified stress disthution shown irFigure2.18. The structural stress was
then taken as the nominalatestress multiplied by a stress concentration factor

G 0 ). Equations to determine the stress concentration factowerepresenteds

follows:

_1+ Weld% T %Wq:%g
Hnom € N (; - (Equation2.5)

K. =1+ wea T % 218

U 4l, C 2=+
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The definition of the terms iRBquation 2.5s illustrated inFigure2.18. As shownabove
the stress concentration factor depends onmviid stresghat isaffected by lhe weld size,
plate thicknessandtheloading scenario These factors ai@herentlyaccouneéd forby
the structural stress definitiamthout further correction factorgigure2.19 shows the

stresdistributiors derived fromEquation 2.5n cases of different plate thicknesses.
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Figure2.18 Definition of the nodified throughthicknessstructuralstressmethod(Poutiainen,
2006)

Figure2.19 Multi-linear stress distribution for different plate thickness and weld size (Poutiainen,
2005)

Theeffectiveness of this approaalas further verified by EFM predictionsbased orthe
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fatigue test dataPoutiainen (2005, 20@pdemonstratethat this methodhowedvery
good agreement witthe LEFM predictions andhe modified structural stress also

correlatedwvell with previous fatigue test data on a singidl Surve.

Doerk(2003) compared the LSE procedueeommended by the IWwitho n g 6 s
methodfor four differentstructural detailso assesmesh sensitivity The results

indicatalt h at D o n gvasselativelyt nregimgensitivefor 2D problems buthere

were problemspplying it to3D cases This was attributed to tHact thatshear stress
acting on the transverse element sidaseglectedn the equilibrium equaties Hence

the stress pr edishdweddargbsygattebor caged veherethet h o d
neglectedshear stressese high TheLSE procedure generally exhibited sensitivity to
bothelement type and siz&lement type and sidenitationsshould be applied to

different casebased on thBW recommendationsMeshinsensitivity was observed in
somecasesas bng as the mesh ot too coarsebut did not show up with high local

effect such as a bracket todonethelesghetwo LSE extrapolation method$410 and
0519 produced essentially the same results for most of the.cAs@milar compargon
was made by Fricke (2005) i togetheuwdtitheldSE Xi ao and
and Dong$ #waneohclhuded that all three methguievided similar fatigue

life predictonsfor thethree structural details analyzekh general Xiaoand Ya ma d a 6 s
methodpredictedslightly longer fatigue livesandD o n g 6 s pradictetiskghitly

shorter fatigue lives

Another comparisobetweerLSE, TTWT,and Dongés met hod was perf
Poutiainen 2004) withanemphasis orvaluating the finite elememesh Fourdifferent

mesh arrangements westudied for2D models and twdifferentmesh arrangements

(coar® andfine) were considered in the 3D modehs correction was made to Dong's

equilibrium equations to add thkesar stress on the transverse @stsides It was

found that all three methods worked wielt 2D structural detailsThe TTWT and

Dongb6és method were more i nsencemparedioghet o di f f e
LSE method For the 3D models, the TTWT and Dong's methegliirednodal

averagingo obtain accurate results, while th8E methoddid not requireany additional

postprocessing beyond that used for #i2 models The distance from the weld toe to
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the reference cross sectidh,was also determined to influence the tesiomD o n g 6 s

method.

2.2.2 Hot-spot Stress SN Curves

One of the advantages w$ing thestructural stress ovénenominal stress ithatasingle
masterS-N curvecan be usethstead ofa series of N curvesfor different detail
categories Different hot-spot stress basenasterS-N curveshave beemroposed but
there is little difference between ther® major Joint Industry Proje€¢dIP) i F P 8 O
Fati gue auatadahe tiffedent master curvéstsberg (2001) and Maddox
(2001) summarized #resultingrecommendatiosifor hot-spot stress desigiN curves
for type g and § hot spos shown inFigure2.13. TheFAT 90 curve wasonservatively
recommended by théV for application of the LSE procedufidobbacher, 2008)The
data tends to support use of #&T 100 curve TheFAT 80 curve was recommended
when the haespot stress was directly reatithe plate surfad@5Stawayfrom the weld
toe Fricke 001a) recommenddte FAT 100 and FAT 90 cungfor the
aforementionedwo cases, respectivelyricke (2005¥urtherreconmendedhe FAT 90
curve for theedges ofonger attachmentss{00 mm)and forload-carrying fillet welds
Lotsberg (2006)ater narrowed dowrthe selection tthe FAT 90 curve based on tt&N
data fromboth small scaland full scaldatigue tests Similarrecommendatiohwere
made by DNV RP C203 (2008Yheypropogdthe DNV D curve which corresponds to
the FAT 90 curve for hotspot fatigue analysisThellW currently allows botlthe FAT
100 and FAT 90 cunsdepending on the structural detigghe asshownin Table?2.6.

All of the above mentieed curves havelag-log slope of-3.0.
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Table2.6 Fatigue resistance against structural hot spot stil#¢s1823-07)

Structural o _ FAT | FAT
No. ) Description Requirements
Detail Steel | Alu.
1 E.) Butt Joint As welded, NDT 100 | 40
Cruciform or Fjoint
_ _ K-butt welds, ndamellar
2 ; with full penetration _ 100 40
tearing
K-butt welds
_ Transverse nofoad carrying
Non loadcarrying _
3 _ attachment, not thicker than| 100 40
fillet welds _
) main plate, as welded
Bracket ends, ends of| Fillet welds welded around o
4 o 100 | 40
) longitudinal stiffeners | not, as welded
Cover plate ends and
5 T ) | simitar fo As welded 100 | 40
similar joints
Cruciform joints with
6 ; load-carrying fillet Fillet welds, as welded 90 36
welds
S Lap joint with load _
7 > o Fillet welds, as welded 20 36
- carrying fillet welds
L <100mm | ¢ ype fibo j|Filetorfull penetration weld,
8 100 40
—D,— short attachment as welded
L 2 190mm Type #f@Abo j|Filetorfull penetration weld,
9 90 36

long attachment

as welded

2.2.3 Approaches Based on Fracture Mechanics

To overcome the singularity problem when applying classical elasticraelitianics on

crack tips Griffith invoked the First Law of Thermodynamicsfarmulate a fracture
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theory based on energy balance (Anderson, ;1G8#ith, 1920. This theoryfor the

first time, successfully explained the relationship between fractveagth and flaw size

for a given material The basic concept was that a crackdmesunstablgfractures)

when the strain energy releasidingfracture surpassehe surface energy of the

material Unf ortunatel y Gr i f fi t ldéaflybtittke enatarials onl y wor
such as glass because it asssithatsurface energy was the only type of energy that a

fracture needed to overcome.

To extend Griffithos t he ofontheenergydissipatdddy, | r wi n
local plastic flow Several years later in 1956, Irwin developed the conceftesnergy

release rate, which became the foundation of LERMin (1957) described therack tip

stress statby a single characterizing parameteg stress intensity factoBoth the

energyrelease rate and stress intensity faotethods providequivalentesults for some

cases.

As a simple illustration, take an infinitéze plate with a througthickness crack under a
remote tensile stress perpendicular to the crdtie energy releasate can be expressed
as:

G=—— (Equation2.6)

Where Ois defined as the energy release ratis, halflength of the crack, is the

applied stress, and E i.sWhahdhe engrgyseleasemtal us of
generated by the applied stress exceeds the critical energy relea® waftehe
material,fractureinitiatesat the crack tip The critical energy rele® rate™O, is a

constanimaterial propertythus the fracturinducing stress is inverygproportionalto

the crack size.

The same problem can be explaimeterms of thestress intensityactor. The stress
state at any point near the crack tip fsirection ofthe location vector (defined in polar
coordinatespndthe model stress intensity factar . For athroughthickness crack in

an infinite platethe stressntensityfactorov , at the crack tip is defined based on the
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crack size and thiar-field stress perpendicular to the crack:
K, =0/ ¢ (Equation2.7)

When the stress intensity caused by the applied stresseeds the critical stress
intensity of themateriald , fracture occurs at the crack tiEquating equations @and
2.7 shows that G and Kare related by

G=—- (Equation2.8)

As shown abovdhetwo approacheareessentially equivalenbut this is only true for

linear elastic materiall r wi nés LEFM theory is no | onger
deformation precedes failure (Anderson, 1994)in developed plasticity correction

factors to extend LEFM beyond brittle materiaRice (1968) proposed a new parameter,

the J integral, to solve the strain concentration problem at a crack tip for-plastic

material This becaméhe theoretical foundation of ElastRiastic Fracture Mchanics

(EPFM).

Rice (1968) found that a pathdependent line integral around the crack tip could be
established for linear or nonlinear elastic mateikistegral) Since thel-integral has
the same value for argybitrarypath it is a path independent single parameter that
describes the crack tgnergy This approach was demonstrated to be effective in
evaluatingelastieplasticfractures and convergedo Gr enferfyyi baldnée snethod for

elastic brittle fracture.

Paris (19601961 extended the stress intensity factor concept to analyziiggiéacrack
growth rates in terms of the stress intensity factor rgigeMeasurements in fracture
mechanics specimens showed that the fatigue crack growth rate is proportioaal to th
stress intensity factor rangearis, 1960):

da

N CloK" (K, <pK<pK) (Equation2.9)
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Where a is the crack size; N is the number of cycage’\la}s;hence refers to the crack

growth per loading cycle, in other words the crack propagation rate; C and m are assumed
to be constants depending on the material;Yanis the range of the stress intensity

factor, which is defined as:

PK=K, - K (Equation2.10)

min

Where+ and+  are the maximum and minimuwalues of the stress intensity
factor in the loading cycle, corresponding to the upper and lower limit of the stress

history.

Assuming all fatigue starts at a microscopic initial crhlck flaw, theEquation 29 can

be integrated to determine the number of cycles needed to grow the crack to a failure
size This approach has often been used in research, but practical application is difficult
unless the initial crack size is accurately knoRelevant guidelinefor applicationcan

be found in the latest version of both IIW and DNV documents (Hobbacher, 2008; DNV
RP-C203, 2008).

In general, th@rocess of fatigue failure can be divided into three stamgaskinitiation,
stable crack propagatipand unstable fial rupture The crack initiation stag@volves
development ofery small separatiain thematerial, usuallgmaller than the grain size
Thistends taoccurat locations with high stress concentrations such as notches and
defects The stable crack ppagatiorphasebegins once the microcrack reachesze
approximatelyequal to the grain sizdJnder cyclic loading, the microcraskowly
growsinto a macrocracht arate predicted by Equatidh9. Unstable rupture occurs
when the crack size approashthe structural limit load for the crackegémber The
crack initiation phase has different duration but represents only a very small portion of
the overall fatigue life fowelded jointgGurney, 200k Since fatigue in weldments
usually initiatesat weld toesor weld rootsthe notch defects typically causgcrocracks
due to the welding process that begin to grow almost immediately underlogdicAs
cracks grow larger, the crack growth rate accelerates and most of the fatigue life is

exhausted imce amacrocrack fora As a resultmost ofthe total fatigue life of a wedt
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joint is expended in thstable crack propagatigghase

As mentioned previously, the stress state at a crack tip can be solely described by the
stress intensity factor, which is definedEquation2.7. In general, the equation becomes
more complicated for realistic geometries and crack shdpmsases othe than modd
fracturefor a through thickness crackam infiniteplate, amore general form, can be
rewritten as (Gurney, 2006):

K=Y/ ¢ (Equation2.11)

Where Y is a correction facttinat accounts fathe structural geometry andrack
geometry(DNV-RP-C203, 2008) (Equation 2.1}is valid for bothplanestress and

planestrain condition.
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Figure2.20 Relationship Between Crack PropagatRate and Range of Stress Intensity Factor
(Radaj, 1990)

Thebasic crack growth rate relationshgpillustrated inFigure2.20. The middle portion
of the curve indicates stable crack growth governed by the Parisiialaw values of

oK a threshold is reachdd0 ) where crack propagation stopat the upper ed of the
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curvegK approaches the critical valu#l( ) and the crack growth ratapidly

accelerates befofailure. The slope of the Paris law straight line varies somewhat
depending onvhetherplanestrainor planestress conditiondominate around therack
Typical weldments are sufficiently constrained to create pamaenconditions;therefore
planestraincurve is typicallyused Theconstants in Equatio29 (C and m) are material
properties that must be determined before performing fatigalgsas using crack growth
rates However, the values of C and m also depend on the load ratadi@R andthe
ambient conditiongcorrosiveness, temperatupgkesent at the growing crackor data
collected from tests in air under plane strain conditions with tensile loading (R=0), steel

exhibits a linear relationship between log(C) andsim Sl units(Gurney, 1979):

-4
C= 1315107 (Equation2.12)
895.4"
This yields Equation 2.9 to (in S| units):
da LA pKa .
—=1.31% 10 <K< Equation2.13
aN g%gﬁ (K, <pK<pK)(Eq )

At this moment it is still not cleahe inherent mechanism in the material that determines
the value of m, but based on experimental observation m=3.0 is frequently assumed for
structural stel, which yields C ag® o p 1 in Sl units Once the value of mis

selected, the crack propagati@te can be determined frdaguation 2.13 Further the
fatigue life can be integrated from the assumed initial flaw size to the designated crack
size that is considered as a fatigue failuBebstitutingY0 in Equation 2.9rom

Equation 2.11it can beobtained:

da

= "N Equation2.14
m (09 (Equati )

It can be observed frofquation 2.14hatfor a given type of structural detail (a given

o

value of Y), initial flaw size and fatigue failure criterion\gnh values oo and® ), the

value of the integral is constant, so that:
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(@d™N = Constant (Equation2.15)

Theaboveequation is equivalent to the equation feN$urves The value of m that
assumed to be 3.0 is also in good agreement with experimeNtdbfa Evaluation of

the integrain Equation 2.4 gives the following expression (Wang, 1996):

7 2a, S 4a 58
! &.5q U form, 2
m @ 8 o ’
N, {( 2)c (YCPGKZ‘_; é ;}% T (Equation2.1)
ia—lni form=2
[CY’pd a a,

Therefore the fatigue life based on crack propagation approach can be predited
Equation 2.16 More information such as the evaluation of initial flaw size, calculation
of stress intensity factors, effect of residual strasd other fracturenechanicsbased
approaches can be found in Radaj (19998) and Maddox (1991).
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Chapter 3. Experimental Study

One ofthe objectives of this research is to provide recommendations for fatigue design of
the ribto-deck welds in steel orthotropic deckBhe traditional stress range analysis
methodology is adopted for this purpoSéhe stress range values at the potential

cracking locations can be calculated theoretically or obtained experimentally with strain
measurementsThe fatigue life, represented by the number of cycles that it takes to fail a
specimen, can only be determined by fatigue tdstshis study fatiguéests were

conducted in two different laboratories with similar methodologlye details of the
instrumentation, test procedure, data acquisition, andipsisprocessing are introduced

in this chapter.

A few considerations need to be made for the f&tigsts performed in this study

Testing needs to be performed at different stress ranges to establisN the&s The

test protocol needs to establish a stress distribution at the potential cracking locations that
can evoke as many failure modegassible Residual stress is a key factor in the

fatigue performance of welded joints; therefore tests should be performed at different R
ratios to study their effect on fatigue lif@he stress cycle is under full tension when

R=0; and it is under amqual tensioftompression stress reversal whenR=

Comparison of fatigue results from the two test conditions can help determine how much
of the compression stress range is being placed in relative tension due to superposition of
residual stressesThe R=0test condition will provide a lower bound for fatigue life
Additionally, it was found that the presence of a gap at the weld root influences the
cracking locations and failure modeSpecimens with both open and closed root gaps are
tested to exame the differencelLast but not the least important, since investigating the
effect of different weld dimensions is the primary approach for weld optimization,
specimens with a wide range of weld dimensions, such as weld penetration, weld toe size,

and wéd throat size should be included in the testing matrix.

For the fatigue tests, instead of falze orthotropic steel deck panels, fsdiale singleib
deck segments were used as test specimemgantages of this type of testing compared
to full-size @nels include: 1) Replicate tests sample a larger weld length under identical
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conditions and provide multiple data points to establibh@&irves; 2) this type of tests

is much more costffective compared to fuicale panel tests; and 3) adjusting the
specimen geometry and testing setup can trigger different failure modes separately or
jointly, while the fullsize panel tests usually are biased toward one failure mode.

Following the fatigue tests, the actual dimensions of each weld were measured and

recaded The weld profile was photographed at each edge of the specimens after

polishing and etching with hydrochloricacin addi ti on, measur ements
|l engt ho between the weld toe and test fixtur

spot stress values computed from ideal finite element models to the actual tests.
3.1 Preparation of Specimens

Overall, 95 fatiguespecimens werkested in this studyThey were alfabricated at High

Steel Structurednc. in Lancaster, PAvith weld processs and procedures\ full-scale

6 foot long weldment was fabricated from a single rib and portion of a deck platk

welds were placed at intervals to fuse the ribs and decks together before the arc welding
during the singleib deck strip productionTwo types of welding techniques were

applied on the weldments, which are gas metal arc welding (GMAW) and submerged arc
welding (SAW) Both of them were made as partial penetration welds with a designated
penetration percentage for each specimen seviespt for three series made as fillet

welds (FIL, OB and UB) simply following the common practiagéhout particular
consideration on the weld penetratidale3.1). The welds were produced by

automatic welding equipment typically used for full scale fabrication of orthotropic

decks No surface grinding or posteld profile enhancement was performdde rib

plate and deck plate were forced against each othegdine welding process in order to

get a tight fitup between the plategigure3.1 shows the typical appearance of a

finished weld The edges of the rib plateere beveled for GMAW welds to achieve 80%
penetration No bevel preparation was used for the initial series of SAW welds; the rib
plate had a square edg&dditional specimens were prepared using the SAW process
where the rib plate edge was either dveveled (OB) or under beveled (UB) to control

the root gap for testing purposes.

49



Figure3.1 Typical weld

After welding, the weldment was transversely sectioned towuthe individual 4n. test
specimenshown inFigure3.2. The sawcut edges of the specimens were milled to
provide uniform specimen dimensionalso, holes were drilled through the flat bottom
of therib plate to enable mounting in the loading frarm&e tack weld locations were
marked on each specimen to determine if tack welds influenced the fatigue crack
initiation location The arrangement of specimens on thedudk deck panel is

illustratedin Appendix A Figure3.3 shows the dimensions of a typical specimen

Figure3.2 Prepared specimens
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An additional 41 specimens were fabricated using the hybrid laser arc welding (HLAW)
process to produce full penetration welds from one side HLAW welding was

performed at Applied Thermal Sciences,. lincSanford, Maine Theresults from these

tests are not included in this thesis because it remains an experimental technique.

To investigate the influence of weld penetration on fatigue performance, the welding
procedures were designed to produce different target penetratims vehe target
values were 80%, 60%, 40%, and 20% of the rib plate thickriggscal profiles of
welds in each series are illustratedrigure3.4. However, theneasured penetration
values differed substantially from the target valu€Be thin 5/16" rib plate thickness
made it impossible to produce penetrations below about 38&asurements of the
actual penetration values were recorded for each specimefasifiae tests The actual
measurements showed that the target penetration values in fact were not achieved for

most of the weldslt is noted that the specimen series hames do not reflect the measured
penetration percentagdhe specimen edges were gbkd and etched using

hydrochloric acid to highlight the weld and heat affected zone (HAZ) profile as discussed
in Section3.5.
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Figure3.4 Typical weld profile in each series

52



As mentioned before, the last two specimen series were designed to investigate the
influence of the weld root gaBoth the over beveled (OB) and under beveled (UB)
specimen weld profiles are shownRigure3.5. The OB specimens are prepared with a
bevel angle greater than thk angle, resulting in a root gap that is held open before
welding The UB series have a bevel angle less than the rib angle resulting in a closed
root gap before weldingDespite this bevel preparation, weld shrinkage due to cooling of
the weld metal aased the root gaps to close after weldifipe shrinkage forced the rib
plate into contact with the deck plate, even for the OB series as shéigure3.6.

Howe\er, the different bevel preparation resulted in different amounts of contact pressure
at the roat The UB series showed definite plastic distortion where the two plates were
pressed togetheiThis was less evident in the OB series where the root gaio ltéase
before pressure could develofince the OB series did not result in the desired open root
gap, half of the specimens in both the OB and UB series werelgaat the root to open

the gap before testingrhe sawcuts were performed carefully &void contact with the
weld, thereby preserving the natural situation at the tip of the root.neighre 3.7

shows typical saveuts on both the OB and UB specimens.

Figure3.5 Overbevekd(OB) andunderbevekd (UB) rib plate preparation

53



3 087 19.34 4 3 987 19-3¢ 4

Figure3.6 Typical over-beveled (OB) andnderbeveled (UB)pecimers afterwelding

Figure3.7 Sawcutsintroducedatthe weld roots onthe OB (Left) and UB (Rightspecimens

Overall, there were eight different specimen series with two different welding processes,
different targéweld penetrations, and different root gap opening conditidhge

conditions used to fabricate each specimen series and the number of replicate specimens
is listed inTable3.1. The name of each series is a combination of the welding process
(GMAW or SAW) and the target penetration percentage (80% to Hih¢ FIL series
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was targeted to have minimal penetration expected for a fillet ikeldexample,

AGMA®O o, Ne&MO, indicates that this series of
welding with a target penetration of 80% into the rib platke last two specimen series

(OB and UB) were fillet welded with the different bevel preparations.

Table3.1 Test pecimenseries.

Series Welding Process Target_ Rib Pl_ate Numk_)er of
Name Penetration Beveling Specimens
GM-80 Gas Metal Arc Welding 80% Normal 16
SA-80 Submerged Arc Welding 80% None 15
SA-60 Submerged Arc Welding 60% None 8
SA-40 Submerged Arc Welding 40% None 8
SA-20 Submerged Arc Welding 20% None 8

FIL Submerged Arc Welding None None 8

OB Submerged Arc Welding None Overbeveled 16

uB Submerged Arc Welding None Underbeveled 16

3.2 TestMatrix

Fatigue tests were carried out in two locations; TuRerbank Highway Research

Center (TFHRC) and the structures lab in Virginia Teearty-eight specimens were

tested at TFHRC including theGMAA8D, SAW60, SAW-40, SAW-20 and FIL series
Forty-seven specimens were tested in the Virginia Tech Structures Laboratory including
the SAW80, OB, and UB seriesThe specimens were tested at different stress ranges at
two different Rratios as shown in Table 3.2Vith the exception of two specimenstess

at 16.67 ksi, all specimens were tested at higher stress ranges to avoid effects of the

constant amplitude fatigue limit threshold (CAFL).
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Table3.2 Teg matrix

Series 16.67 | 26.67 ksi,| 33.33 36.67 18.33 33.33 | 40ksi, Total
ksi, R=1 R=-1 ksi, R=1 | ksi, R=1 | ksi, R=0 | ksi, R=0| R=0

GM-80 2 1 5 3 1 3 1 16

SA-80 - - 8 4 - 3 - 15

SA-60 - - - 5 - 3 - )

SA-40 - - - 5 - 3 - 8

SA-20 - - - 5 - 3 - 8
FIL - - - 5 - 3 - 8
OB - - 8 4 - 4 - 16
uB - - 8 4 - 4 - 16
3.3 Equipment

The fatigue tests at Virginia Tech were performed on an MTS $gmh@ulic load frame
with an integrated data acquisition systefncustomized testing fixture allowed
application of both positive and negative bending moments that were delaldpe
TFHRC also used for the VT testin@his section includes descriptions of the three key
parts of the testing equipment: the MTS selydraulic load frame; the MTS integrated

controller/data acquisition system; and the customized loading fixture.

3.3.1 MTS Servo-hydraulic Test System

A 110 kipMTS LandmarlEé Servehydraulic Test System was used for all fatigue
testing at VT It consists of a floestanding MTS Landmark loading frame connected to
a MTS Hydraulic Power Unit (HPU) and a MTS FlexTesbntroller with a computer
workstation Figure3.8 shows the MTS load frame used at Virginia Tech; similar MTS

test systems were used at TFHRC.
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Figure3.8 MTS servohydraulicdstsystem at VT

Table3.3 Floor-standingloadframespecifications nodel: 370.50)

Load Frame Specifications U.S. Units Sl Units
Force Capacity (rated dynamic ford 110 kips 500 kN
Servevalve Flow Rating 30 GPM 114 LPM
Available Actuator Ratings 55, 110 kips| 250, 500 kN
Actuator Dynamic Stroke 6in 150 mm
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A FlexTest 40 controller with a capacity of up to 4 control channels on one test station
was used in the fatigue tests performed at {Tonsists of &eries 494Hardware
chassis that contains controller hardwaseshown irFigure3.9, and acomputer

workstation that runs MTS controller applications

Figure3.9 Flextest 40 controller (series 494) and handset (model: 494.05)

Figure3.10 shows the capability to monitor both the computer command and load cell

response signals using the MTS application softwalee software continuously

monitors the t esthecommandsigna te make ire e desirer $oad

range is achieved on the specim@nhi s al |l ows the command signa

test to achieve higher cyclic frequencies without compromising accuracy of the loading.
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3.3.2 Customized Fixture

A customized fixture was designed and fabricated to provide boundary conditions and
stabilize he specimens during the testsconsists of a steel spreader beam with high
stiffness and four steel columns used to attach rolfeigure3.11 shows the two réérs
mounted on each column to facilitate the application of load reversal on the test
specimens Each of the rollers is supported by two adjustable threaded rods to allow the
rollers to be adjusted to fit the test specimeRise pillow blocks used to pport the

rollers have bearings that allow for some angle adjustment so the rollers can be adjusted
perfectly parallel to the test specimen surfatke rollers can tilt to make tight contact

with the specimen thereby providing evenly distributed clamfarges along the length

of the roller The welded test specimens have a certain amount of plate distortion
induced by welding The angular adjustment capability of the rollers is essential to allow
the rollers to adapt to the specimen and prevent tmtal twisting that can cause error

in the applied stress range

The bottom flat of the specimen rib plate is positively attached to the hydraulic actuator

by bolting Since the bottom of the rib is not typically flat or parallel to the deck plate,

two spherical bearing washers are placed between the specimen and hydraulic actuator to
allow specimen alignmeniThe washers can be rotated when the specimen is installed to
level the deck plate in two directian$he spherical washers are showrrigure3.12.

Some of the early tests performed at TFHRC did not utilize the spherical washers in the
test sewup.
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Figure3.11 Customizedixture

Figure3.12 Spherical karingwashers

3.4 Test Setup and Procedure

3.4.1 Test Setup

The testing fixture applies load and roller boundary conditions to the test specimens as
shown inFigure3.13. The strip of deck plate is simply supported by rollers at each end
resulting in a 24 inbending span lengthThe loads were applied through the bottiteh

60



surface of the rib plateThe top and bottom rollers allowed both positive and negative
loads to be applied to the specimens resulting in both positive and negative bending of
the deck plateLarge bearing plate washers were placed above and detoubtflat to
prevent distortional flexing.

The test fixtures essentially creat@dint bending in the deck platélowever, since the

rib walls are not perpendicular to the deck plate, the bending stress distribution in the

deck plate is altered by tipeesence of axial forceq he idealized moment and axial

force distribution in the rib and deck plates is showhigure3.14. This represents the

results from 1sorder structural analysisAdditional 2ndorder moments are also

induced in the rib plate walls since the rib plate flexes under llb@slnoted that the size

of the bearing plate has an effect on the rib stress distribufignre3.14 shows the

scenario for tests at VT wh.eThemofenzabdo wi de be
axial force diagrams for the rib plate are slightly different for the tests perfaimed

TFHRC since 50 wi de. Thesa2néniay effpctsare eoissideseelr e u s e d
further in the finite element analysis performed in Secti@nb.

lin. lin.
k 12in. -~ 12in. - e
GMAW/SAW GMAW/SAW

€2 €2

:

Cyclic L oad
Figure3.13 Testsetup
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Moment Diagram (in-kips) Axial Force Diagram (kips)
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Figure3.14 Moment andixial diagrams for theéests at VT

3.4.2 Test Procedure

Identical procedures were followed when installing the test specimens to minimize any

testing bias due to the fixturindgrigure3.15 andFigure3.16 showtypical test specimen

mounted in the loading fixture at VAhd TFHRC, respectily. The distance between

the roller supports is precisely 24 while the specimeh engt h i s 260, | eavin

extension beyond the rollerhe installation procedure is as follows:

1) The specimen is first bolted to the hydraulic actuator and tHeplet is leveled
about two axes using the spherical wash@&te rollers are not in contact with the
specimen at this stage.

2) The lower rollers are adjusted up so they just contact the bottom surface of the
deck plate Each side of the roller is adjudtendividually so the roller is in even
contact across the width of the deck plafdis procedure exactly adapts the test
fixture to the specimen geometry so the rollers do not impart any twisting to the
specimen.

3) The top rollers are adjusted to contihe top surface of the deck plat® modest
pre-tension force is applied to the top roller to prevent slip in the test fixtures

when the specimen is subjected to load reversal.
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Figure3.16 Test Setup at TFHRC
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Consistent boundary conditions between specimens are essential to minimize scatter in
the test resultsldeally, the top and bottom rollers should provide ideal boundary
conditions However, excessive clamping force between the two rollers potentially can
add some fixity The stress state at the potential cracking locations is expected to change
dramatically if fixed end conditions exist instead of the ideal roll€m® much clamping
force from the rollers on the deck plate can cause roller friction that effectively creates a
semtifixed boundary conditionToo little clamping force would introduce slip in the load
path and allow the specimen to bang and vibrate itetitdixture under load reversal
Therefore, procedures were imitated to measure and limit the clamping force to insure
that the ideal roller boundary condition is presehiter a few trials, the clamping force

was set to be 70 Ibs on each side, 140nlietal The force was measured by monitoring
the load cell output during the clamping procedutavas observed that the rollers were

still able to rotate freely at this clamping force level.

Since only one load cell is used to measure the sumnuitimoth roller reactions; the
clamping forces on both roller supports should be equalizkd load cell is not capable

of detecting differential clamping forces between the different supports as long as they
balance each other ouDifferent clamping foces between the supports could alter the
stress state between the two welds which is a divergence away from the ideal boundary
conditions used in the FEMCare was taken in the specimen installation procedure to
ensure equal clamping force on each sidi® specimen

The key steps described below were followed for the specimen installation:

1) Tightly bolt the specimen to the actuator through the bottom of théJsb a
level to make sure the deck plate is horizontal before tightening the bolt.

2) Manually raise the actuator under displacement control to raise the specimen into
the desired test position.

3) Take a zero load reading with no roller contact with the specimen.

4) With the actuator still under displacement control, apply the equal 70 Ib clamping
force from the four rollers to the deck plate individually one after another by

adjusting the height for both tips of each rall&iso make sure the rollers tilt
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along with the specimen for evenly distributed clamping forces along the roller
lines This canbe done by applying half of the clamping force for each roller, in
this case 35 Ibs, from each tip of the rollef® determine how much clamping
force is being applied, access the {taake feedback from the load cell through
the computer workstation.

5) After applying the clamping forces from all the rollers, the reading from the load
cell should be back to zer@hough small error within tolerance may exist
this case turn the actuator to load control mode and manually command the force
back to zero However this action is not suggested if the error is considered to be
out of tolerance since differential clamping forces may be caused by this action
Instead, step 4 and step 5 should be performed again.

6) After the specimen is clamped tight with zeeading from the load cell, offset
the displacement reading from the LVDT to zero as.wHlirn off the manual
control then initiate the cyclic load in the MPT application with the corresponding

test procedure and environmental variables.

A test procedurgvas designed and programmed in the MPT application through the
Procedure Editorlt acquired data from the sensors and controlled the action of the
actuator and HPUThe loading function was specified as a sine wave with the
peak/valley levels correspoing to the target stress range andaito listed in the test

matrix in Table3.2. Two data limit detectors were enabled to stop the test if either one of
them were triggeredThe first data limit would be triggered if the peak/valley
displacement exceeds a preset liMlihe second data limit detector monitors the

difference between the peak/valley displacements of two successive cycles and would be
triggered if the difference were out of the specified tolerafites detector was usually
triggered when fatigue crackitimtion occurred and displacement increasétdree data
acquisition commands were programmed during tesfiig first recorded the peak and
valley values of load and displacement for the first 2000 cycles after testing was initiated
or resumed followig a pause The second recorded the same values for the last 2000
cycles before the cyclic load was terminated or pauséése two data logs showed the
behavior of the specimen during the stabilization of the sine wave loads and before the

failure. Thethird data acquisition command recorded the peak/valley values of load and
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displacement at one hour intervals during the t€kis data logging provides assurance

that the stress range remained constant over the entird hestest procedure in the

Multi-Purpose TestwardAPT) is shown inFigure3.17.

B# MPT Procedure Editor < MTS FlexTest 40 : MTS 100 kip.cfg > 2750 Ibf cyclic.000 - [Procedure - Processes]

st File Edit Group Display Tools ‘Window Help -8 x

e = z

= =5 &l 7 3
@ Specimen Loading - 2750 Ibf cyclic Type Name Start Interrupt

Data Limit Detectar 1 - Displacement

E Peak/V/alley Change Detector 1 - Displacement
B Peak/Valley Acquisition 1 - First 2000 Cycles
B Peak/Valley Acquisition 1 - Last 2000 Cycles

@ [Shecimen Loading - 2750 Iof cyziic <Procedure= Start Stop Done
Peak/Valley Change Detector 1 - Displacement Done
Data Limit Detector 1 - Displacement.Done

# Group 1 @ |Dala Limit Detector 1 - Displacement =Procedure= Start
;l?pz |PeakNaIley Change Detector 1 - Displacem | <Procedure= Start
Program Control - Station Power Off |PeakNaliey Acquisition 1 - First 2000 Cycle |=<Procedure= Start
IPeakNaI!ey Acquisition 1 - Last 2000 Cycle |=<Procedure= Start

@ [Groun 1 <Procedure> Start I

Els | |

|Z |RTZ ,Speclmen Loading - 2750 Ibf cyclic Done |

|Program Control - Station Powver Off 'RTZ.Done |

RTZ Done

Procedure is done when |Data Limit Detector 1 - Displacement Done

Specimen Loading - 2750 Ibf cyclic - Cyclic Command Parameters
Command | Channels | Generel'

Segment Shape: ISine :J
Fregquency LJ | 12.000 |(Hz) _VJ
[V Count I 3000000 Icycles Zl

Adaptive Compensators: |PVC Ll
™ Do Not Update Counters

I Relative End Levels

Channel: [en1 L}B
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Phase Lag: I I LI
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Figure3.17 Test pocedure in the MPT
3.5 PostTest Processing

3.5.1 Measurement of the Weld Profile

Each of the test specimen series was produced with a different welding procedures
resulting in different geometric weld profile$here was also a certain amount of profile
variability along the length of the welds withirgeven series Therefore, detailed
measurements were made of the weld profile at both exposed edges of each test
specimen This data was statistically analyzed after testing to determine the effect of
various geometric features on fatigue.lifehe speitnens were sanded and polished on
each specimen edge at thetobdeck weld location An etching solution of concentrated
hydrochloric acid was applied on the surfaces to mark the weld metal and heat affected
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zone (HAZ) High resolution digital photogpdns were taken of each etched weld along
with a reference scale€l'he photographs were then imported into AutoCAD, scaled to the
drawing scale, and curved lines were traced along the weld outhadleftional straight
measurement lines were then drawmnetcord features of the weld profil&igure3.18

shows typical AutoCAD drawings for eanteasurement locatiorThe measurement
locations were assigned with referemeenbers as shown Figure3.19 relative to the

side where the specimen failedocations 1 and 3 are on the cracked side, while
locations 2 and 4 are on the-aracked side For cases where cracks occurred on both

sides, locations 1 and 3 are on the side with the larger crack.

2 DSMEDTLER 3 987 19-34 4 ENGINEER 5
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Figure3.18 AutoCAD drawings of weld profiles

Fatigue Crack

\ VAV

1 2

Figure3.19 Denotation of weld locations

A number of numerical measurements were taken from the AutoCAD drawings for each
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weld profile, as shown iRigure3.20. These measurements included the weld toe size,
weld penetration, weld throat size, weld area, &tbles listing all the measurements

can be found i\ppendix D

1:[ hi 4

AL tL

t-dl d2 d3
ds

Figure3.20 Measuredlimensions
The measured weld dimensions are defined as follows:

d1 1 weld toe size (on the deck plate)

d> 1 size of he weld penetration (into the rib plate)

d-/d, 7 percentage of the weld penetration

ds 1 size of the gap behind the weld

d;+d, 1 total size of the weld

h1 weld height, essentially the weld toe size on the rib plate

t1 weld throat size, defined as thetdisce from the weld root on the deck plate to
the nearest point on the curved weld surface

Ay 1 weld area

t. 7 thickness of the rib plate
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The measurements indicated that the target weld penetration for each series was not
achieved As shown inAppendix D the welds with 80% target penetration had larger
penetration compared to the other specimen series, but the penetration values did not
significantly change amonagther specimen seriehe average penetration achieved for
the fillet welds and partial penetration welds with 20%~60% target penetration was
between about 60%~7Q%\s a result, the target penetration values were no longer taken
as a relevant factorAlthough the names of the specimens and series were kept, they had
no relation with the penetration of the welds in that series.

3.5.2 Measurement of the Effective Length (lg)

The effective length, {. is defined as the distance from the fatigue crack at thetaeld
on the deck plate to the line of roller support in the fixture, as showigume3.21. The
moment within this length varies linearly from zero at the sugparértain value at the
weld toe, as shown iRigure3.14. Therefore, the Lvalue directly affects the actual

stress range at the weld toe on the deck plate, whiitteiprimary crack location.

Fatigue Crack

Roller Line

W\

|

Figure3.21 Definition of L

L.was desi gned asHobeverthi®does adt ihcludelthe preasensetofsghe
weld. Variations in weld toe size, fabricatibmlerance, and test specimen mounting

tolerances, cause variations ig [This affects the stress range at the location of fatigue
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cracking at the weld toeTo quantify this effect and get accurate stress ranges, the actual
L. values were measured on kapecimen after testing he rollers left clear marks on

the deck plate at the points of contathe distance between these marks and the weld
toe could be accurately measuréthe results are tabulatedAppendix E

3.5.3 Record of the Tack Weld Locations

Tack welds were made on the specimens to hold the rib plate and deck plate in place
before the continuous welds were plac&tie continuous welds passed over exnd
melted the tack welds during the welding procedUreis results in increased weld metal
volume at the tack weld locations and a corresponding enlargement of the weld size
possible concern is that the geometry discontinuity at the tack weldlogaiould result
in premature fatigue cracking in that ardde tack weld locations were marked on the
specimens during fabricatioThese locations were compared with the fatigue crack
initiation locations observed in the test specimdfarty-four specimens tested at the
TFHRC were examined for this investigatiofhe specimens were loaded to open up the
fatigue crack and expose the crack surface as shokigune3.22. The tack weld
locations and fatigue crack initiation points were recorded and compaig@gpemdix F

A few observations were made during the recording

1) The cracks were predicted to initiate around the-width location along the weld
toeas shown irFigure3.23. This is based on stress analysis of the specimens and the
fact that the stress state varies from plamain at midwidth to plane stress at the
edges Therefore, no conclusions can bedeaf the fatigue cracks initiate at tack
welds located at the mididth location Only the fatigue cracks initiating from the
tack welds located away from the middth location can provide information useful
to assess the effect of tack welds.
2) The midde % width of the deck plate can be assumed to have an equal probability of
fatigue crack initiation at any poinSince there is little variation in stress range
across this region, the "wedkk" point of crack initiation can occur at any location
In cases where both the tack welds and crack initiation points were located in this
region, it was identified as ficlose to

3) For the cases where tack welds and cracks occurred at different locations, either with
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one of them or neither at the centeghbuld be regarded as negative evidence to any

relationship between them.

Figure3.22 Setup for breaking specimens from fatigue cracks

After recording 44 specimen8gpendix B, it showed an inconclusive relationship
between tack welds and crack initiation locatioB$even specimens were regarded as
having a relation between them, while 12 of them were regasdedtdaving such
relation The rest of the specimens could not be confirmed for a conclusion because
either both locations occurred at the center, or no tack weld was préseatresult, it
can be concluded that tack weld locations were not moreiedo fatigue cracking

compared other locations along the weld.
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Figure3.23 Typical crack surface

3.6 Test Results and Discussion

Three failure modes were observed after fatigue testing 95 specimens as shmunein

3.24. The failure modes are labeled to indicate the point of fatigue crdigkion as

follows: WT@DECK refers to cracks that initiate at the weld toe on the deck plate and
propagate through the deck plate thickness; WT@RIB refers to cracks that initiate at the
weld toe on the rib plate and propagate through the rib wall thiskaed WR indicates
cracks that initiate at the weld root notch and propagate through the weld tifoat

three failure modes were observed in this testing program.
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Figure3.24 Failure modes: WT@DECKNT@RIB, and WR

For the initial test specimen series, only the WT@DECK and WT@RIB failure modes
were observedAmong the tests conducted at the TFHRC, only the WT@DECK failure
mode was observedoth the WT@DECK and WT@RIB failure modes were observed

in the initial test series performed at VThis can be explained by the difference in test
fixtures between the two site$he TFHRC tests used larger bearing plates to support the
bottom surface of the rib where it was attached to the actubier large support area
reduced the amount of bending occurring in the rib.wtlis slightly reduced the stress
range occurring at the weld toe on the rib wall and biased the failure to the weld toe on
the deck plate The VT tests with the reduced size beaphaies came closer to having

an equal probability of cracking at the rib plate and deck plate weld Toweseffect of

the bearing plate on rib bending is discussed further in Chapter 4.

A noticeable difference was found between the fatigue test resultsped at the two
different Rratios(R=0 and R<4). For the R=0 tests, the entire stress range applies
tensile loading at the deck plate weld.tdde R=1 tests apply a complete stress reversal
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cycle where the stress range alters between tensiotoamalession It is generally

known that significant tensile residual stresses are present at weldMérga added to

the applied stress cycle, a portion of the compressive part of the load cycle is converted to
tension Therefore, a portion of the comgssive load cycle can be added to the tension

part of the load cycle to calculate the stress range that causes fatigue damage.

The AASHTO bridge code only requires fatigue design for details that are located in
regions of tensile stres§ he exception igletails in regions of stress reversal where the
compressive portion of the live load stress cycle is added to the tensile portion to define

the stress range for fatigue desig@onsistent with this methodology, the stress range for

the R=1 tests is caldated assuming the compressive portion of the load cycle causes
tensile stress at the detailhis is based on the assumption that the residual tensile stress

in most cases is as high as close to the yield stress, therefore the entire compressive stress

cycle, as long as it remains elastic, is shifted to tensile.cycle

Using this definition of stress range, the fatigue test results show that théeRts have
noticeably longer fatigue lives compared to the R=0 td6the assumption is correct
thatthe entire compressive portion of the load cycle is converted to tension, the two
different Rratios should show equivalent fatigue resistanidee fact that the R% tests

show longer fatigue lives indicates that only a portion of the compressiveyidads
converted to tension due to residual stres3éss indicates that the residual stress for the
weldments tested is lower in magnitude than the maximum compression stress induced

by the load cycle.

The residual stress magnitude at weldments depmndsany variables such as the plate
thickness, weld size, and welding proceduResidual stress magnitude cannot be readily
calculated Therefore, the R=0 tests where the entire load cycle is guaranteed to produce
a tensile stress range should be usadetermine the fatigue resistané®hen

calculating the stress range through structural analysis, both the tensile and compressive

portions of the stress cycle should have the same sign and should be added.

Overall, 15 fatigue specimens failed in the \Wiede Only one of the 15 had a closed

root notch, the others had open root notchfesotal of 24 specimens were tested with

75



open root gapsSeventeen of them were tested underlRFourteen failed from root

cracks while three failed at the weld tpasd the other one ran out over 4 million cycles
without failure The rest 6 specimens with open root gaps under R=0 also failed at weld
toes but due to the fact that they were tested under compressive cycles at weld roots
There is strong evidence ththe open root gaps enable the root gap failure mode to occur
prior to weld toe cracking for the specimen geometry tesibere is a clear increase in
fatigue resistance of the rib-deck joint when the root gap is closed by the combination

of joint desgn and weld shrinkage.

Among the 95 specimens from the seven test series, no distinguishable difference was
found in the fatigue resistanc&he effect of weld penetration and other geometric
variables is studied in more depthOiThe weld dimension measurements shows that the
average penetration achieved the target value at 80% for GMAW series, but is 65%
to70% for all of the submerged arc welds (SAW series)o@d to 65% for the fillet

welds (FIL, OB & UB series), representing the typical penetration that can be achieved
without special techniqueThe lower bound penetration with 95% confidence is 64% for
GMAW series, and 50.2% for SAW series and fillet weldsich is used i to derive

the requirement for the minimum weld toe sizes.
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Chapter 4. Finite Element Modeling and HotSpot Stress

Analysis

The purpose of hedpot stressancept is to provide structural stress values for different

weld toe details that can be comparedto asindlecBrve 't 1 s fAtypically us
there is no clearly defined nominal stress due to complicated geometric effects or where

the structural dicontinuity is not comparable to a classified strucaul det ai | 6 ( Hobb
2008). The hotspot approach is very useful for fatigue analysis of tubular joints because

nominal stress is usually very hard to calculdtdas similar advantages for plaigpe

structures where detail specifieNscurves are unavailablédeally the hotspot stress

values calculated using FEA should be mesh insensitive because the stress magnitude

depends on the global geometry of the structitrehould not be differerftom one

finite element model to anotheHowever, in the currently available structural stress

approaches discussed in Sect?.], the goal of absolute mestsensitivity is still not

achieved Even though stresses are calculated at reference points located away from the

weld toe, there is still some dependence on mesh $hzerefore, modeling rules are still

necessary in order to get consistentspmt stess values from finite element models

built from different sourcesAmong the different recommended finite element modeling

guidelines for structural stress evaluation, the DR*C203 (2008) and 1N182307

(Hobacher, 2008) are used in this study stheg have been validated in the literature.

Since the notch effect (stress concentration effect) is intended to be excluded from the
hotspot stress values, the reference points used for the extrapolation should be located
outside of the region that is csidered to be under the influence of notch effect

However, they also should be close enough to capture the stress gradient approaching the
weld toe Locations are specified in both the DNV and IIW recommendations for

different casesHot-spot stresseare calculated assuming linear elastic material behavior
with an idealized structural model that contains no fabricattated misalignment

Only the linear stress distribution throutiie plate thicknesseeds to be evaluated to

define hotspot stresas shown irFigure4.1. However, the finite element model should

still have element types, shapes, and mesh size capable of capturing the stress gradients
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and effecs of plate bending (DNARP-C203, 2008).

MNomonal stress

Fillet weld »
Attachment plate >

T &—— Motch stress
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— Surface stress
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12 3t -

Hot spot stress

Bracket toe B
Motch stress

Fillet weld

i

TI'rIemhra.nE stress

Stress evaluation plane
View:A-A
Figure4.1 Schematic of the hetpot stress distribution (DNV CGBI0.7)

It should be noted that the hgppot stress method, at least the methods defined by DNV
and IIW, is limited to the assessment of fatigue at weld.tGé®e hotspot methodology
may be extended to other fatigue cracking locations such as the weld root, but this is
further complicated since the masteN®urve used for hegpot fatigue evaluation was

developed based on the geometric and dimensional parameters of weld toe geometries.
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41 Recommended Procedures

4.1.1 DNV Recommendations

Det Norske Veritas (DNV) adopted the procedures introduced in S&cfidras

described iInDNWVRP-C2 03 fAFati gue Design of Offshore St
30.7 AFatigue AssessmenRP®X0G6Shii fpatSitguwect ur es o
Met hodol ogy o f Al@Hree documents cdtain gumslay recommendations

regarding element type, mesh size, reference point locations, and extrapolation methods

These documents are widely used and are considered to be a very important reference for

this research.

Both DNV CN-30.7and DNWVRP-C206 suggest that both global and local models should
be developed for fatigue analysis purposétobal models help to find the potential

critical locations for fatigue while the local models enable calculation edpaitstress
values at th critical locations DNV-RP-C203 states that the extent of the local model
should be chosen so that the influence of the boundary conditions is minirmzéed

study, since the test specimens are relatively small, only one model was required to
captue both the global and local effects.

Three weld toe types are identified as illustrateHigure2.13. Either 2D shell elements

or 3D solid elements can be usedtia finite element modelsThin shell elements

located at the mighlane of the structural component should be used if shell elements are
chosen Cautionis neededvhen modeling type b) weld to&s prevent undeestimation

of the stressIn shell elemenmodels, the welds are usually not explicitly modeled

except for special cases where high local bending effects are pr8sehtcases include
fabrication misalignment and offsets between plateshese cases the weld can be
modeled as transverse @éshell elements with appropriate stiffness or by assigning
displacement constraints between the appropriate ndidébe weld is modeled using
transverse shell elements, the weld element thickness may be defined as twice of the base
plate thicknessEight node elements with a quadratic shape function (Q8) are preferred,
especially in regions with high stress gradieffiee 4node linear elements may be

prone to shear locking problems.
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Alternatively, 3D solid elements are recommended for more complaxetries The

solid elements should also have quadratic shape functions capable of capturing steep
stress gradients and a linear bending stress distribution through the base plate thickness
Isoparametric 2Mode elements with quadratic shape functaonag the edges (Q20) are
recommendedThese elements enable evaluation of both the membrane and bending
stress components using reduced integration from as few as two integration points
through the thickness of the base plé&ght-node solid elementsith linear shape

functions could also be used but a finer mesh size is requiteslweld should be

explicitly modeled in the 3D solid models to accurately capture the local stiffness of the

geometry.

The requirements for mesh density and element sizedegpending on the element types
used in the modelsGeneral finite element modeling rules should be followed to obtain
accurate results, such as limiting the corner angles of quadrilateraézaldedral
elements to between 48 135 and limiting theelement aspect ratio to less than five
For the Q8 shell elements artle L4 shell elements with additional internal degrees of
freedom a mesh sizeetweertxt an®tx2t may be used, where t is the thickness of the
base plate Larger mesh sizes mayoduce on-conservative resuligs the hotspot

region For theQ20 solid element®nly one element is required through the plate
thickness The first fewelementrows in front of the weld toe in the hgpot region

should havehe followingdimensions1) the element length can be selected as the plate
thicknesg with the limit of 2t 2) the element widtin the transverse direction can be
again selected asdnd 3)the element width should not exceed the attachment Wadth
type c) weld toesyherethe attachmenwidth is defined as thplatewidth plustwice the
weld toe size Forthe 8-node solid elementsith linear shape functions,femer mesh
sizeshould bemodeled In this caseat least 4 elementse recommendettirough the
base plat¢hicknes. Both the length and width of the elements should be reduced

proportionally.

The hotspot stress values are obtained by linear extrapolation as illustré&iguiie4.1.
The extrapolation is based on reaat points located at 0.5t and 1.5t away from the weld

toe following theDNVRP-C203 recommendations he extrapolation lines are shown in
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Figure4.2 for both the shell and solid element modalghen a kt element size is used
in the hotspot region, the extrapolation can be performed as follows for both the shell

and solid elements:

1 If shell elements are used as showhRigure4.2 (left), the surface stress
calculated in the model can be directly used as-oeagoints at the 0.5t and 1.5t
locations

1 If solid elements are used, the surface stress needs to be extrapolated from the

integration points; then linearly interpolated to 0.5t and 1.5t locations as shown in

Figure4.3.

Figure4.2 Stress extrapolation in 3D FE Models (DNRP-C203)

81



Extrapolated
/ hot spot stress

---"‘::k-.

Intersection —
line

LS

Gaussian integration
point

Figure4.3 Interpolation of stress from the element integration pointse@eaepoints (DN\-

RP-C203)
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Figure4.4 Hot-spot stress derivation for element sizes larger tkiafDINV-RP-C203)

If the model is built using-hode shell elements with a mesh size larger thartte
stress values at the readt points should be derived from a quadratic curve fit to the

corner point by stress values of the first three elements adjacent to the wdtdrtoe
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models built using-&1ode elements with a mesh size larger tikgnthe stressalues on

the midside nodes of the first three elements adjacent to the weld toe should be used for
guadratic curve fitting The stress values at 0.5t and 1.5t in front of the weld toe can then
be determined from the quadratic curvéhe extrapolationrad curve fitting procedures

are shown irFigure4.4. For the models built in this study the elements size was much

smaller thanstt so this calculation did not neéalbe performed.

The DNV recommendations provide alternative methods fespot stress determination

in addition to the 0515 extrapolatoR or bot h met hodspot het nes $ @& ci
calculated based on correction factors accounting for diffdatigue crack orientations

that alter the direction of the principal stressésh e f i r st met hod, A Met hoc

the hotspot stress components extrapolated from the 051%oggubints as follows:

& [ +0.81p 2
Oz =max; U ol (Equation4.1)

o g

whereU= 0.90, 0.80, or 0.72 for the DNV C2, C1, and C details, respectiVély

principal stresses;, ands., , are calculated as follows:

o 0+opg 1 . . .
qoq:qo—;p”f+§\/(qou - ) +4pép  (Equations.2)
o g+ 1 . . .
ey =P P @i - @) +apfp  (Equationsy

The notation ofDs, , Ds,, and D¢ , refer to the normal and shear stress compisne

perpendicular and parallel to the weld toe as illustratédigare4.5. This method is
applicable to either shell or solid elements, with or without inclusigheotveld in the

model.
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Figure4.5 Principal stress components and potential fatigue crack orientations-HPNS203)

AMet hod BO -adotisteessdo be reael ashthe stress at a singleuepdint
located 0.5t in front of the weld toe in either the shell or solid element mobeds

effective hotspot stress is calculated as follows:

€1.12/p& +0.81p 2
Og = maxIl.lZD - (Equation4.4)
1112

In the present studwnly the crack pattern shown on the lefFigure4.5 occurred The

values ofep  and cp |J were regarded as zero because they were very small compared to
the magnitudef o (i , therefore Equation 4.2 calculates the principal stress equal to

U . The effective hetpot stress was also calculatedqa8 according to Method A

(Equation4.1).

For fatigue life prediction, the calculated +smiot stress is compared to the DNV

categoryD fatigue resistance-8 curve.

4.1.2 IIW Recommendations

The 1IW-182307 (Hobbacher, 2008) document defines two dzife weld toe
classifications compared to three in the DNV documebtsV types a) and c) are
combined into a single classification as showhkigure4.6. Differentassessment
procedures are proposed for these two vigbe classificationsThe hotspot stress can

be determined either by calculation or direct measurement, both following essentially the
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same equations and procedures.

Figure4.6 Weld toe type classifications (11¥¥82307)

The IIW recommends essentially the same guidelines for finite element modeling as the
DNV. Eightnode thin shell elements are recommended without explicit modeling of the
weld and20-node quadratic solid elements are recommended if the weld is included in
the model Any possible joint misalignment should be explicitly modeled in the
geometry because the kot stress methodology assumes idealized, perfectly aligned
welded joints While the modeling recommendations are essentially the same between
the IIW and DNV guides, different hgpot stress assessment methods involving

different extrapolation schemes are recommended by the [IW.

For type a) weld toes, if the model has atreddy fine mesh with element size less than
0.4t, linear extrapolation should be used from reference points located at 0.4t and 1.0t

away from the weld toe, as calculated below:

a,.=1.67C, , - 0.67C, ,, (Equation4.5)

For hot spots with pronounced nonlinear structural stress gradients, or sharp direction
changes of the applied force, or thick plates, quadratic extrapolation from the 0.4t, 0.9,
and 1.4t reference points is recommendeédr fine mesh sizethe hot spot stress is

calculated as follows:
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Ops = 2.520 4, - 2.24Q, o, +0.720, ,, (Equation4.6)

For coarser mesh sizes with higloeder elements and element sizes equal to the plate
thickness at the hot spot, lineattrapolation from reference points located at 0.5t and
1.5t away from the weld toe is recommendédthis case the stress values can be read

directly from the mieside points on the elements, as calculated below:

3, =1.50Q, ., - 0.500, ., (Equation4.7)

A correction for plate thickness is required to perform the surface extrapolation for type
a) weld toes, especially when the plate thickness is greater than the reference thickness
For thinner plates, thiaickness may be ignored, but this should be verified by

component testsThe thickness reduction factor is calculated as follows:

f(t) = %'ef g (Equation4.8)
(; -

The reference thickness shoulkeltaken as 25mmrThe thickness correction exponent n

depends on the effective thicknés and the joint category, as listedTiable4.1.

Table4.1 Thickness Correction Exponents (H82307)

Joint Category Condition n

Cruciform joints, transverse-jbints, plates withransverse

attachments, ends of longitudinal stiffeners As-welded | 0.3

Cruciform joints, transverse-jbints, plates with transverse

attachments, ends of longitudinal stiffeners Toe ground| 0.2

Transverse butt welds As-welded | 0.2

Butt welds ground flushhase material, longitudinal welds or

attachments to plate edges Any 0.1

For type b) weld toes, it is believed that the stress distribution in thephbtegion is

independent from the plate thickne3$herefore the reference points are given as the
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absolute value of the distance from the weld téer relatively fine mesh sizes with

element lengths less than 4mm, the reference points should be located at 4mm, 8mm, and
12mm away from the weld toe and the quadratic extrapolation method should he used
derive hotspot stress, as calculateelow.

s 4mm 8mm 12mm

(Equation4.9)

For relatively coarse mesh sizes using higireler elements and element lengths
exceeding 10mm in the hepot region, the hedpot stress should be linearly
extrapolated from reference points located at 5mm and 15mm away from the weld toe as

calculatedbelow.

0, =1.5C 0.5 (Equation4.10)

5mm 15mm

The hotspot stress can be also derived from strain measuremiessdaring fatigue

tests The placement and number of strain gauges recommended H\BRBO7

depends on the extent of shell bending stress, plate thickness, andghethgpe It is
recommended that the center point of the first strain gauge shepldced at 0.4t away
from the weld toe The length of the gauge should be not more than @.#te plate
thickness is too small to achieve this, the first gauge should be placed with its leading
edge 0.3t away from the weld to€he number of gaugeand extrapolation procedure

are different for type a) and b) weld types as described below:

For the type a) weld toes, two extrapolation methods can be appliexistrain gauges
can be attached at reference points located at 0.4t and 1.0t in froatveélt toe then
the hotspot strain can be linearly extrapolated from the reference points, as calculated

below.
0, =167}, - 0.674) ,, (Equation4.11)

Alternatively, three strain gauges can be placed at reference points located at 0.4t, 0.9t
and 1.4t in front of the weld toe from which quadratic extrapolation is used to derive the
hotspotstrain, as calculated below:
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0, =2.520] ,,- 2.244) ,,+0.724)] ,, (Equation4.12)

For the type b) weld toes, it is recommended that the strain gauges should be placed at
distances of 4mm, 8mm and 12mm away from thelwet Quadratic extrapolation

should be used to derive the tspiot strain, as calculatéelow.
LDLS = 3(.:.DL:JAmm - 3®("!Bmm + Qme (Equatlon413)

In this study, both the DNV and [IW recommendations were consid&iade element
models with very fine mesh were built; therefore linear 0410 extrapolation and 0515
extrapolation were performedhs a firststep, 2D models with planar elements under
plain strain assumption were built to verify the accuracy of the boundary conditions and
investigate the influence of the local geometifne effects of element type, element size,
and mesh configuration are sted with or without including the root gap and weld shape
in the model Based on the results from the 2D models, 3D models with solid elements
were constructedThe hotspot stress values obtained from the 3D models, adjusted to
account for the variabtly in Le values, were used in this study as discussed in Section
3.5.2

4.2 2D Modeling

Both two-dimensional and thregimensional models were built this study Though the
final stress results were obtained from 3D models, 2D models were still useful to
investigate different modeling options such as boundary conditions, element type, and
mesh density, since they take less computation time compatteel 3® models Since

the crosssectional dimensions of the weld were much smaller than its transverse length
dimension, oubf-plane strains were not expected to be significBne strain

conditions were assumed for the 2D elements; this was latBedes appropriate by the

3D model results.

Considering that the transverse -pagedd d di mensi
di mensions (~0.30), plane strain elements wi

The traditional modeling technique ploys 2D shell elements representing the-mid
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surface of the plates to form 3D modeFEhis option is especially useful when modeling
complex structures with interaction between different compon@&missolid element

models are usually too computationatyensive for this purposeHowever, in this study
shell element models were not used for the following readéinst, the stress

distribution around the weld cross section and the effect of local weld geometry are of
interest for this studyHoweverneither can be investigated using shell elements

Second, shell elements only allow one element through the thickness of the plate
Though one quadratic element is enough for the purpose-spbostress extraction
according to both the DNV and W r@mmendations, a finer mesh size with multiple
elements through the thickness is desirable to capture the nonlinear stress gradient close
to the weld toesTherefore, the linear region for readt points is better defined'his

was later proven by a medensity study, which showed a considerable disparity
between thext mesh and finer mesh sizeEhe mesh density study was performed using
2D plain strain elementsThird, shell elements do not differentiate between the two weld
toes on the deck and thb plate because the weld generally is not explicitly modeled
with shell elementsin the fatigue tests conducted at VT, fatigue cracks were observed
initiating from both the rib and deck plate weld to@kerefore it is necessary to
investigate the ffierent stress states occurring at each weld toes separatedyweld

can be included in the model using either 3D solid elements or 2D plain strain elements
For the aforementioned reasons, thedpuit stress modeling was performed using 3D

solid elenents in this study.

4.2.1 Construction of 2D Models

The 2D models were built assuming plane strain behavVioe primary purpose of 2D
models was to quickly investigate a number of modeling opti@usisiderably more

time would have been required to investegatodeling options using 3D solid elements
The modeling options include the element shape, element type, mesh density, and the
presence of a root gap in the local weld geometihe boundary conditions, effects of
load application, influence of the lodéaring plate were also investigated using the 2D

models.

The specimen was supported by two rollers on each end and fixed on the piston that
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applied the load So ideally the boundary conditions should allow both ends of the
specimen to translate horizally and rotate within a small anglén reality this is

somewhat compromised by the clamping force applied on the rollers against the
specimen The clamping force is necessary to stabilize the specimen under the cyclic
load reversals during testinglowever, excessive clamping force causes friction against
the horizontal translation and restrains the end rotation of the specimen, thereby creating
a partially fixed boundary conditiorThe effect of clamping force on the boundary
conditions depends onehatio of the applied load and clamping foréeclamping force

of 140 lbs was found to be sufficient for the tests performed at VT where the fatigue
loads were at leagf.5 kips At this level, the effect of clamping force was minimal

Therefore pin-roller end boundary conditions were assumed in this study.

Even though the fatigue tests were conducted under different loads, it is unnecessary to
apply different loads to the FE models since the tests remaineddiastic under all

load levels A representative load can be selected to calculate one stress state in the
model and the stresses at other levels can be calculated by multiplying by the load ratio
As shown inTable3.2, most tests were performed under either 33.33 ksi or 36.67 ksi
stress ranges, corresponding to loads20b kips/5 kips and2.75 kips; only the load of
+2.75 kips was applied to all specimen serieserefore an upwd load of 2.75 kips was

selected to apply to all models.

The exact global geometry of the test specimens was modeled except for the radius at the
corners of the rib, which were not locations of interdste 2D model geometry is shown
in Figure4.7. The deck plate length was taken as exactlin2detween the roller

supports ignoring the extrail. overhang at each end.
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Figure4.7 Global geometryf the2D FEmodels

Welds were included in both the 2D and 3D moddlse weld geometry used in the
majority of the models was based on the average weld dimensions measured for each
specimen series as listedTiable4.2. The weld ouihes were approximated as straight
lines instead of the rounded edges present in the actual Wigldse simplifications were
justified by the following FE study on the local geometry that concluded that the
deviation of individual weld dimensions hadlétinfluence on the hedpot stresses

magnitude.

The weld geometry adopted for the generic models is showigume4.8. The weld toe
size on the deck plate;jdvas taken as 0.2 in.; the weld height on the rib plate (h) was
taken as 0.3 in.; and the root gap sizg {hs taken as 0.075 inThese dimensions were
based on the average values in the specimen sdiessmall weld geometry variations
were taken int@ccount in a followon study using the actual weld dimensions from one
specimen; however the differences were found to be trivilaé influence of the root gap

was also investigated and will be discussed later.
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Figure4.8 Local weld geometry inthe 2DFE models

Table4.2 Average weld dimensions throughout the specimen series

Series d; Average (in) ds Average (in) h Average (in)
GM-80 0.187 0.060 0.326
FIL 0.266 0.123 0.368
SA-20 0.195 0.104 0.285
SA-40 0.253 0.136 0.282
SA-60 0.231 0.105 0.283
SA-80 0.320 0.116 0.241
OB 0.336 0.122 0.310
UB 0.284 0.122 0.337
Average 0.266 0.109 0.304

Another important issue was the presence and size of bearing plates used to distribute the
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load to the bottom flat surface of the rib plate during the tBsé bearing plate effect

was not recognized until some of the tests performed at VT failed @etti¢oe on the

rib plate Briefly speaking, the bearing plates restrained the flat section of the rib plate
from bending This restraint affected the amount of bending deformation in the rib walls
and affected the stress range at the rib weld $mealle bearing plates were used in the
tests performed at VT compared to those performed at TFHRG elevated the hot

spot stress at the rib weld toe in the VT tests and explains why some of the specimens
failed in the rib plate (WT@RIB)Since the bearinglates were 1n. thick; compared to

the 5/16in. rib plate thickness, the portion of the rib plate clamped between the bearing
plates behaved nearly as a rigid bod¥yus in both 2D and 3D models, the flat portion of
the rib under the bearing plates vkasematically constrained to the center point, where
the load was appliedThe quantitive analysis of the bearing plate effect is presented in
Section4.2.5

4.2.2 Element Type and Mesh Density

It is generally recommended by both DNV and IIW that quadratic elements should be
used when modeling for hgpot stress analysis purposémear elements could be used
in global models to identify potential cracking locationsywever higheorder elements,

even sometimes with a coarser mesh, are preferred for the local models.

The recommended maximum mesh densitytisftthe LSE method is appliedHowever

a finer mesh is useful to investigate the stress pattern throughataehickness which is
necessary for application of the TTWT meth@dmesh density study was performed to
make sure that the readit points are well located in the linear stress region and the hot

spot stresses converge beyond a certain mesh densaty |

The influence of element type and mesh density was investigated using 2D plane strain
models Models with 4node linear quadrilateral elements (Q4hdle quadratic

triangular elements (T6), or linear strain triangles (LST), andd quadratic

quadrilateral elements (Q8) built on 5 different mesh density levels were compared for
their accuracy and effectivenesBhe normal stress predicted by both the LSE and

TTWT methods was included in the comparison.
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First, models with isoparametric Q4 or Q8raents were built with the same mesh

shown inFigure4.9. These models were built based on the.bearing plates used at

TFHRC. Regions between 0.4t to 2t awagrh the weld toes were modeled with a fine

mesh (0.2t0.1t) for the convenience of locating the read points A finer mesh (t/30)

was used for the welds to provide higher resolution in that rediba weld root gap was
included but regarded as closadhe models A further mesh refinement (t/300) was

used around the root gapphe region between the first readt point (0.4t) to the weld

toe on the deck plate was also meshed as a transition area with isoparametric quadrilateral

elements with sizesanging between t/10 to t/30.

The model with the T6 or LST elements was built based upon the previous models with
the modification of using T6 elements in the transition regions instead of isoparametric
Q4/Q8 elementsThe mesh elsewhere in the model ventical to the previous Q4/Q8
models, as shown Rigure4.10. The bearinglate width was also taken as 5imthis

model.

Normal stresses on the surface dmdugh the plate thickness near weld toes, as well as
on the back of the rib plate toward the weld root, were outputted from the three.models
The locations of stress readt lines are shown iRigure4.11. The normal stress values
are plotted irFigure4.12 through4.18.
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Figure4.9 Mesh for models with Q4/Q8 elements
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Figure4.12 Normal sress on line 1 from different element types
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Figure4.13 Normal stress on line 2 from different elemeypds

As shown inFigure4.12 and4.13, quadratic elements (T6 & Q8) predict almogntical

stress values with very noticeable nonlinear peaks starting about 0.25t away from the
weld toe The linear elements (Q4) consistently predict a lower stress (1 ksi) and a much
lower nonlinear peaklt can be seen that the first element adjatetiie weld toe is still
capable of depicting the peak stress due to the notch effect for both the T6 and Q8
elements, but fails to capture the peak for Q4 elements due to nodal aveiajimghe

linear and quadratic elements give wadifined linear sess distributions away from the

weld toes where the reamlit points are located.
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Figure4.14 Normal stress on line 4 from different element types
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Figure4.15Normal stress on line 5 from different element types

99



The stress pattern through the thickness at the weld toe also shows that higher nonlinear
peaks are predicted by the quadrak&reents According to the TTWT methodology, the
hot-spot stress should be taken as a linearization of the nonlinear stress pattern through
the plate thicknessAs shown inFigure4.14 and4.15, the T6 and Q8 elements again
provide almost identical stress results capturing the high stress peak at the plate surface
The Q4 element cannot capture the notch effect at the surfadengesubn almost

linear pattern through the plate thickne$#erefore, the Q4 element underestimates the
contribution from the nonlinear stress distribution and underestimates thpdiatress
calculated by TTWT methodt is noted that the depth tie nonlinear region predicted

by the T6 and Q8 model s al so .cXappredistponds
that the nonlinear effect diminishes about 1mm below the plate surface, which is about

Ttu @u andm® cap for the test spémen geometry (seleigure4.14 and4.15).

As previously discussed, the reaak points in the LSE method should be located outside
of the region affected by notch effedhis implies that the normal stress should have a
linear pattern through the plate thickness under theaatidoints The normal stresses
through the thicknesat the first readut point at 0.4t from the weld toe are plotted in
Figure4.16 and4.17. As shown in the plots, all three models predict similar stress results

with nearly linear stress distributions.
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Figure4.16 Normal stress on line 6 frodifferent element types
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Figure4.17 Normal stress on line 7 from different element types
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Hot-spot stress calculations were not performed for the weld roots, howeviaetse s

results from FE models were plotted for reference purpoBes rib plate has a double
curvature deflected shape with a stress reversal in the mitldeenormal stress along

the inside surface of the rib plate near the weld root is plottEdjure4.18. As shown,

the local effects of the root gap diminish at distances greater than 1.0t from the weld root
Approaching the root gap, the stress drops and dhbebretically reduce to zero at the

notch edge The model shows a spike in normal stress within 0.2t from the weld root

This is an artificial modeling effect caused by the mesh size and the singularity that exists
at the crack tip nodeTherefore, tk stress distribution within 0.2t from the weld root

should not be used for fatigue life predictiohgain, the linear elements underedict

the stress magnitude compared to the quadratic elements.

Normal Stress (ksi)

—e— 2D Q4 Elements
o 2D T6 Elementg
—-—v— 2D Q8 Element;s
'25 T T T T T
0.0 0.5 1.0 15 2.0 2.5 3.0

Distance from Weld Root (fraction of plate thickness)

Figure4.18 Normal stress on line 3 from different element types

In summary, the quadratic elements exhibited better ability to capture the nonlinear
effects near the weld detail and showed better agreemenheBb model results
shown in &ction4.3. The extra computation time required for quadratic versus linear
elements was trivial for the 2D modelShe T6 and Q8 eleemts showed similar results
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Since the triangular T6 elements are cumbersome to mesh and require more DOFs in the

3D cases, theQ8 elements were adopted for FE analysis in this study.

Although the 0.1k 0.1t seems to work well for the initial 2D modelp#esh density

study was still performed to establish the mesh density level where the results started to
converge This is not very important for 2D modeling since the computation time, even
with a fine mesh, takes only seconds on a FGwever, the neefbr mesh optimization
becomes more important for the 3D models since they have about 100 times more DOFs
compared to the 2D models with a corresponding increase in computational time.

a S

Figure4.19 Meshing schemes for each model

Models were built with five different mesh densitiesx(tt 0.5tx 0.5t, 0.25tx 0.25t, 0.1t
x 0.1t, and 0.05% 0.05t) as shown ifigure4.19. The weld root gap was not included in

the models since it has almost no effect on the weld toes. stlessrormal stress
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distribution along the plate surface is showifrigure4.20 and4.21. All of the mesh

sizes predict similar normal stress results at distances greater than1.0t from the.weld toe
Closer to thaveld toe, the results diverge with the finer meshes doing a better job of
capturing the stress concentration effebhe largest difference in results occurs in the

first element in front of the weld toe due to the nodal averaging including lower stress
from elements in the weld. As shownRigure4.20 andFigure4.21, the mesh and 2

results diverge from the finer mesh size results at distances greater than 0.4t in the
regions where the hot spot extrapolation points are defined. The mesh 4 and 5 results
converge well in this region and will provide similar hot spot stresigirens. The

mesh 3 results start to diverge from the mesh 4 and 5 results within thgotot

extrapolation region, but the differences appear to be minor.
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Figure4.20 Normal stress on line 1 from different meshing schemes
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Figure4.21 Normal stress on line 2 from different meshing schemes
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Figure4.22 Normal stress on line 4 from different meshing schemes
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Figure4.23 Normal stress on line 5 from different meshing sceem

The through thickness normal stress distributions at theguaitextrapolation points are
shown inFigure4.22 and4.23 for all five mesh densitiesAs shown, all models predict
nearly linear stress distributions through most of the plate thickiésse is a notable
difference, however, between the nondéinpeak stress values near the plate surfase
expected, mesh 1predicts a linear stress distribution all the way to the plate surface since
the Q8 elements can only predict a linear stress distribution across a given elEneent
nonlinear surface stse only emerges when more elements are added through the plate
thickness As previously discussed, the area affected by the nonlinear notch effect is
limited to aboutlmm below the plate surfadeis noted that although different mesh
densities predidhe stress gradient differently, better masdensitivity is shown for

TTWT method compared to the LSE method.
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Figure4.24 Normal stress on line 3 from different meshgupemes

The stress distribution along the inside surface of the rib plate (linEigure4.11) is

shown inFigure4.24.Similar to the deck plate results, the divergence of results from the
different mesh sizes is greatest close to the weld o results diverge at a greater
distance from the weld root egared to the weld toe result§he notch effect at the

weld root is much more severe than the notch effect at the weld heeinfluence of

shear stress changes the direction of the maximum principal stress close to. th@éeoot
maximum principal s&ss, not the normal stress, will drive the development of fatigue
cracks In summary, mesh options 1 and 2 can be expected to introduce errors predicting
normal stress within the hgpot extrapolation regiorMesh options 3, 4, and 5 are
expected to pnade similar hotspot stress calculation resultdowever, mesh3 has
problems capturing the nonlinear behavior near the weldMiesh options 4 and 5 gave
essentially the same results except for the peak value of the notch $tressfore, mesh

4 wasselected for use in this study as the ideal compromise between accuracy and

computation time.

4.2.3 Modeling of the Weld Root Gap
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Both open and closed root gaps were observed in the test specimereny cases, the

rib plate and deck plate were pressed ajanach other during fabrication to eliminate

root gaps However, due to straightness imperfections along the rib plate edge and
flatness imperfections in the deck plate, it is difficult to consistently achieve tigitt fit
conditions for the entire weléngth This tended to be overcome, however, by weld
shrinkage that occurs when the weld metal codlse rib plate edge was pressed into the
deck plate in most cases, thereby closing any root gap that may have existed due to plate
tolerances Hairline cracks could still be observed, but they were being held closed due

to residual stress effect3 his essentially preompressed the root notch in many cases.

The stress state around the weld root is rather complicated due to contact effects and the
presege of the root gapCompared to the weld toes, the inside corner at the weld root
creates a much higher notch effect that cannot be predicted by thgdbstress method

The root gap produces a crddke defect with a stress singularity that can dmdy

properly dealt with by fracture mechanicBhe residual stress state causes compressive
pre-stressing of the weld root crack that prevents the crack from opening through part of
the fatigue loading cycleTherefore part of the applied load cycle doescontribute to
fatigue damage at the root crack tip where fatigue cracks typically inifitie residual

stress magnitude varies depending on the initial gap tolerance and the welding process
Considering these issues, the notch stress at the eatldan be calculated following the
procedure recommended by the [IWopbacher, 2008) involving fictitious rounding of

the crack tip The stress state at the weld root and its influence on the weld toes stress

was investigated in this study.

Models withthree different root gap conditions, no gap, closed gag,open gap, were
built using0.1tx 0.1t Q8 quadratic elements in the-{spbt region as shown Figure
4.25. According tollWw-182307 (Hobbacher, 2008jjictitious rounding with a 1mm
radius was introduced at the two weld toes and root crack tip in all three métels
rounding at the weld root for the no gap and open gap conditions was placedasbube
center point coincided with the crack.tipor the closed gap model, the arc was made
tangent to both crack edges as showkigure4.25. This represents theuashing effect

on the weld root due to weld shrinkage and avoids the singularity problem encountered in
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previous modelsRoot gaps were assumed to extend 0. 1
on the average measured dimensionzatbwn inTable4.2. This resulted in a weld

penetration about 68.6% through the rib plate thickn&kg open gap in the third model

was modeled as a keyhole as recommended by Fricke)(2008 gap was left with a

0.020 wide open end, representing the tol era
fabrication The element size in the effective notch stress region, as recommended by
[IW-182307, should be less than ¥ of the radius ifdyatic elements are used

Therefore the mesh size was set at 0.00750 o

about 1/5 of the radiusThe bearing plate width for all three models was 5 in.

Figure4.25 Modeling of root gaps

The maximum principal stress contours near the weld toes are shéiguia4.26 with the

same scale of 0~5Gk(dark grey represents compressive strelSej all three models, the
maximum stress occurs at the deck plate weld toe, which helps explain why none of the
specimens tested at TFHRC failed at the weld. rdestsperformed in VT used a 3.75 wide
bearing plate whiclthanged the stress distributiespecially at the weld toe on the rib plate and
at the weld root, as will be discussed in Secticghs

109



Figure4.26 Distributions of maximunprincipal stress near weld toes

The stress distributions near weld toes are plottédguare4.27 through4.30. It is noted
that inFigure4.27 and4.28, the normal stresses are plotted in thedpatt region

(0.4t~2.0t) while maximum principal stresses are plotted wildhwhere the stress state
is strongly influenced by the notch effedthis was done since the maximum principal
stress drives the formation of fatigue crack&ieoretically the principal stress is equal to
the normal stress on free plate surfaces wter@ther stress components vanish under
the plane strain assumption&s shown in the figures, the weld toe stress distributions
are essentially identical, on both the surface and throughout the thickness, for all three
gap models Therefore, similartsess results can be obtained using LSE, TTWT or

effective notch stress method.
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The only difference caused by root gap conditionsicnear the weld rooMaximum
principal stress is plotted within approximately 0.2t from the weld root and normal stress
is plotted further away from the weld root on the inner surface of the rib pigte¢

4.31). The zero gap and closed gap models produce similar results except at around 0.2t
where the rounding is abruptly connected with the rib wall in the no root gap.model
However, it should be noted thaetblosed gap model assumes the root gap does not
open under tensile load, while in reality the compressive prestress might not be sufficient
to hold the material together under all loadifidne compressive prestress magnitude is
assumed to be sufficierd keep the crack closed under all loadifigne open gap

condition causes the highest stress at the root notch radius represented by the part of the
curve with a negative distance to the weld rddébnetheless, the hapot method is no

longer effectiven this case since the stress is not linear in theoeadegion The notch

effect is dominant and overwhelms the structural strésxtrapolation is intended to be
performed, it seems that the reauat points should be located at least 1.0t awamy fthe

weld root It is also noted that the weld root undergoes stress reversal at the weld toes,
which explains why none of the specimens failed atwtkld root under R=0 loading

The weld root experienced a compressive stress range ignoring theuwtoorrof

residual stress

The maximum principal stress contours inside the root gagare4.32) show the upper
corner is the location with the highest stre$his corresponds to the location where
fatigue crack initiation was observed in specimens that failed at the rooTgap
contours have the same scale of 0~50 ksi with areas in compression in darkigey

stress distributions are caused by a downward-&y ad.
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The FE modeling and the subsequentdpait stress and notch stress analysis shows that
the root notch modeling method has little effect on the stress state at the weldlsoes

long as the stress state at the welat is lower than the weld toe stress, the root gap does
not need to be explicitly modeled to obtain accurate fatigue life prediddowever, this

is not always the case because there are plenty of scenarios where the weld root is more
fatiguecritical than weld toes As an example, the tests conducted at VT show different
stress distributions at the weld root due to the change of bearing plat&tiizéhe root

gap was not included in the 3D models because the extremely small element sizd require
to model the root gap significantly increases the time required to build and run the
models For fatigue analysis, the stress range carried by the weld root is determined

using the traditional nominal stress method.

4.2.4 Local Geometry Influence

Small variaions exist in the weld dimensions of the test specimens that might have an
influence on the fatigue resistanceo quantify this effect, a model with the actual weld
profile from specimen GMB3 was built and analyz€#&igure4.33). The weld dimension

can be found iMppendix D Using the same element type, mesh size, andnigealate

size, the GM83 model was compared to the generic mo&ahce the root gap was not

open in GM83, the detailed model was compared with generic models without root gaps,
both with and without the fictitious roundin@he two welds on the spaeen were

modeled differently with their individuaimensionstherefore the stresses near both

welds were included in the comparison.

» »

IHANNY

Figure4.33 GM-83 model
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It can be seem Figure4.34 through4.37 that all models give identical results except for
small variations in the notch affected zor¢ere the model with fictitious rounding

predicts the notch stressore effectively Therefore, the generic 3D models were used to
predict all hotspot stresses in this studowever, it should be noted that the-spbt

stress methodology inherently excludes the notch effect which is highly influenced by the
local geometry While in reality it is impossible to calculate notch stréor each actual

weld profile, it is impractical to calculate the notch stress for each specifhenefore

the generic 2D models with fictitious rounding are used to predict the effective notch
stress The influence of individual weld dimensions isdied statistically in Section

4.2.4

4.2.5 Influence of the Bearing Plate Size

The influence from the bearing plate was not realized until the fatigue tests performed at
VT showed different failure modes compared to those tested at TFRREDbearing

plate was not modeled in the early stages of the FE analysis but was added when its
importance was recognizedhe bearing plate size caused different stress distributions
the rib wall as illustrated by the moment diagrams for both the TFHRC (left) and VT
(right) specimens as shownhingure4.38. The moment diagrams are computethgs

first-order elastic structural analysis.

Bearing Plate Width = 5" Bearing Plate Width = 3.75"
2.75 kips 2.75 kips
0.680 * 0.680 0.902 f 0.902
0.680/f~ 1 0.680 0.902[~ -~ 0.902
5.163 4.942
0.968 0.968 1.068 1.068!
\ | |
6.875 5.907 5.907 6.875 6.875 5.807 5.807 6.875

Figure4.38 Moment Diagrams for Different Bearing Plate Sizesk{jrs)
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Models were built including both bearing plate sizes with both no gap and open gap
scenarios As shown inFigure4.39 and4.40, the bearing plate size has little effect on the
deck plate weld toe stresblowever, the smaller bearing plate causes higher bending
stresses itthe rib walls raising the stress range by approximately 1 ksi throughout the
hotspot regionFigure4.41). The notch stresses at both the weld toe and weld root
increase as well4.42 shows the stress pattern at the weld toe through the thickness of
the rib wall plate After taking out the notch effect by linearization oé tturves, the
structural stresses calculated by the TTWT method are plotiédure4.43. This

shows the higher structural stress induced by the smaller beaateg pl

Linearized Normal Stress
through the Rib Plate Thickness at the Weld Toe
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Figure4.43 Structural stresses according to ttwt method

In summary, a number of different 2D FE models were built and compared to optimize
the element type, meshrasty, root gap condition, and the local geometry to provide the
basis for 3D modelinglt was decided to use generic models with 8.Qtlt quadratic
elements It was also decided to use average weld dimensions for the following analysis
2D modelsare used for effective notch stress determination to study the fatigue

performance of weld roots.
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4.3 3D Modeling

Two 3D solid models were built using the same planar mesh as 2D models with 50 layers

of quadratic 2€hode (Q20) elements across the specimernhwidbot gaps were not

included in these models since very small element sizes would be required, thereby

dramatically increasing the computation timihe root gap mesh would also be

awkward to control since a mesh size transition is requifée beamg plates were

model ed as 50 and 3.750 wide by constraining
bearing plates to have identical vertical displacem&ht stress results were read along

similar lines for comparison with the 2D modelhe mesh size anstress readut lines

are illustrated irFigure4.44. Lines 3 through 7 are not visible in the picture but their in

plane locations on the center plane are theesasithose shown Figure4.11 for the 2D

models.

2.0t

0.4t

Toe
0.4t

2.0t 1 L

A

N

Figure4.44 Stress readut lines in 3Dmodels

The maximum principal stress distributions are showFigare4.45with a scale of 0~50
ksi. Compared to the weld toe on the deck plate, the stress atlthtoe®n the rib plate
shows a higher stress concentration towards the center of the spetimemakes the
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3D stress results somewhat higher than those predicted by the 2D .mbdueksmaller

bearing plate size does not make much difference torégsss at the weld toe on the

deck plate, but it raises the stress along the weld toe on the rib igatever, the FE

stress values on the weld toes cannot be regarded as the true notch stresses since weld toe

rounding is not included in the 3D models.

Figure4.45 Maximum principal gress dstribution for BP = 5" (left) and BP = 3.75" (right)

The validity of the plane strain assumption used for the 2D models can be illustrated by
the stress contours through the deck and rib plate thicknesses as skagumed.46.

Plane strain behavior assumes theafyplane strains-(fi and’ ) to be zero, thus

the inplane stresses should be uniformly distributed in the transverse dire&son

shown, the normal stress is almost even along the wetieotteck plate, but there is

some concentration at the center along the weld toe on the rib pregeveld root also
exhibits plane strain behavior as showifrigure4.49 (the notch stress near the weld root
predicted by the models without the fictitious rounding should be ignordgwrefore, to
account for the oubf-plane bending effect in the rib, the fspot stresses are derived

from the 3D modelsHowever, gce the corners are not rounded in 3D models, the
notch stresses are still read from 2D models but an amplification factor can be applied to
account for the stress concentration towards the center plane.
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Figure4.46 Maximum principal stress distributions through deck plates (left) and rib plates

(right) with 50 wide bearing plate
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4.4 Hot-Spot Stress Analysis

The hotspot stresses were calculated from 3D models using both the LSE and TTWT
methods with similar resultsThe readout points for LSE method were located on the

lines shown irFigure4.44 at 0.4t and 1.0t from weld toes (0410 extrapolation), or at 0.5t
and 1.5t from welddes (0515 extrapolationBecause all tests were carried out within
elastic range, all models were run using an upward load of 2.75Kngsresults were
proportioned to correspond with the individual specimen loddsaccount for the

different possike failure modes, the stress ranges at the cracked locations were calculated
for each specimenSince the average weld dimensions were modeled,tHistances
(Figure32l) f or both models (with 3.&@BbBoa& 808wi de
indicating a 0.2 inweld toe size As addressed in Secti@5.2 there was amall

variation of L values caused by the misalignment of the rib plate during fabrication

This caused slight changes in the stress values at the wel@hersfore the extrapolated
stresses from the FE models were proportioned by the actdatarce for each failure

at the weld toe on the deck plate (WT@DECKe Lcdistance is not directly related to

the stress range on the rib plate so proportioning was not performed for specimens that
exhibited other failure modes (WT@RIB & WR).
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Table4.3 Hot-Spot Stress Results

Specimen | Specimen| Load | ot ‘Siees range| 0% | Faiureode | | oat0 | o1 | Cyclesto
(kips) (ksi) (in) Extrapolation | Extrapolation
FIL FIL-1 0 5.00 33.33 Close | WT @ DECK | 4-7/8 34.5057 34.0765 308,351
FIL FIL-2 0 5.00 33.33 Close | WT @ DECK | 4-3/4 33.6209 33.2028 352,981
FIL FIL-3 0 5.00 33.33 Close | WT @ DECK | 4-3/4 33.6209 33.2028 302,927
FIL FIL-4 -1 5.50 36.67 Close | WT @ DECK | 4-15/16 38.4429 37.9647 698,763
FIL FIL-5 -1 5.50 36.67 Close | WT @ DECK | 4-7/8 37.9563 37.4842 855,918
FIL FIL-6 -1 5.50 36.67 Close | WT @ DECK | 4-3/4 36.9830 36.5230 2,179,319
FIL FIL-7 -1 5.50 36.67 Close | WT @DECK | 4-15/16 38.4429 37.9647 870,418
FIL FIL-8 -1 5.50 36.67 Close | WT @ DECK | 4-7/8 37.9563 37.4842 529,113
GM-80 GM-81 -1 5.50 36.67 Close | WT @ DECK | 5-1/8 39.9028 39.4064 888,807
GM-80 GM-82 0 5.00 33.33 Close RUNOUT 5-3/16 36.7176 36.2609 20,000,655
GM-80 GM-83 0 2.75 18.33 Close | WT @ DECK | 5-1/4 20.4380 20.1838 18,253,515
GM-80 GM-84 -1 5.00 29.11 Close| WT @ RIB 5-1/16 35.9264 35.7750 6,060,816
GM-80 GM-85 -1 5.50 36.67 Close | WT @ DECK | 5-1/4 40.8760 40.3676 770,672
GM-80 GM-86 -1 5.00 33.33 Close | WT @ DECK 5 35.3905 34.9503 1,517,705
GM-80 GM-87 -1 5.50 36.67 Close | WT @ DECK | 5-5/16 41.3626 40.8481 751,609
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Specimen | Specimen| Load | ot ‘Siees range| 00 | Faiureode | | oat0 | o1 | Cyclesto
(kips) (ksi) (in) Extrapolation | Extrapolation

GM-80 GM-88 0 5.00 33.33 Close | WT @ DECK | 5-3/16 36.7176 36.2609 302,451
GM-80 GM-89 -1 2.50 16.67 Close RUNOUT 5-1/16 17.9164 17.6936 10,000,000
GM-80 GM-810 0 5.00 33.33 Close | WT @ DECK 5 35.3905 34.9503 296,571
GM-80 GM-811 -1 5.00 33.33 Close | WT @ DECK | 5-1/8 36.2752 35.8240 1,390,062
GM-80 GM-812 -1 4.00 26.67 Close | WT @ DECK 5 28.3124 27.9602 2,112,094
GM-80 GM-813 -1 2.50 16.67 Close RUNOUT 5-7/16 19.2436 19.0042 10,000,000
GM-80 GM-814 0 6.00 40.00 Close | WT @ DECK | 5-1/8 43.5303 42.9888 146,635
GM-80 GM-815 -1 5.00 33.33 Close | WT @ DECK | 5-1/16 35.8328 35.3872 863,459
GM-80 GM-816 -1 5.00 33.33 Close | WT @ DECK | 5-1/8 36.2752 35.8240 1,657,918
SA-20 SA-21 -1 5.50 36.67 Close | WT @ DECK | 4-3/4 36.9830 36.5230 750,996
SA-20 SA-22 -1 5.50 36.67 Close | WT @ DECK | 5-3/16 40.3894 39.8870 2,690,351
SA-20 SA-23 -1 5.50 36.67 Close | WT @ DECK | 4-15/16 38.4429 37.9647 708,693
SA-20 SA-24 -1 5.50 36.67 Close | WT @ DECK | 5-1/8 39.9028 39.4064 381,990
SA-20 SA-25 -1 5.50 36.67 Close | WT @ DECK | 5-1/16 39.4161 38.9259 534,364
SA-20 SA-26 0 5.00 33.33 Close | WT @ DECK | 5-1/8 36.2752 35.8240 258,639
SA-20 SA-27 0 5.00 33.33 Close | WT @ DECK | 5-1/16 35.8328 35.3872 222,741
SA-20 SA-28 0 5.00 33.33 Close | WT @ DECK | 5-1/8 36.2752 35.8240 238,136
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Specimen | Specimen| Load | ot ‘Siees range| 00 | Faiureode | | oat0 | o1 | Cyclesto
(kips) (ksi) (in) Extrapolation | Extrapolation

SA-40 SA-41 -1 5.50 36.67 Close | WT @ DECK 5 38.9295 38.4453 643,413
SA-40 SA-42 -1 5.50 36.67 Close | WT @ DECK 5 38.9295 38.4453 540,472
SA-40 SA-43 -1 5.50 36.67 Close | WT @ DECK | 5-1/16 39.4161 38.9259 607,547
SA-40 SA-44 -1 5.50 36.67 Close | WT @ DECK | 4-7/8 37.9563 37.4842 840,760
SA-40 SA-45 -1 5.50 36.67 Close | WT @ DECK | 4-15/16 38.4429 37.9647 649,093
SA-40 SA-46 0 5.00 33.33 Close | WT @ DECK | 5-1/8 36.2752 35.8240 294,621
SA-40 SA-47 0 5.00 33.33 Close | WT @ DECK 5 35.3905 34.9503 300,716
SA-40 SA-48 0 5.00 33.33 Close | WT @ DECK | 4-15/16 34.9481 34.5134 407,819
SA-60 SA-61 0 5.00 33.33 Close | WT @ DECK | 4-15/16 34.9481 34.5134 317,140
SA-60 SA-62 0 5.00 33.33 Close | WT @ DECK | 5-3/16 36.7176 36.2609 257,016
SA-60 SA-63 0 5.00 33.33 Close | WT @ DECK | 5-3/16 36.7176 36.2609 286,626
SA-60 SA-64 -1 5.50 36.67 Close | WT @ DECK 5 38.9295 38.4453 629,917
SA-60 SA-65 -1 5.50 36.67 Close | WT @ DECK 5 38.9295 38.4453 2,074,221
SA-60 SA-66 -1 5.50 36.67 Close | WT @ DECK | 4-15/16 38.4429 37.9647 860,759
SA-60 SA-67 -1 5.50 36.67 Close | WT @ DECK | 4-15/16 38.4429 37.9647 588,156
SA-60 SA-68 -1 5.50 36.67 Close | WT @ DECK 5 38.9295 38.4453 521,486
SA-80 SA-81 -1 5.00 29.11 Close| WT @ RIB 4-7/8 35.9264 35.7750 689,134
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Specimen | Specimen| Load | ot ‘Siees range| 00 | Faiureode | | oat0 | o1 | Cyclesto
(kips) (ksi) (in) Extrapolation | Extrapolation
SA-80 SA-83 -1 5.00 29.11 Close| WT @ RIB 4-3/4 35.9264 35.7750 3,732,998
SA-80 SA-84 -1 5.00 29.11 Close| WT @ RIB 5 35.9264 35.7750 2,321,046
SA-80 SA-85 -1 5.00 33.33 Close | WT @ DECK | 4-7/8 34.4780 34.0597 3,332,973
SA-80 SA-86 -1 5.00 33.33 Close | WT @ DECK | 4-3/4 33.5940 33.1864 2,623,398
SA-80 SA-87 -1 5.00 29.11 Close| WT @RIB |4-11/16 38.5983 38.4205 3,399,577
SA-80 SA-88 -1 5.00 29.11 Close | WT @ RIB | 4-25/32 38.5983 38.4205 2,743,534
SA-80 SA-89 -1 5.50 32.02 Close | WT @ RIB | 4-27/32 42.4581 42.2625 283,556
SA-80 SA-810 -1 5.00 29.11 Close| WT @ RIB 4-5/8 35.9264 35.7750 869,732
SA-80 SA-811 -1 5.50 32.02 Close| WT @ RIB 4-7/8 42.4581 42.2625 617,702
SA-80 SA-812 -1 5.50 36.67 Close | WT @ DECK | 4-31/32 38.6551 38.1862 1,930,296
SA-80 SA-813 -1 5.50 36.67 Close | WT @ DECK | 4-11/16 36.4671 36.0247 1,782,037
SA-80 SA-814 0 5.00 33.33 Close | WT @ DECK | 4-7/8 34.4780 34.0597 1,417,734
SA-80 SA-815 0 5.00 33.33 Close | WT @ DECK | 4-11/16 33.1519 32.7497 943,434
SA-80 SA-816 0 5.00 33.33 Close | WT @ DECK | 4-27/32 34.2570 33.8414 927,241
OB OB-1 -1 5.00 24.93 Open WR 4-13/32 27.7492 27.7492 647,879
OB OB-10 -1 5.00 24.93 Open WR 4-9/16 27.7492 27.7492 1,056,726
OB OB-11 -1 5.00 24.93 Open WR 4-1/2 27.7492 27.7492 996,626
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Specimen | Specimen| Load | ot ‘Siees range| 00 | Faiureode | | oat0 | o1 | Cyclesto
(kips) (ksi) (in) Extrapolation | Extrapolation

OB OB-12 -1 5.00 24.93 Open WR 4-5/8 27.7492 27.7492 1,316,952
OB OB-15 -1 5.50 32.02 Open| WT@RIB | 4-17/32 42.4581 42.2625 660,272
OB OB-16 -1 5.50 27.42 Open WR 4-17/32 30.5242 30.5242 768,171
OB OB-2 -1 5.00 24.93 Open WR 4-19/32 27.7492 27.7492 981,142
OB OB-3 -1 5.00 24.93 Open WR 4-15/32 27.7492 27.7492 2,385,939
OB OB-4 -1 5.00 24.93 Open WR 4-5/8 27.7492 27.7492 1,376,487
OB OB-7 -1 5.50 27.42 Open WR 4-19/32 30.5242 30.5242 1,076,871
OB OB-8 -1 5.50 27.42 Open WR 4-3/4 30.5242 30.5242 618,383
OB OB-9 -1 5.00 24.93 Open WR 4-5/8 27.7492 27.7492 2,451,238
uUB UB-1 -1 5.00 33.33 Close | WT @ DECK | 4-5/8 32.7099 32.3131 1,359,570
UB UB-10 -1 5.00 33.33 Open RUNOUT 5 35.3905 34.9503 4,725,868
uB UB-11 -1 5.00 24.93 Open WR 4-7/8 27.7492 27.7492 1,483,203
uUB UB-12 -1 5.00 24.93 Open WR 4-11/16 27.7492 27.7492 1,590,018
UB UB-15 -1 5.50 27.42 Open WR 4-5/8 30.5242 30.5242 856,676
uB UB-16 -1 5.50 32.02 Open| WT @ RIB 4-1/2 42.4581 42.2625 1,177,345
uUB UB-2 -1 5.00 24.93 Close WR 4-5/8 27.7492 27.7492 694,734
UB UB-3 -1 5.00 29.11 Close| WT @ RIB 4-5/8 38.5983 38.4205 2,011,029
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Specimen | Specimen| Load | ot ‘Siees range| 00 | Faiureode | | oat0 | o1 | Cyclesto
(kips) (ksi) (in) Extrapolation | Extrapolation
UB UB-4 -1 5.00 33.33 Close | WT @ DECK | 4-9/16 32.2679 31.8764 1,372,641
UB UB-7 -1 5.50 36.67 Close | WT @ DECK | 4-5/8 35.9809 35.5444 1,292,525
uUB UB-8 -1 5.50 36.67 Close | WT @ DECK | 4-3/4 36.9534 36.5050 1,182,601
UB UB-9 -1 5.00 33.33 Open | WT @ DECK | 4-11/16 33.1519 32.7497 2,024,920
OB OB-13 0 5.00 33.33 Open | WT @ DECK | 4-9/16 32.2679 31.8764 990,806
OB OB-14 0 5.00 33.33 Open | WT @ DECK | 4-5/8 32.7099 32.3131 979,089
OB OB-5 0 5.00 33.33 Open | WT @ DECK | 4-11/16 33.1519 32.7497 574,148
OB OB-6 0 5.00 33.33 Open | WT @ DECK | 4-3/4 33.5940 33.1864 688,273
uB UB-13 0 5.00 29.11 Open| WT @ RIB 4-7/16 38.5983 38.4205 448,014
uUB UB-14 0 5.00 33.33 Open | WT @DECK | 4-19/32 32.4889 32.0947 591,939
uUB UB-5 0 5.00 33.33 Close | WT @ DECK | 4-11/16 33.1519 32.7497 386,829
uUB UB-6 0 5.00 33.33 Close | WT @ DECK | 4-9/16 32.2679 31.8764 474,226
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A summary of the derived hgpot stresses is tabulatedTiable4.3. The experimental

stress ranges in the table were calculated based on moment diagrams dlusEpere

4.38 using beam theoryThe SN curves for each specimen series are plottétgare
4.50and4.51. Hot-spot stresses are not available for the failure mode on weld root (WR)
therefore nominastresses are used in the plofs shown for the R =1 loading, all data
points are close together except for the da@reled (OB) specimen series, since most of
the OB specimens failed at weld root where the nominal stresses are Irighdre R =

0 tests, the averagelbcurves for each specimen series show slightly larger scatter due
to fewer replicate specimens were tested under Riehetheless, the curves are not all
statistically distinctive from each other, as demonstrat&igure4.51. It is also

observed that the R = 0 data shows shorter fatigue life compared to tHedata This
indicates the residual stress magnitude is insufficient to cothesentire compressive

stress range into tension that will cause fatigue damalige residual stress magnitude

can be roughly estimated by comparing results from these two loading cases statistically

More detailed analysis of theM$results is preseed inChapter 5
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Chapter 5. SN Curve Study and Statistical Analysis

S-N curves are developed combining the results from the fatigue tests and the FE models
In this chaptecurves are presented isolating the testing variables such as weld
dimensions, specimen series, load ratio, failure mode, and root gap conditita8y it

is not known if these testing variables affect fatigue performance, thereforé\the S

curves mght not be properly categorize®egression analysis is required to investigate

the significance of each test variablef the different regression analysis methods that

are available, the multiple linear regression (MLR) and nwadty analysis of covaaince
(Multi-way ANCOVA) methods particularly match the needs of this research.

Correlation is the measurement of the relationship between two vari&@ne®lation
analysis gives the level of relevance indicated by the correlation coefficient ranging fro
+1.0 for a perfect positive correlation-thO for a perfect negative correlatioA value

of 0.0 represents a lack of any correlatidime Pearsod g also calledhelinearor

product momentcorrelation isthe most widelyused type of correlatiocoefficient for

linear correlation analysisWhen one of the variables is dependent on the other one, or
there are more than two variables in the comparison, a generalized linear model (GLM) is
generally used for regression analysisie model fit can & evaluated by the coefficient

of determination (B where zero represents a lack of correlation and 1.0 represents a
perfect correlation The value of Requals one minus the ratio of residual variability to
the overall variability For simple linear mgression, Ryields to the same value as the

square of Pearsonsin correlation analysis.

Linear regression analysis determines the extent to which the dependent (criterion)
variable is linearly related to one or more independent (predictor) variabldi(s)

indicates how well the data pairs can be captured by a straight line as long as both
variables are numericallhe regression line is usually established using the least squares
method For simple linear regression, the method calculates the sagndse equation

such that the sum of the squared residuals of all data points from the predicted regression
line is minimized Note that the least squares method is not only limited to simple linear

regression but is also applicable to many other tgpesgression analysis including the
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MLR and multtway ANCOVA methods.

The different analysis methods are summarizetainle5.1. The general procedure
involves deéermination of a regression line using the least squares method (if all
independent variables are numerical) and performing hypothesis tests on individual

independent variables to determine their level of statistical significance.

Tableb.1 Types of regression analysis

Independent . -
Variable(s) Numerical Categorical Both
Sinale Simple Linear Analysis of Variance | Analysis of Covariance
9 Regression (ANOVA) (ANCOVA)
Multiple Multiple Linear |y, i \way ANOVA | Multi-way ANCOVA
Regression

ANOVA is the underlying hypothesis test involved the regression analysistermines
if the means of different variable groups differ from each other by comparing their
variance to the overall variance across all grodgee rull hypothesis (k) assumes all
group population means are equal and there is no difference between the gratber
words, the effect of the factor (independent variable) is NOT statistically significhet
alternative hypothesis giimeans the qosite, indicating the factor is statistically
significant to the resultThe level of statistical significance is indicated by theajue,
which is theprobability that an outcome of the data (for example, the sample mean) will
happen purelypy chance \Wwen the null hypothesis is tr{dowsky, 2010) Smallerp-
values suggest there is less likelihoo@obutcomethat contradicts the null hypothesis
If the p-value is small enough, an inferential decision can be made to reject the null
hypothesis theby supporting the alternative hypothesis.

The null hypothesis (true or false) can be either accepted or rejected depending on the
efficiency of the statistical modelhere are four possible outcomes that could occur as
listed inTable5.2. Note that two types of errors can occiihe possibility of a Type |

error (U )is conventionally more rigidly controlled and referred as the basis for either
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accepting or rejettg the null hypothesisThe pvalue is also called the computéd a n d

is compared wittithapval preseat sthavalewuet han U, i

possibility of getting a Type | error is | es
nul | hypot hesi s.Tihfe W ivsalsunealils egneonuegrhal |y t ak e
engineering fieldsIf the computedw al ue i s greater than U, the

evidence to reject the null hypothesksither the null hypothesis is true or a Type lberr

occus The probability of occurrence .of Type |11
this case, a power analysis is helpful to evaluate the outcbheestatistical power is

equaltoltb wher e higher statisticadsisipooneer i ndi cat

likely to be correctly accepted.

Table5.2 Outcomes of a hypothesis test

Hois true (H is false)| Ho is false (H is true)

Accept K (Reject H) | Correct Acceptance| Type Il Error §)

Reject H (Accept H) Type | Error O Correct Rejection

It is clear that the stress range is the dominant factor affecting fatigue life but the effect of
the other factors is not obviouSome factors, such as the failure mode and load ratio (R
ratio) seem to &ve a clearly significant effect on fatigue lif®ther factors, such as the
specimen series and weld dimensions, are more difficult to quantify because of possible
correlation between multiple variableSherefore, a statistical model that includes all
possible factors was used for a preliminary study to determine the potential independent
variables that need to be considered in the MLR and ANCOVA analyses.

The model fitting is summarized able5.3. A detailed report from the statistical
software package JMP can be found\ppendix G As shown, the failure mode and R
ratio are considered significant to the response in addition to the stress Ténges
demonstrated by the lowyalues (<0.05) and high statistical powefe high pvalues
for the other factors indicate that there is insufficient evidence to indimeaffect

fatigue life However, the low power of the hypothesis tests for the other factors
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indicates there is a high chance that a Type Il error is occurring meaning that the
correlation might exist but cannot be detected by the particular modehptessize
Therefore, two additional analyses were performed, MLR to determine the effect of weld
dimensions and muitvay ANCOVA to determine the effect of the test scenarios.

Table5.3 Summary of Model Fiingd All Potential Factors

Response (Dependent Variable) Overall Model Fitness
Lg (Cycles to Failure) R’=0.651 R? (Adjusted)$.5517
Factors (Independent Variables) p-value Power
Specimen Series 0.7827 0.2285
Failure Mode <0.0001* 0.9993
Root Gap 0.5580 0.0895
R-ratio <0.0001* 0.9998
Weld Toe Size (g 0.1099 0.3586
Weld Penetration 0.7430 0.0622
Weld Throat (t) 0.1800 0.2669
Weld Height (h) 0.3868 0.1380
Weld Area (A) 0.9624 0.0502
Lg (SHS 0515 extrapolation) 0.0001* 0.9790

5.1 Multiple Linear Regression (MLR)

In this section, the effect of weld dimensions are studied in more depth since the
preliminary model indicates their effect may be overwhelmed by other factors such as the
failure mode and Ratio which affect the response on a maagher level MLR models

that only include the weld dimensions as factors were. bliilts excludes the influence

from other factors by eliminating them from the modeébr example, separate MLR

models were constructed for the data with different enpetal stress rangeJhe
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stress range is still included in the models to account for the small stress variance caused

by the differing Le values.

Since the dimensions taken from a weld profile are not completely independent from
each other, the factons the MLR models need to be carefully selected to avoid
multicolinearity between the factor§or example, consider the interdependence of the
dimensions d &, s, di, ds and the weld penetration, dimensiop tthe projection of the

rib wall thickneson the deck plate, is not dependent on weld dienension dis
completely redundant withy @dince d=d;+d,. Dimension d and the weld penetration are
the same measurement anddn be derived from,ar the weld penetration £dd,-d5).
Therefore on} one factor between,@nd @ can enter the modeDimension d was

selected because it excludes the error frgnSimilarly, only one factor can be selected
from among ¢ d; and the weld penetratioThe weld penetration is chosen because it
can becalculated as the ratio o#/d,, thereby canceling out possible measurement errors
Therefore 5 predictors are chosen as independent variables, the weld teeveetd d
penetration, weld throat t, weld height h, and the weld ageaHdwever, it isstill

difficult to completely suppress the statistical correlation among the variables since larger

welds tend to proportionally increase all dimensions and vice versa.

5.1.1 Preliminary Simple Linear Regression

MLR analyses are conducted separately for sedatal groups, each with identical stress
range, failure mode, and R ratiBreliminary plots of the simple linear regression lines

for each individual factor are made for each data group first; statistical models with
different factor combinations are thbuilt to account for the possible collaborative effect
among factors The results of the preliminary simple linear regression are summarized in

Table5.4 and full reports are provided iAppendix HthroughAppendx K.
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Table5.4 Summary of Simple Linear Regressions

Model ResponseCycles to Failure

R2

Data Group Factor p-value
Weld Toe Size (g 0.139767 0.0547
R-ratio =-1
Experimental Stress Range = 36.67 ksi Weld Penetration | 0.007093 0.6762
Failure Mode: WT@DECK Weld Throat (1) 0.011237 0.5987
Weld Height (h) 0.005336 0.7173
Number of Samples: 24
Weld Area (A) 0.219426 | 0.0137*
WeldToe Size () 0.630527 | 0.0106*
R-ratio =-1
Experimental Stress Range = 33.33 ksi Weld Penetration | 0.135236 0.3302
Failure Mode: WT@DECK Weld Throat (1) 0.485763 | 0.0369*
Weld Height (h) 0.566106 | 0.0193*
Number of Samples: 9
Weld Area (A) 0.442688 0.0505
Weld Toe Size (g 0.523656 | <0.0001*
R-ratio=0
Experimental Stress Range = 33.33 ksi Weld Penetration | 0.006951 0.6985
Failure Mode: WT@DECK Weld Throat (1) 0.008631 0.6659
Weld Height (h) 0.087336 0.1609
Number ofSamples: 24
Weld Area (A) 0.657158 | <0.0001*
R-ratio =0 Weld Toe Size (g 0.02864 0.6189
Experimental Stress Range = 24.93 ksi Weld Penetration | 0.208138 01584
Failure Mode: WR
Weld Throat (t) 0.236645 0.1292
Number of Samples: 11 Weld Height (h) 0.627773 | 0.0036*
Weld Area (A.) 0.106694 0.3269

Four data groups were analyzed as shown i éde5.4. It is observed that the weld

140




toe size (g and the weld area (A generally show a correlation with the number of

fatigue cycles indicated byymalues lesshan 0.05 The weld height (h) also exhibits
significance in the second and fourth data groups but with a negative correlation to
fatigue life, meaning the fatigue life declines with increasing weld he@ifterent from

first three data groups withehWVT@DECK failure mode, none of the dimensions had a
significant effect on fatigue life for the fourth data group with the weld root failure mode
None of the regressions indicate that the weld penetration has a significant effect on the
fatigue life It should be noted that the second and fourth data groups are less statistically

stable due to their smaller sample sizes (9 and 11).

5.1.2 MLR for All Possible Models

MLR analyses were performed including multiple factors simultaneously to enhance the
modelfit The fARoot Mean Squared Erroro (RMSE)
calculated for all possible factor combinations which is equal to the square root of the
variance of the residuald his provides a measure to indicate how close the predicted
response m@tches the observed data; therefore it indicates the absolute fit of the model
Lower RMSE values indicate a better fithe R values are no longer used for models

with more than one factor because tfev&lue is dependent on the number of factors in
the model The R value increases as more factors are added to the model, therefore the
value is artificially biasedInstead, an adjusted®Ralue is used as a relative

measurement of model fit that is independent from the number of predictors and can be
interpreted as the proportion of total variance that is explained by the regression model
The overall performances of all possible models are sorted by their RMSE values in
ascending orderThen the models with high global fithess are analyzed and ar@uhpo

indicate the effect of individual factors.

Since MLR allows the stress range to be a predictor in every model, the samples are
rearranged in four data groups disregarding the stress.rahgeMLR results later prove
the stress range to be sigo#nt in nearly all modelsFor each data group, the three
models with the highest RMSE value are listedable5.5. It can be seen that every
factor has some corthution to the overall model fitFurther investigation shows that not
all factors have statistical significance in the mod&me factors predict too little
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response variance to be regarded as influential on the respidreséollowing stepwise

modelfitting analysis reveals the effect of each factor.

Table5.5 Models with high overall fit

Data Group Model Adjusted R | RMSE
R-ratio =-1 d;, weld penetration, Lg(stresange) 0.4531 0.1804
Failure Mode: WT@DECK| d;, weld penetration, h, Lg(stress rangg  0.4404 0.1825
Sample Size: 37 d;, weld penetration, t, Lg(stress rangel  0.4373 0.1830
R-ratio = 0 h, Ay, Lg(stress range) 0.9192 0.1128

Failure Mode: WT@DECK d;, t, h, Ay, Lg(stressange) 0.9175 0.1140
Sample Size: 27 d;, h, A,, Lg(stress range) 0.9165 | 0.1147
R-ratio =-1 d;, h, A,, Lg(stress range) 0.5996 0.2523
Failure Mode: WT@RIB t, Lg(stress range) 0.5856 0.2566
Sample Size: 12 d;, h, Lg(stress range) 0.5757 0.2597
R-ratio =-1 weld penetration, t, h, Lg(stress range| 0.6828 | 0.1051
FailureMode: WR d;, weld penetration, t, h, Lg(stressrang 0.6764 | 0.1062
Sample Size: 15 weld penetration, t, h, A Lg(stress range| 0.6657 0.1079

5.1.3 Stepwise Model Fitting Analysis

Stepwise analysignly keeps the statistically significant factors in the mo@spending

on the screening criteria, there are two types of stepwise analysis, forward and backward
Forward stepwise analysis adds the most significant predictor in the model at every step
among the remaining predictor8ackward stepwise analysis first includes all factors in

the model and eliminates the least significant factor at each step, leaving the significant

factors at the endCriteria can be set for theyalue to determine if &actor should be

added or removed from the modé&lor this work, the fwalue was set at 0.05, consistent

with the preset significance leviel A factor is regarded as significant and entered in the
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model if its pvalue is less than 0.05 and is regardehaignificant and removed from

the model if its pvalue is greater than 0.05.

Table5.6 Stepwise model fitting analysis

Response (Criterion):Lg(Cycles to Failure)
Data Group | Stepwise Method Model Fitness Factor p-value
Ay 0.00377*
R-ratio =-1 Forward Adjusted R = 0.4289
_ Lg(Stress Range) 0.00221*
Failure Mode:
WT@DECK d; 0.00146*
) i Backward Adjusted R = 0.4531 | Weld Penetration| 0.001189*
Sample Size: 37
Lg(Stress Range) 0.00431*
h 0.00043*
Forward Adjusted R =0.9192 A, 0.00018*
R-ratio = 0 1
_ Lg(Stress Range)| 1.1x10"%*
Failure Mode:
WT@DECK dy 0.00028*
) | Weld Penetration| 0.02427*
Sample Size: 2] Backward Adjusted R = 0.9147
h 0.0015*
Lg(Stress Range)| 1.4x10"%*

Due topotential correlation between the factors, the significance level of each individual
factor is affected by the other factotdence the forward and backward techniques do

not always generate the same moder the analyses performed, the cases with the
WT@DECK failure mode result indifferent models using forward and backward methods
as shown imable5.6. As expected, the stress range is included in all modéis

forward method predicts that the weld areg)(i& significant, while the backward

method predicts that @nd the weld penetiian are significant The weld height h is

also selected for the R=0 case however with a negative correl&worthe R=1 case it
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also shows a negative correlation although this effect has insufficient significance to
allow h to be entered into the medd Multiple models are suggested is due to the

difference in correlation between factors as demonstrated below.

5.1.4 Bivariate Regression Analysis for Relationships between Factors

As discussed previously, thé fRalue in a multiple regression model indicattes

combined proportion of variance that is predicted by all factdfsen some of the

factors are correlated with each other, their combined effect in the model can be either
enhanced or decreaseld was observed in the stepwise analyses that fhiaétor
considerably reduces the significance pidcreases the-palue) when it enters into the
model The d factor also decreases the significance g&hghtly (Table5.7). This is

due to the variance predicted by these two factors has a large overlap area correlated with
the response, especially feigince it predicts less variance thap. Arherefore, the d

factor is redundant in this casAs illustrated n Figure5.1, both d and A, individually
predict a statistically significant variance in the response (number of fatigue cycles)
However, once combined; @ no longer significant since a major portion of variance is
explained by A. The significance level of fis also reduced but remains above the
threshold pvalue<0.05.

Figureb5.1 d; as a redundant factor tq,A
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Table5.7 Combined effect of dan A,

Response (Criterion):Lg(Cycles to Failure)

Data Group Model R? Factor | p-value

_ d;, Lg(Stress Range) 0.3910 ds 0.03775*
R-ratio =-1

Failure Mode: WT@DECK A, Lg(Stress Range) 0.4607| A, 0.00377*

ch
d;, Ay, Lg(Stress Range) | 0.4608 J

Ay 0.04655*

Sample Size: 37

_ dy, h, Lg(Stress Range) | 0.9086 d; 0.00356*
R-ratio=0

Failure Mode: WT@DECK Ay, h, Lg(Stresfkange) 0.9285 Ay 0.00018*

BN

Aw 0.01858*

Sample Size: 27 di, h, A,, Lg(Stress Range)| 0.9293

The relationship between dnd the weld penetration is more complé&s shown in

Table5.8, the weld penetration alone is barely correlated with fatigue Hfevever, its
significance is drastically enhanced {fid included in the modelThe significance level

of dy is also irtreased but to a lesser extemhis is a typical indication that ds a

suppressor of the weld penetration, meaning thi kighly correlated to the weld
penetration in the area that is NOT correlated to the response as illustifaigua @b.2.

Hence inclusion of gsuppresses the portion of variance that is irrelevant to the response
from weld penetration and the remaining variance becomes the significaictqrebh a
classical suppression situation one of the factors has nearly zero correlation with the
response It only acts as a suppressor to enhance the significance of the other factor on
the response, its own correlation to the response cannot basadrby any meanin

fact, simple correlation coefficient of the suppressor is often negdhvlis case, both
factors(dand the weld penetration) act as suppr e:
significance levels This qualifies a cooperative suggsion situation where the
suppression effect is predominant on the weld penetrafianajor part of its irrelevant

variance can be suppressed by the negative correlation betweenahd the weld
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penetration is also a sign of cooperative suppregkonis, 1986).

Table5.8 Combined effect of dand weld penetration

Response (Criterion):Lg(Cycles to Failure)

Data Group Model Factor p-value
d;, Lg(Stress Range) 0.3910 dy 0.03775*
Reratio =-1 Weld Penetration, 0.3156 Weld
Failure MOde: ' Penetration
WT@DECK Lg(Stress Range)
_ d; 0.00146*
) d;, Weld Penetration,
Sample Size: 37 La(St R ) 0.4987 Weld
ress Range *
9 J Penetration RS
d;, h, Lg(Stress Range) 0.9086 dy 0.00356*
Rratio =0 Weld Penetration, h, 0.8667 Weld
Failure Mode: : Penetration
WT@DECK Lg(Stress Range)
d; 0.00028*
o di, Weld Penetration, h,
Sample Size: 27 Lg(Stress Range) 0.9278 Weld X
. 0.02427
Penetration

Weld Penetration

Figureb.2 Factor d asasuppressor to theveld penetrationdctor
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The redundancy and suppression relationships can be further validated mathematically by
the following calculations Suppose the correlation coefficients betweenrédsponse y

and factor 1, y and factor 2, and between factors 1 and 2, are dengted,asnd &,
respectively According to Lewis (1986), the following conditions need to be satisfied to

qualify a redundancy relationship:

[l Iilriel > 0

(Equation5.1)
el > 1
The resulting effect on the regression coefficients can be expressed as:
0<|Partial <|Simple (Equation5.2)
The condition folsuppression is as the follows:
Malyali, <0 (Equation5.3)
The resulting effect on the regression coefficients can be expressed as:

Simplé < |Partia) (Equation5.4)

Knowing the §1, ry» and ki, values from simple linear regression defined as the square
root of the regression coefficient,Bemipartial correlation coefficients can be

calculated as follows (Pedhazer, 1982):

r _ ryl' ry2r12
y@.2) 2
1-r5 :
(Equation5.5)
r — ry2 - ry1r12
yen T T 5
1- P
The overall regression coefficient3Rs calculated as:
2 2
re+rs, - 2r,.r.r _
RZ,=" yi r2y1 yz12 (Equation5.6)
V)

147



Such calculations were performed on the first and third data grodjabie5.4 to

exclude the effect of stress range, thereby simplifying models as bivartateesults

are tabulatethelow

Table5.9 Redundancy within (1) and A, (2)

Data Group Response (y)Cycles to Failue
R-rati o=-1 R2y1 R2y2 R212 R2y(1,2) R2y(2,1) Rzy,12
Experimental Stresg 0.139767| 0.219426( 0.488805| 0.004203| 0.083862| 0.223629
Range = 36.67 ksi 3
Failure Mode: fy1 y2 M2 My1,2) hey | Riyaat Rye
WT@DECK 0.373854| 0.468429| 0.699146| 0.064832| 0.28959 0.088065
R-ratio =0 R2y1 R2y2 R12 Rzy(l,Z) Rzy(z,l) Rzy,lz
Experimental Stresg 0.523656| 0.657158| 0.568468| 0.029294| 0.162796| 0.686452
Range = 33.33 ksi
2
Failure Mode: fy1 y2 M2 My.2) My Ryaat Ry
WT@DECK 0.723641] 0.810653| 0.753968| 0.171156| 0.40348 0.192091

Table5.10 Cooperative suppression betweerfld and the weld penetration (2)

Data Group Response (y)Cycles to Failure
R-ratio =-1 RZy1 R2y2 R212 Rzy(l,2) Rzy(2,1) R2y,12
Experimental Stress 0.139767| 0.007093| 0.126057| 0.186533| 0.053859  0.193626
Range =36.67 ksi 3
Failure Mode: My1 ly2 EP) Mya,2) ey | Ryaat Ryey
WT@DECK | ) 373854| 0.08422 | -0.35505| 0.431894| 0.232075  0.240392
Rratio = 0 R R Rz | Ryaa | Ryey Rz
Experimental Stress 0.523656| 0.006951| 0.116518| 0.640255| 0.12355| 0.647206
Range = 33.33 ksi
2
Failure Mode: fya fy2 M2 My,2) ey | Riywat Ry
WT@DECK |  753641] 0.083373| -0.34135| 0.80016 | 0.351497| 0.763806
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Simple calculations froriable5.9 demonstrate that the redundancy relationships
specified by Equation 5.1 are satisfied for both data grotibe semipartial correlation
coefficients (y,2)andry(,,1)) are less than theorresponding simple correlation
coefficients (1 andry,) defined by Equation 5.2, especially for thdattor. The

variance predicted by,énd A, reduces simultaneously by 0.135564 and 0.494362 for
the first and second data groups as they combinggd §R R%1 or Ry2.1)- R%). The
response variance uniquely predicted by both factors reduces by the same aﬁ;g,unt (R
+ R%y2.1)- R%.12) as the total correlated variance, indicating the size of the redundant

overlap area.

The conditiorrequired by Equation 5.3 is valid due to the negative correlation between
d; and the weld penetratiorAs shown inTable5.10, the two sempartial correlation
coeflicients are uniformly enhanced for both data grougdse correlation between the

weld penetration and number of fatigue cycles is enhanced to a much larger extent
indicating that the suppressed irrelevant variance is a greater portion in the weld
penetrabn variance compared to the variance pfFigure5.2). Due to the

enhancement of serpartial correlations when the two factors are combined, the sum of
the variage correlated with each factor exceeds the overall variance correlated with both
factors together:

> R?

y(1,2)

+R?

y(@2,1)

R2

y(1.2)

+ foz = R32/1,2
The weld height (h) factor is also included with high significance level for the specimen
group with R=0 Table5.6) but it has a negative effect on fatigue life when the specimen
failed from the weld toe on the deck plattepwise analysis concludes that the
significance level of h is not strongiyfected by the other factor€orrespondingly,

simple linear regressions between the factors show that the weld height is not
significantly correlated with any other factorShe weld throat (t) does not present high
significance in any models; howeyé#ne weld throat is largely correlated with the weld
penetration Therefore, it is anticipated that the weld throat may also exhibit cooperative

suppression behavior with the weld taafdhe sample size is large enough.

Linear regressions performed tire weld dimensions to one another further support their
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interactions found previouslyAmong all the interrelationships, weld penetration and
weld throat t are positively correlated with the highesbfRabove 0.65 for both load

ratios Factor d is positively correlated with Ato a large extent and negatively
correlated with weld penetration, implying the redundancy and suppression behavior to
those two factors, respectivelidue to the strong positive correlation between weld
penetration and throatze t, d is also negatively correlated with t in the case oflR4t

is also found thatidand penetration combined can correlate with 80% variancg, of A
(R?40.80) for both load ratios, explaining similar fithess of the model witind

penetration ad the model with 4.

The interrelationships between weld dimensions can be understood physically. as well
Since during the welding process, certain voltage, amp and passing speed are set and
maintained for the entire production to achieve the desigpateetration percentage; a
larger penetration is more likely to leave less welding material out of the rib wall, and
vice versa The weld throat is measured from the weld root to the weld surfaoger
penetration moves the weld root further away fromweld surface thus effectively
increases the weld throdtigure3.20). Weld area A, to a large extent, is determined by
the production of grpenetration and weldeight h Therefore d appears to be redundant
if Ay is included in the modelThe negative effect of weld height h on the fatigue life
can be explained by its influence on notch stresses on weldwigsthe same weld toe
size, a taller weld createssharper corner at the weld toe on the deck plate thus increases
the notch stressThe fatigue life is therefore reduced smaller weld height however
intensifies the notch effect on the other weld toe on the rib. pliai® expected that the
fatiguelife is positively correlated with the weld height h but negatively correlated with
the weld toe size;dor the failures occurring at the other weld toe on the rib plate

relationships among individual weld dimensions can be illustratégjase5.3.

With the knowledge of the interactions between factors, models from stepwise analysis
listed inTable5.6 are selected and analyzethe reports are attachedAppendix Nand

Appendix Q
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Weld Penetra

Figure5.3 Interactions among weld dimensions on predicting the fatigue life

Statistical significance of weld dimensions to the fatigue life is not well presented in
MLR analyses for the other two failure modes, WT@RIB and WR, due to smaller sample
sizes Forthe latter only the weld height h has-aglue lower than 0.05 that can be
regarded as statistically significant, with a negative correlation with the fatigud hfe

model with the highest overall fit is thus analyzed in detail Aggeendix Q For the

failures occurring at the weld toe on the rib wall, similar effects from factors are found as
the failure mode on the deck plate, but with much less signifidameg(pvalues>0.05)

due to smaller sample siz®ne noticeable difference is that in this case the weld height

h is positively correlated with the fatigue life but the weld toe sjZe degatively

correlated Appendix B. This is another demonstration that the weld toe sizes on both
plates (d & h) influence the fatigue life by affecting the notch stresses on weld toes, as

described in the paragraph above.

5.1.5 Summary and Recommendations

The MLR analyses reveal the influential weld dimensions on the fatigue life, as well as
their correlations and interactions to one anotliteis observed that the weld areg A
affects the fatigue life positively to a large extent wittréging from 0.3 to 0.68The
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weld toe sizes on the deck and rib plateartd h, also statistically significant enough to
influence the fatigue life, with positive effect on the local wekllat negative effect on

the other weld taeThe weld penetration is significant to the fatigue life only when the

weld toe is included in the statistical model as a suppressor, which implies that the weld
penetration is not individually correlated to faéigue life For the failures that occur at

weld roots, the weld height seems to be a relevant factor that is negatively correlated with

the fatigue life, however a larger sample size is helpful to reinforce this observation.

To quantify the effects fim the factors so that proper limits could be set to the weld
dimensions to achieve an optimal fatigue performance, another MLR model is built from
stepwise analysis with the effect of stress range leveled out, by including the stress range
in the model wih a fixed slope 0f3, according to AASHTO The model is built based

on the samples with R=0 and failure mode of WT@DECK since it is considered to be the
worst scenario with full tensile stress rangée idea for the optimization of the weld is
making sire the lower bound of the samples is above the currentspmbified SN

curved AASHTO C Curve, DNV BCurve or IIW FAT90 Curve.

The model with the best fit in this case includes weld toe sjagedd throat t and weld
height h Assume their regressiamoefficients are denoted bg b, andbg; the stress

range is denoted s the lower bound of the model can be expressed as:
Lg(Cycles)=b,d, +b,t +b;h- 3Lg(&)+ Intercept 23 RMSE  (Equation5.7)
The AASHTO GCurve follows the equatioof:
Lg(Cycles)=9.643- 3Lg() (Equation5.8)
The lower bound curve should be above the AASHFOWve, therefore:
b,d, +b,t+b,h+Intercept 23 RMSE? 9.64< (Equation5.9)

Thecombinedeffect of d, t and h needs to satisfigquation5.9) to maintain the fatigue
performane above the AASHTO Curve (Equation5.9) is calculated for a range of

values as listed iflable5.11. The weld throat values are calculated from the weld
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