Technical Report Documentation Page

1. Report No. 2. Government Accession No. 3. Recipient’s Catalog No.
FHWA/TX-05/0-4178-1

4, Title and Subtitle 5. Report Date
Fatigue Strength of Fillet-Welded Transverse Stiffeners with July 2002
Undercuts Revised October 2004

6. Performing Organization Code

7. Author(s) 8. Performing Organization Report No.
Joseph R. Spadea and Karl H. Frank Research Report 0-4178-1

9. Performing Organization Name and Address 10. Work Unit No. (TRAIS)
Center for Transportation Research 11. Contract or Grant No.
The University of Texasat Austin Research Project 0-4178

3208 Red River, Suite 200
Austin, TX 78705-2650

12. Sponsoring Agency Name and Address 13. Type of Report and Period Covered
Texas Department of Transportation Research Report (9/99-8/01)
Research and Technology Implementation Office
P.O. Box 5080
Austin, TX 78763-5080 14. Sponsoring Agency Code

15. Supplementary Notes

Project conducted in cooperation with the U.S. Department of Transportation, Federa Highway Administration,
and the Texas Department of Transportation

16. Abstract

Presently, wrapping of the welds at the ends of stiffenersis not done to avoid the undercutting of the stiffener corners
and the attendant weld repair. The fatigue performance of stiffeners with undercuts was evaluated in a factorial
design fatigue experiment. Undercuts at the flange edge and filling of the stiffener cope with the fillet weld were also
evaluated. The undercuts did not influence the fatigue performance of the stiffener weld even when very large
undercuts were purposely introduced. Filling of the cope with a continuous weld and flange undercuts aso did not
change the fatigue performance of the connection. Wrapping of welds in locations were corrosion at the stiffener to
plate interface may occur should be alowed. The undercuts in the stiffener that may result are not of any
consequence and may be left in place. Covering the stiffener cope by continuing the fillet weld is an aternate method
of sealing the weld.

17. Key Words 18. Distribution Statement

fatigue, welding, undercuts, stiffener, bridges | No regtrictions. This document is available to the public through
the National Technical Information Service, Springfield,
Virginia 22161.

19. Security Classif. (of report) 20. Security Classif. (of this page) 21. No. of pages 22. Price
Unclassified Unclassified 76

Form DOT F 1700.7 (8-72) Reproduction of completed page authorized



FATIGUE STRENGTH OF FILLET-WELDED TRANSVERSE
STIFFENERSWITH UNDERCUTS

by
Joseph R. Spadea and Karl H. Frank

Research Report 0-4178-1

Research Project 0-4178

FILLET WELD DETAILING FOR STIFFENER

conducted for the

Texas Department of Transportation

in cooperation with the

U.S. Department of Transportation
Federal Highway Administration

by the

CENTER FOR TRANSPORTATION RESEARCH
BUREAU OF ENGINEERING RESEARCH
THE UNIVERSITY OF TEXASAT AUSTIN

July 2002
Revised October 2004



Research performed in cooperation with the Texas Department of Transportation and the U.S. Department of
Transportation, Federal Highway Administration.

ACKNOWLEDGEMENTS

The research was sponsored by the Texas Department of Transportation. The Project Director was
Heather Gilmer. Her help and guidance with the project is gratefully acknowledged. The specimens were
welded by Mike Bell of the Ferguson Laboratory staff. The help and technical expertise of Blake Stasney,

Dennis Fillip, and Ray Madonna aso of the Ferguson Laboratory staff contributed to the success of the
research.

DISCLAIMER

The contents of this report reflect the views of the authors, who are responsible for the facts and the
accuracy of the data presented herein. The contents do not necessarily reflect the view of the Federal

Highway Administration or the Texas Department of Transportation. This report does not constitute a
standard, specification, or regulation.

NOT INTENDED FOR CONSTRUCTION,
PERMIT, OR BIDDING PURPOSES

K. H. Frank, P.E., Texas #48953
Research Supervisor



TABLE OF CONTENTS

CHAPTER 1: INTRODUGCT ION ...ttt ettt ettt b e se s se s e e saeesaeasae e st easesasesseasseesaeesseessesnsesnnas 1
J.1 INTRODUCTION ..iiiutiieeiiieeeeeiteeeesateseesatesessasesessaaseseesaseseesansssesssnsssessansssessanseseessnseseessnseseessnssessanns 1
1.2 FABRICATION SURVEY ..uteiiiiiitiieeiiteeeeeiteeeesiiteeeesateseesateseesassssssssssssesssssssessssssssesssseseesssssseesssaseessns 2
1.3 LITERATURE SURVEY OF FATIGUE TESTS.....uttiiiiiiiee e iieee e e cteee e e ettt e e e ste e e e e stae e e e sbaeeessnbaeeessnraneaeanes 4
S ol0) = =@ VLT[0 = S 11

CHAPTER 2: SPECIMEN DESIGN AND FABRICATION ..ot 13
2.1 INTRODUGCTION ..iiiiiittieeeiitteeeeiitreeeeiitseeseiasseeessasssessasseessasssesssasssesssasssesssasssesesasssesesssssesesasssesesannsens 13
2.2 SPECIMEN DESIGN....uiiiiiiitiiieeiitiiee e ettt e e sttt e e s etreeeseeataeeeeaasseeeaasaseeaeassseeasasseeesansreeasasteeasasreeasannses 15

2.2.1  Finite EIEMENT MOTEL ..ottt 19
2.3 SPECIMEN FABRICATION .utitiieueeiisitstesit e sse s e sbe s sb e e s b b sa e b e s enenre s 21
2.3.1 Materials and Welding Parameters.........coeiiriiiiriiineneese st 21
2.3.2 ASSEIMDIY ..ttt et 21
2.4 DETAILSOFWELD UNDERCUTS ....cuttiiieiititieeiitteeeeeeiteeeseeaaseesssaaseeaeessseessasnseeesansseeesassesesassesesannses 23
2.5 UNDERCUT MEASUREMENTS....uetiiiittieeiittteeesitteeeessreeeeesaseeessssssesesassseeesasseeesasssesesanssesesasssesesannsens 27
2.5.1 Type A SPECIMEN UNAEICULS ....c..eivirieiisieeiese et e st e e e e et re s ese e e eeeseesresnesneeneeneeneeneens 27
2.5.2 Type B SPECIMEN UNAEICULS .......civiiiiiieesiese et ste st e et sa et re s e eaeaeseestesnesnesnaeneenaeneens 29
2.5.3  Type C SPECIMEN UNGEICULS........cuiriiiiiirtiieiisie ettt bbb 30
2.5.4  Type D SPECIMEN UNUEICULS ....c..cuiitiiieirtiieiirte ettt bbbt 33

CHAPTER 3 TEST SETUP ...ttt sttt s b e b e r e ae e sheesb e e be e sre e e e s e e sneeeneenneenne 35
3.1 INTRODUGCTION .eiiiiittiieeitieeeeeitteeeeeetseeeesaaseeeesassseeaaaasseeaaassseeeaasssesaaassseeaaasseeesansreeasaastesasastenasannsens 35
G IO I o B AN = = 2 U TSR 35

3.2.1  TeSt Frame COMPONENTS. ......ueiviieiieieeste et eieestesree e steesteeseesseesseesseesseeseensesssesseesseesseenseenenasenanenanes 35
KT o 1Yo = U0 [ ToB T o] o] SRS 37
3.3 TEST IMIETHOD ...eeiiiittiieeitteee e ettt e e s itteeeestaeeeesaasaee e s abseeseassseeeaassseseaassbeeeeansbesesansbesesansbesesansrenesanrens 37
331 PAIAMELEIS ..o 37
3.3.2 TESEPIOCEUUIE ...ttt bbb bbbt bbbt b et b bt 39

CHAPTER 4: FATIGUE TEST RESULTS ... oottt sttt sttt s e et st sne s 45
A1 INTRODUGCTION .eeeeeeeteee et st eeee st eeeeeseseteeseseesesesseseeaseseeseseaseseeesseseesasesreseseaseseessearesaseseeseearesreeaneans 45
4.2 SPECIMEN RESULTS ....utiiiiiee ittt ettt et e et e stt e e s te e e sateesbeeesbeeesabeeesateesabeesbeeesabeeeaseeesnseesnbaeesnbesesenan 45

4.2.1 Recording Of FAtigUe CFaCKS.........coieiiirieiieiee ettt bbb 45
4.2.2  FraCUuIe SUMACES ......cui ittt b et b et b btk b et et b et b e r et et n e 49
4.3 DATA ANALY SIS coiiiiiieie e ceee ettt e e e ettt e e e et e e e e ete e e e e aateeeeeaateeeeeaateeaeaaateeasaasteeesaasbeeaseanteeasannteeasannres 57



4.3.1 Comparison with AASHTO Fatigue RESISTANCE ........cceviriiiriieierieee e 57

4.3.2  ANAIYSIS OF VAITANCE. ......euiitiiciiitee bbbt bbbttt et 58
CHAPTER 5. SUMMARY AND CONCLUSIONS ......ocociireiirrerenenreee s s es 61
5.1 EVALUATION OF TEST RESULTS .itttiieiitiiieeiiteee e e itteesesasreeeesareesesassesssasnsesssasssesssensesasanssesesannses 61
5.2 RECOMMENDATIONS. ....iitttteeitttteeietteteesitreeessasseeeesassaeesaasseesaassesesassesesaassesesasssesessassesesasssesesensens 61
REFERENCES. ...... .ottt sttt b et b ekt £ b s £ b et s £ e b e Rt s £ b e Rt s e e b e b e s A e b e Rt s e e b e Rt e b e b et seebenesbebeneneenas 63

vi



Figure 1-1:
Figure 1-2;
Figure 1-3:
Figure 1-4:
Figure 1-5;
Figure 1-6:
Figure 1-7:
Figure 1-8:
Figure 1-9:

Figure 1-10:
Figure 1-11:
Figure 1-12:
Figure 1-13;
Figure 1-14:
Figure 1-15:
Figure 1-16:

Figure 2-1:
Figure 2-2:
Figure 2-3:
Figure 2-4:
Figure 2-5:
Figure 2-6:
Figure 2-7:
Figure 2-8:
Figure 2-9:

Figure 2-10:
Figure 2-11:
Figure 2-12:
Figure 2-13:
Figure 2-14:
Figure 2-15:
Figure 2-16:
Figure 2-17:
Figure 2-18:

L1ST OF FIGURES

Girder Diaphragm (TXDOT) ...ccueiecieceieceeiese et e e sr e besae s reese e e e sesaesbesaestessesseeseensenteseesrennen 1
Stiffener-to-Flange CONNECLIONS ..........cccieiiieie ettt se et e e s e et e e reerae e e besaesreens 2
Current Stiffener Weld Detail (TXDOT) c.uocuiiicieiire ettt e e se e te st st s esae s e aesnesresnas 2
Fully Wrapped Stfener, NO CliP ..o st st e e e s e neesne e 3
Girder iN FabITCatioN YaId .......ccoeiiireireinees e 3
Fully Wrapped Diaphragm StTFENEN ...ttt s nne s 4
Wrapped Intermediate SHfener WIS ..o 4
Specimen and Setup (Ruge and WOESIE, 1962) .........ceueueririeerineeieriiieresieesie s seenes 5
Types of Undercuts (Petershagen, 1990).......cceeeriieierieriere et siesee e sse e see b e sse e e e sseseessesaessesaes 6
Undercut Dimensions (Petershagen, 1990) ........ooeoeiirieiierieriese et see e et sre e saeseeseesaesaens 6
T-Joint and Undercut Geometry (Janosch and Dehiez, 1998).........ccceiereriirieieneienieseeee e 7
Cruciform and Tee Joint Specimens (Onuzuka et al, 1993) .........cccvveeeieeriere s 8
Transverse and Longitudinal Specimens (GUrney, 1968) .........cccccvveeeviereresesiesie e eeeeeseesee e 9
Transverse Specimen (Nussbaumer and Imhof, 2001) ........cccccvveeiriereie s eneas 10
Fabrication of Specimen Taper (Nussbaumer and Imhof, 2001)........ccccccevvrienievenesieeeeeree e 11
Weld Start-Stop Repair (GUINEY, 1979) ....c.ccvveieceeeeeeeieseesiesrestese e eseeaesee e ssesresresseeseesesnseseessesss 11
Steel Girder and Stiffener Detail Under Flexural Loading..........cccceeoveievenenevesieseseseeseeeeseese e 13
Test Specimen Showing Components and Cyclic LOAding.........cccovveerirenineerinieeseeeseeeee s 14
Specimen Cross Section Geometry and UnNdercut LOCALIONS.........c.coveerereeererieene et 14
Photo Showing Variety Of SPECIMENS........coi i e e 15
TeSt SPECIMEN DIMENSIONS .....cuiiuieieiieie ettt sttt re et seesbe e sbe st e e e e e se e besbesbesbeeseese e e anteseesbesbesaeas 16
Location Of Fatigue CalEUONES .......ceiueriereirierie ettt sttt ebe st e e ee e e be e b e aeeneeae e e anbeseesbesaeene 17
AASHTO Nomina Fatigue Resistance CategorieS B & C' ....oueueiiiiieiirene e 17
AreaUsed For Calculating NOMINal SEFESS........ceceeiciieierese e e e sttt e e sresreenas 18
Radial Transition Region Showing High SIrESS.......ccciiciiiiccie e 18
Finite Element Principal Stress RESUITS (KSI)...oveiviiueeieiecicie e e e et sre e 19
Principal Stressalong Flange Path ..o 20
Principal Stress AIoNg Web Path ...........covoiiiieiiceceece e 20
Welding the Web t0 the FIange.........cov et st 21
WeEld SEAT-SLOP REPEIT ...ttt bbbt be e 22
Welding Sequence for Specimens 1A, 2A, 3A, @NA 7C ..ot 22
Welding Sequence for Specimens 4B- 6B, and 10D-12D..........ccccoceririenene e ree e e 23
Welding Sequence for Specimens 8C and 9C ..o e e 23
Location of Undercut for SPeCIMEN TYPE A ...ttt sttt see e e 24

vii



Figure 2-19:
Figure 2-20:
Figure 2-21:
Figure 2-22:
Figure 2-23:
Figure 2-24:
Figure 2-25:
Figure 2-26:
Figure 2-27:
Figure 2-28:
Figure 2-29:
Figure 2-30:
Figure 2-31:
Figure 2-32:
Figure 2-33:
Figure 2-34:
Figure 2-35:

Figure 3-1:
Figure 3-2:
Figure 3-3:
Figure 3-4:
Figure 3-5:
Figure 3-6:
Figure 3-7:
Figure 3-8:
Figure 3-9:

Figure 3-10:
Figure 3-11:
Figure 3-12:
Figure 3-13:

Figure 4-1:
Figure 4-2;
Figure 4-3;
Figure 4-4:
Figure 4-5:
Figure 4-6:
Figure 4-7:

Large Circular Interior Stffener UNErCULS ........ooveoviireiieree et 24
Minimum Interior Sffener UNGEICULS.........cccoieiiieeese e 24
Specimen A Stiffener Corner UNCEICUL............ooiiireieeeeieie ettt s e e e saeas 25
Location of Undercut for Specimen TYPE B.......oo ettt e 25
Specimen B SHTfENer UNGEICUL ..ottt sae s 25
Specimen B Flange UNOEICULS .........cce it sttt et st e st e e enaesaenresnesneas 26
Location of Undercut for SPECIMEN TYPE C....o.veeveeeeceieeeie ettt sttt ss e sre st sne s 26
Before and After Flange GriNAiNG.........cooiie it st sre s resre e 27
Specimen TYpe D ShoWinNg NO CliP ...coveieirese et sa e srenneas 27
Specimen A Undercut [dentifiCation ... iereeiecie s sneas 28
Specimen A Stiffener Undercut DIMENSIONS..........ccvieeeeeerereseseseeseeseeseesee e sseseeseeseessessesssssessessens 29
Specimen B Undercut IdentifiCation ............coeereiriieiinenene et 29
Specimen B Flange UNdercut DiMENSIONS.........cccoereererieenerieesie st seee st s sre et seene s seesesneseas 31
Specimen C Undercut 1dentifiCalion ...........ooeie et e sae s 31
Specimen C Flange Grinding SUrface DIMENSIONS...........ccoiiiiiirereeirieeree e saeas 32
SV VIV Lo (aTo el i Fg11= Kol A @2 1T o OSSP 33
Specimen D Undercut [dentifiCation ...........ccciiicereeiicie s e e s sa e e sneas 33
Lo TU T oo g L = T= oo (1 0T [P 35
MTS Uniaxial Testing Machine With SPECIMEN .......ccoociiiiiiciec e 36
[V IS Yo (= 0 FT ol A ox 1= o] S 36
MTS Hydraulic SUPPIY UNIt ...ttt st ere e e e sne e nne e 37
Hydraulic SChematiC Of TESE SYSIEM......cccieiecesese et e e ee e nrenre e 37
AreaUsed For Calculating NOMINal SErESS.........coivieiiirieiriieenieseese ettt 38
Experimental Applied LOad VErSUS TIME........coi ittt sttt st 38
Specimen INStalled iN TESE FramMe ..ot e 39
Arrangement Of SEFAIN GGAGES. ......coveriereerierte ettt sttt sttt e e e e e be e b e s e sbe e e e e e e e seabesaesreenas 40
SEFAIN GAGE PaITTNGS. ..t teeteeeeeee ettt ettt ettt se et seesbe s aeebe e e e e e beseeebesbesbesbeeneansensanbaseesaeas 40
Left, Right, & Average Upper StressLimit REAINGS........cooieieririiieiere e 42
Left, Right, & Average Lower Stress Limit REAAINGS .......coevvvceiecieeccese e 42
Gage Stress versus Finite Element Flange SIrESS........c.vcveviieie e sneas 43
Failure Path by Stage NUMDES .........coi e st r e e e e sresresne e 46
7= [0 SRS 47
=0 (=3RS 47
R = 01 TP PPV PRSPPSO 47
SEBOE A ..o E R R R e e e R e R Rt R e e nn e r e reere s 47
T 1= SR 47
Stiffener-to-Flange Weld NUMDENG........cooiii et s saeas 48

viii



Figure 4-8:
Figure 4-9:

Figure 4-10:
Figure 4-11:
Figure 4-12:
Figure 4-13:
Figure 4-14:
Figure 4-15:
Figure 4-16:
Figure 4-17:
Figure 4-18:
Figure 4-19:
Figure 4-20:
Figure 4-21:
Figure 4-22:
Figure 4-23:
Figure 4-24:
Figure 4-25:
Figure 4-26:
Figure 4-27:
Figure 4-28:
Figure 4-29:
Figure 4-30:
Figure 4-31:

Figure5-1:

Fracture SUrface NUMDETNG ......ooiiiiiee et et bbb 49

Fracture SUIMTACE LA -1 ...t bbb et s b e et b et b e b et b bt b b 50
1A-1 Cracksat Toe Of WelAS LT aN 3T ......ccoiiiieiiieieeesieniee sttt s 50
TA-1 Cracks at TOE OF WEIH LT ...ttt sttt 50
Fracture SUIMACE 2A-1 ...ttt et s e et b et b e bbbt b e b e b r s 51
2A-2 ShOWING FlAWS 8 SEAM-StOP ......eeeeieeeiiesie st e se st et e e sa e te e sresre e e enaesaenresrenneas 51
Multiple Cracks at Toe of WeldS AT and 4B .........ccceciieeiecieiesie et sie st sttt sre st 52
Crack at Upper Radial WED TADEN ..ottt s re et sae st sresne s 52
Crack af TOE Of WEI 2T ...ttt 52
Ductile Tear of Flange EAQE.........ccviieeeieee ettt ste ettt st es e e eneesrenrenne e 53
Fracture SUMACE BB-1 .........ccoo et 53
6B-1 Crack at Toe of WElAS 1B aNd 3B.......cccoiiiiiiiieiirieeeie ettt s e 54
6B-1 Crack at Toe of WElAS 2B aNd 4B ..ottt s 54
Fallure Of SPECIMEN 7C ...ttt b ettt e bbb e bt e ae et e e e besaesbennas 54
Fracture SUMTECE TC-L.....ocuiieieeie ettt st b e et b et b bt b e bt b e bt n e r e 55
7C-1 Crack at Toe Of WEIAS 2T AN 4T .....ooveieeririeieeerieeete et er e s nne e 55
7C-1Crack at Toe Of WElAS 1B @Nd 3B........covueuirerieieririeies e 55
SPeCiMEN 8C WEIA 2T TOB CraCK......cucceiierieiiesiesteeteseeeeseesiestestestesaeereseessessessestessessessessssssessessessessens 56
Fracture SUMACE 11D-2 .......ccooiieirerieiererie ettt ekt se bbb ne e es 56
11D-2 Crack at Toe Of WElAdS AT N0 3T ......ovvoireriireeecsiererene e 56
Center Of Fracture SUMace 11D-2 ... 57
Comparison with Category C' Fatigue RESISLANCE. .......ccevvrerererereeeeseesesesre e s seesessensesresnens 58
SPECIMEN FaliGUE LTttt et sbe e 59
Average Fatigue Life Dy SPeCimen TYPE ... 60
Stiffener and Flange UNAEICULS..........coiiiiiie ettt st sne e 61






Table1-1:
Table2-1:
Table 2-2:
Table 2-3:
Table 2-4:
Table 2-5:
Table 2-6:
Table 2-7:
Table 2-8:
Table 3-1:
Table 3-2:
Table 3-3:
Table 4-1:
Table 4-2:
Table 4-3:
Table 4-4:
Table 4-5:
Table 5-1:
Table5-2:

L1ST OF TABLES

Undercut Measurements (Janosch and Debiez, 1998) ..........coooiiiiririninieeieeie et 7
Specimen A Stiffener Undercut Measurements (iNChES) ......cceieeeeeeeeieriese s 28
Specimen B Stiffener Undercut Measurements (iNChES) ........cecvieeecieeeie st 30
Specimen B Flange Undercut Measurements (INCHES)........cccciveeieeecicreeie et 30
Specimen C Stiffener Undercut Measurements (iNChES) .......covveiereceerecre s 32
Specimen C Flange Undercut Measurements (INCHES)........ccviveerereceereere et 32
Specimen C Flange Grinding Surface Measurements (iNCheS) ........veveeereererinsesie s 32
Specimen D Stiffener Undercut Measurements (iNChes) ..o 34
Average UNderCut DIMENSIONS........cccoiiiiiirieesie ettt st sttt b e st b e eb e b nne 34
25 ksi Upper Stress Limit REAMINGS. ......cocoouiiireieieitie ettt st s se e e s 41
5 ksi Lower Stress Limit REAINGS ........oouerieieieese sttt s se e 41
Average Upper & Lower Limit StreSS REAAINGS .......ooiieiiriiiieeie et e 41
Summary of Fatigue TESING RESUITS........cciiieieccce e et sre b ne e 47
SPECIMEN FaAIlUrE LOCALIONS. ......c.ecieieiiestes ettt et e ste e sttt et ae e e ae st e besresrestesaeenesreeseeneessenteseesrennn 48
Comparison of Actual and Predicted Fatigue Life........ccoviiiiciiieccerce et 58
Average Fatigue Life and Standard Deviation by Specimen TYPe......cccovvvvvvevereeeereerere e 60
ANAlYSIS Of VarianCe RESUILS ........coee ittt st r e e e e e e e e srenrenne e 60
Stiffener Undercut SUMMArY(INCNES) .......cveieririeiecise ettt st se e e snenrenns 62
Flange Undercut SUMMANY (INCNES).......c.coiiiiiiiiieie ettt s s sre e 62

xi



Xii



SUMMARY

Presently, wrapping of the welds at the ends of stiffeners is not done, to avoid the undercutting of the
stiffener corners and the attendant weld repair. The fatigue performance of stiffeners with undercuts was
evaluated in afactoria design fatigue experiment. Undercuts at the flange edge and filling of the stiffener
cope with the fillet weld were also evaluated. The undercuts did not influence the fatigue performance of
the stiffener weld even when very large undercuts were purposely introduced. Flange undercuts and
filling the cope with a continuous weld and a so did not change the fatigue performance of the connection.
Wrapping of welds should be alowed in locations where corrosion at the stiffener to plate interface may
occur. The undercuts in the stiffener that may result are not of any consequence and may be left in place.
Covering the stiffener cope by continuing the fillet weld is an alternate method of sealing the weld.
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CHAPTER 1. INTRODUCTION

1.1 |INTRODUCTION

Steel bridge girders are subjected to cyclic loading from vehicular traffic. The repeated flexure places the
stiffener connection to the flange in cyclic tension. Poorly detailed stiffener attachments or high stress
ranges will result in fatigue cracking of the girder. An overview of stiffener details is discussed in this
chapter. In particular, the welding procedure used to attach the stiffener to the flange is explored. A
literature survey of stiffener fatigue and the results of aworldwide survey of bridge fabrication techniques
were performed to develop the state of the art in stiffener detailing. The scope and objective of the
research contained in this report are included in this chapter.

Fillet welds are used in the fabrication of steel bridge girders to connect the ends of transverse stiffeners
to the flange. The AASHTO LRFD Bridge Design Specifications (2™ Edition, 1998) requires this
connection on compression flanges to control distortion of the web-to-flange intersection. The stiffener
must also be connected to the tension flange when a cross frame or diaphragm is connected to the
dtiffener. The diaphragms are typically attached to the stiffener as shown in Figure 1-1. Diaphragms
provide lateral bracing to the girder during the erection and act to distribute the live load among the
girders in the completed bridge. The stiffeners are full depth of the girder web and are normally welded
directly to the flanges. The lateral forces from the diaphragm will cause fatigue cracks to form in the web
a the end of stiffener weld if the stiffener is not welded to the flange. Some states use a bolted rather
than awelded connection between the stiffener and the flange. Two angles are welded to the stiffener and
bolted to the flange. The welded and bolted details are shown in Figure 1-2.
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Figure1-1: Girder Diaphragm (TxDOT)

The welded detail is the preferred detail since it does not require fabrication and fit up of the angles and the
drilling of the flange bolt holes. The Texas Department of Transportation (TXDOT) uses the welded detail.
Termination of thefillet welds at the end of the stiffener has been a subject of much discussion. The present
AASHTO welding specification does not require the wrapping of the welds around the end of the stiffener.
Historically, these welds were wrapped to seal the weld in order to prevent crevice corrosion at the interface
of the stiffener and flange. Undercutting at the corner of the stiffener often caused the wrapped welds to be
rejected and subject to grinding to feather out the undercut. The current specification language prohibits
wrapping of the welds to prevent the undercutting but leaves the ends of the stiffener exposed to moisture.
Some dtates require sealing of the ends with caulking, which is difficult to perform and not a long-term
solution. The current stiffener-to-flange weld detail used by the Texas Department of Transportation is
shown in Figure 1-3. The welds are stopped ¥ inch from the end of the stiffener.



Figure 1-2: Stiffener-to-Flange Connections
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Figure1-3: Current Stiffener Weld Detail (TxDOT)

The influence of wrapping the weld upon fatigue performance was evauated in the experimental study
presented in this report. Undercutting of the corners of stiffeners is unavoidable; however, little
experimental data is available to evaluate the significance of the undercut upon the performance of the
weld. In addition, undercutting of the flange edge may occur if the width of the stiffener is large.
Undercuts at the corner of the flange are more likely to reduce fatigue performance than undercuts of the
dtiffener. The impact of undercutting the corners of the stiffener and flange upon fatigue performance
were determined and are presented in this report.

The wrapping of the welds at the web side of the stiffener is difficult since it must be performed through
the clip. A large clip may be required to provide access for the welder. However, alarge clip reduces the
amount of weld that can be placed which may lead to weld failures from the cross frame forces.
Elimination of the clip and allowing the intersection of the stiffener and web-to-flange fillets welds is a
possible alternative. Testing of stiffener details with and without a clip was conducted.

1.2 FABRICATION SURVEY

A recent worldwide survey of steel bridge fabrication, sponsored by the Federal Highway Administration,
revealed that most countries wrapped the stiffener weld. Findings from this survey are summarized in the



FHWA report titled Steel Bridge Fabrication Technologies in Europe and Japan (Vermaet a, 2001). It
was found that other countries use a small clip on the stiffener and fill the void with weld metal sealing
the weld, eliminating the need to wrap the weld inside the clip. A photograph of this stiffener detail is
shown in Figure 1-4. Note that the weld is also fully wrapped at the flange edge side of the stiffener and
that good weld profile was maintained with minimal undercutting.

Figure 1-4: Fully Wrapped Stiffener, No Clip

Intermediate and cross-frame stiffeners are shown on the girder in Figure 1-5. The fabricator wrapped the
welds around the interior clip space at the web on the diaphragm stiffener. The flange edge of the
diaphragm stiffener was also wrapped to sedl it as shown in Figure 1-6. In addition, the stiffener-to-web
weld of the intermediate stiffeners was a so wrapped around the top and bottom of the stiffener.

Figure 1-6 shows a close-up view of the diaphragm stiffener weld detail. The weld shape and profile are
maintained along the length of the stiffener, including the wrapped edges. The holes shown in the
stiffener are used to bolt the diaphragm to the stiffeners during erection.

Figure 1-7 shows a close-up view of the intermediate stiffener weld detail. The web-to-stiffener welds
were carefully wrapped around the top and bottom edges of the stiffener

Figure 1-5: Girder in Fabrication Yard



Figure1-7: Wrapped Intermediate Stiffener Welds

1.3 LITERATURE SURVEY OF FATIGUE TESTS

Ruge and Woesle tested three different stiffener details in cyclic four-point bending at 11 Hz. The
stiffener detail was located in the constant moment region and tested at a stress range of 17 ksi (117 MPa)
at the extreme fiber of the tension flange. The stress range is defined as the difference between the upper
and lower stress limits at the extreme tension fiber during testing.

Figure 1-8 shows the specimen geometry and test setup used by Ruge and Woesle. Dimensions are given
in inches in Figure 1-8. Stiffener details A through C were connected to the flange using 0.125-in.
(3-mm) fillet welds. Stiffener A has no interior clip opening, and welds were used to seal the stiffener to
the web and flange. It should be noted that the stiffener-to-flange weld did not seal the interior stiffener
clip for detail B. Ruge and Woesle indicate that stiffener detail B is at a disadvantage since water can
infiltrate between the stiffener and flange, leading to corrosion. However, detail C uses fully wrapped
welds at the interior clip region. Welds appear to be wrapped around the flange edge of the stiffener for
all specimens A through C.

It was reported that all cracks occurred along the toe of the tiffener-to-flange weld. The cope detail did
not affect the fatigue life of the specimens. In addition, no cracks initiated at the web-to-flange weld in the
gtiffened beams. Stiffener detail B was used to investigate the effects of crater cracks on the fatigue
performance of the beams. Ruge and Woesle concluded that the crater cracks did not impact the fatigue
life of the beams. Failure of the type B stiffened beams occurred due to fatigue cracking at the toe of the
stiffener-to-flange weld.
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Another significant conclusion drawn by the authors was that weld sequence did not impact the fatigue
performance of the specimens. The results of the fatigue testing performed by Ruge and Woesle are
perhaps the most significant findings in relation to the research presented in this report. It will be shown
in Chapter 4 that the specimens tested the present study also failed due to crack growth at the toe of the
stiffener-to-flange welds.

The Influence of Undercut on the Fatigue Strength of Welds — A Literature Survey (Petershagen, 1990)
provides an in-depth discussion on the geometric variables of undercuts at the toe of fillet welds and butt
welds and their impact on fatigue life. In the survey, an undercut is described as an “irregular groove
along the toe of aweld.” Petershagen adds that the undercuts are inherent in the welding process and may
occur in either the base or fill metal. Three classifications of undercuts are shown in Figure 1-9.
Category one undercuts are referred to as “wide and curved.” Category two undercuts are “narrow”, and
category three undercuts are considered “micro-flaws’, with a depth less than 0.01 in. (0.25 mm).
Category three undercuts are believed to be unavoidable during welding and impossible to detect by

visual inspection.
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Figure 1-9: Types of Undercuts (Peter shagen, 1990)
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Petershagen’ s survey also indicated that undercuts are generally characterized by their length, height, and
width. In addition, the transverse orthogonal plane angel, p, and the notch root radius, r, were used to
describe the geometry of an undercut. Figure 1-10 illustrates several dimensions used to represent the



geometry of undercuts. Only the length, height, and direction of principal stresses are considered in AWS
D1.1 and the German Shipbuilding Production Standard.
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Figure 1-10: Undercut Dimensions (Peter shagen, 1990)

Wrapping welds around gusset ends may increase the size of undercuts (Petershagen, 1990). The author
states that wrapping fillet welds around non-load bearing gussets attached to a plate yielded an average
undercut height of 0.02 in. (0.49 mm). The unwrapped fillet weld produced average undercut depths of
0.006 in. (0.15 mm). Similar results may occur in the wrapping of stiffener-to-flange welds around the
edge of non-load bearing stiffeners connected to flange plates.

Inspection of category one undercuts can be made using calipers or silicon prints (Petershagen, 1990).
Petershagen reports that category two undercuts are best inspected using dye penetrant testing and
magnetic particle testing. Category three undercuts will also require the use of 250:1 scale microscopes.
For the purposes of the present research, undercuts were exaggerated to produce “worst-case” undercuts.
Thus, undercuts were visible and measured using calipers to an accuracy of +0.005 inches.

Petershagen discusses the impact of undercuts on fatigue performance. It was found that the fatigue life
of welds with initial crack-like flaws could be readily calculated using fracture mechanics egquations. The
fatigue life of welds with type one or type two undercuts can also be determined. However, Petershagen
adds that no literature includes the simultaneous effects of category one, two, and three undercuts.

Petershagen suggested that non-dimensional values, such as h/t (height-to-thickness ratio), be used when
describing undercuts. In addition, Petershagen states that the crack initiation period is independent of the
undercut depth, h. It was also found that type one undercuts may cause a small reduction of the fatigue life
of butt-welds, and that the shape of fillet welds was more significant than undercutting (Petershagen, 1990).

The paper “Influence of the shape of undercut on the fatigue strength of fillet welded assemblies —
application of the local approach” (Janosch and Debiez, 1998) evaluated the impact of weld shape and
continuous and discontinuous undercuts at the fillet weld toe on fatigue strength. The authors state that
the fatigue resistance of structural details is based on nominal loads and plate thickness. They add that
design codes do not consider the fatigue strength as a function of weld quality or undercutting.

Janosch and Debiez tested specimens welded by the manual and MIG/MAG processes. Four weld
undercutting geometries were examined: (1) continuous undercuts at the upper toe by manual welding
with covered electrodes in the flat position; (2) discontinuous undercuts at the upper toe by manual
welding with covered electrodes in the flat position; (3) discontinuous undercuts at both toes by manual
welding with covered electrodes in the vertical upward position; and (4) continuous undercuts at the
upper toe by MIG/IMAG welding with solid wire in the flat position. T-shaped assemblies like the one
shown in Figure 1-11 were tested in four-point bending at 20 Hz to 40 Hz and a stress ratio of 0.1. The
stressratio is defined as the minimum applied stress divided by the maximum applied stress.



The geometry of the undercuts is also shown in Figure 1-11. The undercuts are characterized by toe
radius, p, and undercut depth, h. Table 1-1 shows the mean and standard deviation of these parameters
per undercut geometry 1 through 4 as measured by Janosch and Debiez.

Janosch and Diez also performed statistical data reduction analyses using nominal stress amplitude and an
effective nominal stress amplitude. The effective nominal stress amplitude was based on the effective
cross-section, S, shown in Figure 1-11. These analyses provided the authors with equal probability
fatigue life curves.
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Figure 1-11: T-Joint and Undercut Geometry (Janosch and Debiez, 1998)

Table 1-1: Undercut M easurements (Janosch and Debiez, 1998)

Undercut Radius p (in.) Depth h (in.)

Geometry Mean | Std. Dev.| Mean | Std. Dev.
1 0.047 0.030 0.029 0.013
2 0.045 0.022 0.010 0.011
3 0.043 0.023 0.011 0.008
4 0.055 0.029 0.016 0.011

The authors concluded that the size of the root radius is independent of the welding process (SMA or
MIG/MAG) and position. The nominal stress amplitude analysis indicated that covered electrodes in the
flat position provided a higher fatigue life than the MIG/IMAG process and that the welding process,
position, and undercutting had no significant influence on the effective endurance limits of the test
specimens. They found, using the local stress approach, that the endurance limit was not impacted by
weld shape and undercutting.

In “Fatigue Strength of Fillet Welded Joints with Undercuts” (Onuzuka et al, 1993), the authors present
the results and findings of test specimens with 0.012-in., 0.02-in., and 0.04-in. (0.3- mm, 0.5-mm, and
1.0-mm) undercut depths. The authors tested the specimens in both tension and three-point bending. The
test specimens are shown in Figure 1-12. Specimens were fabricated using shielded metal arc welding
and tested at a stressratio of 0.1.

Weld toe bead shapes and flank angles were measured using silicon prints. Onuzuka et a found that there
was up to a 30% decrease in fatigue life for specimens with larger undercuts at the weld toe. Flank angles
were found to have minimal influence on fatigue performance.
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Figure 1-12: Cruciform and Tee Joint Specimens (Onuzuka et al, 1993)

In addition to the experimenta results, stress concentration factors and crack growth equations were
developed for assemblies with undercuts using the boundary element method. The authors calculated the
fatigue life of welded assemblies with undercuts. They found that the fatigue life generated by the analysis
for assemblies with 0.04-in. (1-mm) undercuts gave a lower fatigue life than the experimental results.
However, the authors found that the fatigue life estimates were similar to test results for specimens with
shallower undercuts. The tee joint specimens suffered a decrease in fatigue life proportional to the depth of
undercutting. The authors conclude that the calculations appeared to estimate the fatigue life of the
specimens fairly well, yet severa assumptions were made and some factors were neglected.

“Fatigue Strength of Butt-Welded Joint With Undercut” (lida et al, 1998) compares the results of visual
inspections performed by certified inspectors to that of control measurements. The authors were
interested in determining a tolerance level for undercuts as judged by the certified inspectors. In
particular, focus was placed on finding an acceptable depth for undercutting. Butt-welded specimens
were also tested in fatigue and the authors reported that undercutting has an impact on fatigue life.

0.8-in. (20-mm) butt welds and 0.5-in. (12-mm) fillet welds were used to assemble the specimens using
the shielded metal arc welding process. Weld gauges and silicon replicate prints were used to measure
the undercuts on the specimens. Next, over 100 certified inspectors were asked to measure the same
undercuts using a 0.1-mm pitch gauge. The inspectors were directed to approve or disapprove by
considering not just undercut depth, but overall weld quality. The authors reported that the mean
undercut depth measured by the inspectors was lower than the control measurements made with the weld
gauge. The inspected butt weld undercuts were found to be 0.006 in. (0.16 mm) smaller than the control
measurements. Inspected fillet weld undercuts were found to be 0.002 in. (0.06 mm) smaller than the
control measurements. The authors found an error range of +0.004 in. to —0.008 in. (+0.1 mm to
-0.2 mm) in measured versus inspected undercut depths. In addition, the authors report that most of the
inspectors considered a 0.008-in. (0.2-mm) undercut to be acceptable and a 0.04-in. (1.0-mm) undercut to
be unacceptable.

Fatigue tests of butt-welded specimens with undercuts were performed at a frequency of 5 Hz to10 Hz at
a zero stress ratio in tension.  Specimens with 0.63 in., 1.2 in., and 1.6 in. (16 mm, 30 mm, and 40 mm)
plate thickness values were tested. Results showed that the fatigue life decreased with undercut depth. In
particular, as the ratio of undercut depth to plate thickness (d/t) increases the fatigue life decreases. The
authors reported a 5%, 10%, and 20% decrease in fatigue life related to d/t ratios of 0.005, 0.01, and 0.02.

lida et a concluded that inspectors underestimated the undercut depths. In addition to finding that larger
d/t ratios reduce fatigue life, the authors added that the decrease was more prominent in thicker plates.
The authors proposed the following guidelines for the acceptance of undercuts in butt welds: (1) d <
0.2mmfor t <10 mm; (2) d/t < 0.02 for 10 mm <t <40 mm; (3) d < 0.8 mm for t > 40 mm. The authors



believed that using a weld gauge was the best way to measure undercut depths because of the simplicity
of the device.

Methods used to improve the fatigue life of fillet-welded assemblies are discussed in “Effect of Peening
and Grinding on the Fatigue Strength of Fillet Welded Joints’ (Gurney, 1968). The effect of peening and
grinding at the ends of transverse and longitudina fillet welds was investigated using the specimens
shown in Figure 1-13. The main plate of the specimens was 0.5 in. in thickness. Peening, partia
grinding of the weld toe, and full grinding of the weld were carried out. Specimens were manually
welded using E 317 rutile electrodes in the flat position. Welds were fully wrapped around the edge of
specimens with longitudinal gussets in some cases. Welds were not wrapped around the edge of the
specimens with transverse gussets. Cyclic loading of the specimens took place at a frequency of 3 Hz to
33 Hz and a stress ratio of either 0.0 or -1.0. Three test machines were used, thus accounting for this
variation in frequency and stress ratio.
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Figure 1-13: Transverse and Longitudinal Specimens (Gurney, 1968)

Gurney concluded that the fatigue performance of the specimens with longitudinal gussets with wrapped
welds were the same as for those with unwrapped welds. However, the author adds that there was a
particular case where this was not so. Gurney states that a specimen with a longitudina gusset and
wrapped welds failed earlier than the unwrapped gussets. Gurney mentioned that this was due to an
undercut at the toe of the weld wrap. Failures of the longitudinal gussets occurred at the weld root. Full-
penetration welds were then tested and it was shown that an increase in fatigue strength occurred.
However, Gurney also noted that poor quality full-penetration welds at the end of the gusset plate could
severely decrease fatigue life.

It was found that full grinding of the transverse welds resulted in a 50% increase in fatigue performance.
Light grinding was shown to produce mixed results. The author believed that, while fatigue strength
increased in some cases, the ability to reproduce the desired light grinding was unreliable. Light grinding
depths could be too deep or too shalow and were considered inconsistent. I1n addition, when fully ground
specimens were a so peened, afurther increase in fatigue performance was shown.

“On the Practical Use of Weld Improvement Methods’ (Nussbaumer and Imhof, 2001) investigated the
influence of weld grinding, remelting, and peening. These improvements were applied to the weld toe of
welded assemblies to improve their overall fatigue performance. The authors developed adjustments that
account for these weld improvements that can be applied to the nominal fatigue resistance categories of
Eurocode 3. It was stated that the weld improvements were influenced by the stress ratio, R, and that the
corrections work best for low stress ratio values. Although undercuts can be removed by grinding, good
weld quality was also emphasized in order to produce a satisfactory fatigue performance. Nussbaumer
and Imhof believe that grinding, peening, and remelting of welds using a TIG torch can not only be
applied to new fabrications, but to structures exhibiting cracking less than 2 mm in depth.



Figure 1-14 shows the test specimen used by Nussbaumer and Imhof. Measurements are given in
millimetersin the figure. 17 of these specimens were tested at a stress ratio of 0.1. The weld toe of each
stiffener was peened. A radius was placed at the ends of the longitudinal to improve it fatigue life. A full
penetration welds with aradial appendix to extend the weld as illustrated in Figure 1-15 was increase the
fatigue life. The appendix was ground tangent to the base plate using a disc grinder to improve the weld
toe condition. The authors emphasized that grinding striations should be finished parallel to the direction
of applied. Grinding should continue into the base metal to eliminate undercuts caused by the full
penetration welding. The rest of the gusset was connected using fillet welds. In addition to this
specimen, two full-scale girders with stiffeners attached to the web and flange were tested. The girders
were tested in four-point bending with the stiffener attachments located in the constant moment region of
the beam. The specimen used by Nussbaumer and Imhof is almost identical to the specimen used for the
research in this report.
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Figure 1-15: Fabrication of Specimen Taper (Nussbaumer and I mhof, 2001)
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Nussbaumer and Imhof also suggested that care should be taken at the startup and termination points of
the fillet welds. This concept is also discussed in Fatigue of Welded Structures, 2™ Edition (Gurney,
1979). Gurney states that termination points in otherwise continuous welds should be ground to a smooth
transition and then rewelded. This processis shown in Figure 1-16. Weld start-stop regions are discussed
in the following chapter for the fabrication of the test specimens presented in this report. Weld start-stop
repairs were made by grinding and remelting by a TIG torch.

(a) Weld stop. (b) Stopped end ground to taper.

(¢} Weld restarted at the top of (d} Weld surface ground smooth.
the taper slope.

Figure 1-16: Weld Start-Stop Repair (Gurney, 1979)

Nussbaumer and Imhof concluded that design curves could be adjusted using the formulation presented in
their work. The authors also emphasized the importance of quality control during welding, namely the
weld quality and procedure. They state that the application of the repair procedures should be done so
with care and precision. Nussbaumer and Imhof reported that peening improves fatigue strength when
lower stress ratios are used.

1.4 Scope OF WORK

Limited testing has been conducted on the fatigue strength of stiffeners with undercuts. The literature
survey reveals that the focus of previous research has been on undercutting at the weld toe, and not at the
stiffener and flange edge weld wrap locations. The experimental study in this report is directed at
determining the impact upon fatigue performance of the undercuts resulting from wrapping stiffener welds.

The impact of wrapping the stiffener-to-flange weld upon fatigue life was evaluated and the results are
presented in the following chapters. Several test specimens were developed. Filled cope holes were also
tested that eliminate the need to wrap the weld. The experimental study in this report is directed at
determining the impact upon fatigue performance of the undercuts resulting from wrapping stiffener welds.

Specimens were subjected to cyclic loading in tension. The test apparatus and test procedure are
discussed in chapter 3. Strain readings were also compared to a finite element model used in the
development of the test specimen. The results of the fatigue tests are given in Chapter 4. Photographs of
fatigue cracks and fracture surfaces are included. A data analysis was also performed and included in
Chapter 4. The conclusions of the research are discussed in Chapter 5.
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CHAPTER 2: SPECIMEN DESIGN AND FABRICATION

21 INTRODUCTION
This chapter describes the design process used for the development of the test specimen. Fabrication of
each specimen group is covered in detail .

Figure 2-1 shows a steel girder subjected to flexure. The stiffener is welded to both flanges and along the
web. Repeated flexure of the girder places the stiffener-to-flange connection under cyclic tensile loading.
The stiffener-to-flange detail is highlighted with a circle in the section figure.
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Figure2-1. Sted Girder and Stiffener Detail Under Flexural Loading

An axially loaded test specimen was used to simulate the girder stiffener detail. The test specimen is
shown in Figure 2-2. The specimen was subjected to axial tensile cyclic loading as illustrated in
Figure 2-2. The specimen is symmetric about the loaded flange plate to ensure uniform stress at the
stiffener detail. There are two stiffeners and one simulated web on each side of the flange plate.

Four specimens with different stiffener weld details were used to investigate effects of the undercutting
caused by wrapping the fillet welds around the stiffener. These specimens, designated type A through
type D, were designed to evaluate the fatigue performance based on undercutting at the interior stiffener
clip weld wrap and undercutting at the edge of the stiffener-to-flange weld. Figure 2-3 illustrates the
cross-section geometry at the stiffener-to-flange connection. The locations of the undercuts purposely
introduced are highlighted with the small circles. The other significant locations are highlighted with the
larger circles in the figure. The different specimen types are also shown in Figure 2-4. A type D
specimen with afilled clip isin the foreground of Figure 2-4.

The type A specimen was used to investigate the impact of undercuts on the stiffener at the interior
stiffener clip weld wrap and exterior end weld wrap upon the fatigue life of the specimen. The clear
distance between the edge of the stiffener and the edge of the flange was 0.625 in. (16 mm). The type B
and type C specimens are similar to type A, but have awider stiffener extending completely to the edge of
the flange. Specimen types B and C were used to determine the effect of undercutting of the corner of the

13



flange upon the fatigue performance. The type C specimen was fabricated identical to type B with the
exception that the flange edge undercut was removed by grinding after fabrication in accordance with
section 3.2.3 of the D1.5-95 Bridge Welding Code (1995). Lastly, the type D specimen was used to
investigate the effect of eliminating the opening at the intersection of the stiffener with the web to flange
weld. The clip size was reduced and completely welded closed. The clear distance between the edge of
the stiffener and the edge of the flange was 0.625 in. (16 mm) for type D specimens.
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Figure 2-2: Test Specimen Showing Components and Cyclic L oading
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Figure 2-3: Specimen Cross Section Geometry and Under cut L ocations

AASHTO LRFD Bridge Design Specifications, 2™ Edition (1998) nominal fatigue resistance categories
were employed in the design of the specimens based on anominal stress range, Sg, of 20 ksi (138 MPa) at
the stiffener-to-flange connection. The design ensured that failure of the specimens occurred at either the
undercuts or the weld at the stiffener location. The specimens were designed to avoid premature fatigue
failure at alocation other than at the stiffener detail.
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Figure 2-4: Photo Showing Variety of Specimens

Figure 2-5 shows the dimensions of specimens A, B, C, and D. All specimens were 60 in. long
(1524 mm) and had a flange thickness of 0.5 in. (12.7 mm). The stiffener and web plates were each
0.25in. thick (6.35 mm). The table in Figure 2-5 lists the stiffener width and clip size for each specimen
type. The clip is the triangular opening on the stiffener nearest to the web-to-flange weld. The stiffener
widths were either 4.5 in. (114 mm) or 5.125 in. (130 mm) and the clip sizes were either 1.5 in. (38 mm)
or 0.375in. (9.5 mm). The specimens were welded using the gas metal arc welding (GMAW) process
with a metal-cored electrode. The specimens were assembled using 0.25-in. (6.35-mm) welds. The web
sections were ground smooth at the ends using a disk grinder to eliminate fatigue cracking at the
termination of the weld. The surface grinding marks were finished parallel with the direction of loading.

2.2 SPECIMEN DESIGN

The specimens were designed to fail at the stiffener detail location. If not designed properly, failure could
occur elsewhere along the specimen such as at the end of the web plate simulation as shown in Figure 2-6.

The AASHTO bridge specification was used to identify the fatigue resistance categories associated with
the specimen. These categories determine the fatigue life of a given detail as afunction of plate geometry
and orientation with respect to the direction of loading. Figure 2-6 identifies the locations on the
specimen that were classified for fatigue resistance. The stiffener-to-flange weldment is a category C’
fatigue detail. The web-to-flange weldment is a category B fatigue detail along its length. The ground
radiused end of web as also classified as a category B based upon the researchers previous experience.

Figure 2-7 shows the nominal fatigue resistance of category B detail and category C' detail. Figure 2-7
shows that category C' detail are more severe than category B detail. Threshold curves in Figure 2-7
indicate infinite fatigue life at a stress range below the dashed lines. The geometry and size of the
specimen was selected such that the category C' stiffener detail governed the design fatigue life.
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Figure 2-6: Location of Fatigue Categories
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Figure2-7: AASHTO Nominal Fatigue Resistance CategoriesB & C’

All specimens were tested under cyclic loading at a nominal stress range, Sg, of 20 ksi (138 MPa) at
section C-C shown in Figures 2-6 and 2-8. The stress range is the difference between the minimum and
maximum nominal stresses. The minimum and maximum nominal stresses across section C-C were 5 ks
(34.5 MPa) and 25 ks (172 MPa), respectively. These nominal stresses were calculated by dividing the
applied axial load on the specimen by the area of the web and flange plates shown in Figure 2-8, Section
C-C. The lower stress limit corresponded to an axial load of 35 kips (156 kN), whereas the upper stress
limit was produced by an axia load of 175 kips (778 kN). It should be noted that the stress range at
section B-B shown in Figures 2-6 and 2-8 is higher than the stress range at section C-C due to the smaller
area. The stressrange at section B-B is 26.7 ksi (184 MPa).
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Figure 2-8: Area Used For Calculating Nominal Stress

The radia taper shown in Figure 2-9 was used at the end of the simulated web plate smulation to
minimize the chance of fatigue failure. Transition from the simulated web to the flange plate resulted in a
decrease in cross-sectional area, and thus an increase in the nominal stress range from 20 ksi to 26.7 ksi.
Figure 2-8 illustrates this difference between these cross-sectional areas. A finite element model, which
isdiscussed in detail in the following section, showed that high principal stresses exist at end of the radial
taper as shown in Figure 2-9. The stress concentration factor, defined as the maximum principal stress
divided by the nominal stress, at the end of the taper was 1.2. The transition region was ground flush to
the flange plate using a disk grinder and belt sander to minimize the increase in stress and to eliminate
any discontinuities from the welds. Thus, the fatigue performance of the taper transition was estimated as
a category B detail. The required flange and web sizes were determined based on the nominal fatigue
resistance of the stiffener-to-flange connection in comparison to the web-to-flange weldment. The final
plate sizing satisfies the fatigue resistance demands such that specimen failure is constrained to the
stiffener-to-flange connection. The ratio of area B-B to area C-C (refer to Figure 2-8) was designed to
prevent afatigue failure at the radiussed end of the web-to-flange weld.

Grinding’
marks J;

Figure 2-9: Radial Transition Region Showing High Stress
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2.2.1  Finite Element Model

A linear-elastic finite element model was developed to determine whether or not the full cross-sectional
area at the stiffener-to-flange connection was being devel oped as assumed in the design calculations. The
model was used to investigate the development of stress in the web and flange sections in order to report
more accurately the actual stress range adjacent to the stiffener connection.

One-eighth (1/8) of the specimen was modeled in Abagus using symmetry boundary conditions and a
modulus of elasticity of 29,600 ksi (20.4x10" MPa). Three-dimensional continuum brick elements were
used to model the specimen. Brick elements C3D15 were used for the web and stiffener. Brick elements
C3D20 were used for the flange. The C3D15 elements have 15 nodes and the C3D20 elements have 20
nodes. Both elements use full integration and quadratic interpolation. The mesh size varied depending on
the flange, web, and stiffener components being modeled. A small mesh of 0.25 in. long by 0.5 in. wide
(6.35 mm by 12.7 mm) elements was used for the flange and web near the stiffener over a length of
approximately 1.0 in. (25.4 mm). The length of the flange and web elements increased further away from
the stiffener in the longitudinal direction, and the width remained constant perpendicular to the direction
of loading. The flange and web element thickness were 0.25 in. (6.35 mm) and 0.125 in. (3.2 mm),
respectively. 0.5 in. long by 0.5 in. wide by 0.125 in. thick (12.7 mm by 12.7 mm by 3.2 mm) elements
were used for the stiffener.

Figure 2-10 shows the results of the finite element analysis. The nominal stress at the stiffener-to-flange
connection is 25 ksi (172 MPa) for an applied tension load of 175 kips (778 kN). The stresses shown in
Figure 2-10 caused by the maximum static load of 175 kips (778 kN) were generated in Abagus by
applying a uniformly distributed tensile load at the plate end (gripped portion of specimen). The analysis
shows that the stress in the flange plate was higher than the stress in the web plate.

A stress along a flange path and a web path are shown in Figure 2-10. The paths are located at the same
distance from the stiffener as strain gages discussed in Chapter 3.3.2.2. It should be noted that a higher
value of stress exists immediately adjacent to the stiffener-to-flange weld toe as shown in Figure 2-10.
This stress is approximately 33 ksi (228 MPa) at maximum applied load, and this stress increase is due to
the abrupt change in geometry caused by the stiffener detail.
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Figure 2-10: Finite Element Principal Stress Results (ksi)
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Figure 2-11 shows a plot of principal stress along the flange surface corresponding to the “flange path”
labeled in Figure 2-10. A maximum stress of approximately 27.3 ksi (188 MPa) occurs near the edge of
the flange. A minimum stress of 23.8 ksi (164 MPa) occurs at the web connection. The average upper
limit stressin the flange is 26.2 ksi (181 MPa).
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Figure2-11. Principal Stressalong Flange Path

Figure 2-12 shows a plot of principal stress along the web centerline corresponding to the “web path”
depicted in Figure 2-10. The maximum stress of approximately 23.8 ksi (164 MPa) occurs at the flange
connection. A minimum stress of approximately 18.7 ksi (129 MPa) occurs at the top of the web plate.
The average upper limit stressin theweb is 21.1 ksi (145 MPa).
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Figure2-12: Principal Stress Along Web Path
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The results of the finite element model showed that the stress was not uniform near the stiffener section.
In particular, the web was not fully developed. The largest web stress was less than the nominal stress of
25 ksi (172 MP4). Stress in the flange edge was higher than the stress at the flange centerline. The stress
in the flange will directly influence the fatigue life of the stiffener-to-flange connection. The larger stress
at the flange edge will reduce the fatigue life at the flange edge.

The average principal stress in the flange under the 175 kip maximum loading condition was determined
to be 26.2 ksi (181 MPa). Under the 35 kip minimal loading condition, the principal stressis [ /175 ] x
26.2 ksi, or 5.24 ksi (36.1 MPa) with aresulting stressrange of 21 ksi (145 MPa) in the flange.

2.3 SPECIMEN FABRICATION

The materials and welding procedure used to fabricate the test specimens are discussed in this section.
The materials and welding process reflect those used by bridge fabricators for TXDOT. Figure 2-13
shows a specimen being welded by a certified welder at Ferguson Structural Engineering Laboratory.

Figure 2-13: Welding the Web to the Flange

2.3.1 Materials and Welding Parameters

The test specimens were fabricated from ASTM A 572 Gr 50 steel. 10.5 in. by 0.5 in. (267 mm by 13
mm) steel plate and 3.5in. by 0.25 in. (89 mm by 6.35 mm) bar stock were used for al specimens. A572
Gr 50 steel has a minimum yield stress of 50 ksi (345 MPa) and an assumed modulus of elasticity of
29000 ksi (2x10° MPa).

Gas metal arc welding (GMAW) was used to weld the specimens.  All welds were nominal 0.25-in.
(6.35-mm) fillet welds. 0.045-in. (1.14-mm) diameter FabCOR 86R E70C-6M metal-cored electrode
wire was used with a travel speed of approximately 16 IPM and a wire feed speed of 310 IPM. The
machine was set to 200 amps at 26 volts. The shielding gas was a mixture of 90% argon and 10% CO..

2.3.2  Assembly

The 0.5-in. (13-mm) thick flange used for the specimen was cut from 120 in. by 10.5 in. (3048 mm by
267 mm) plates using a band saw. The 0.25 in. thick (6.4 mm) web and stiffener parts were cut from
240in. by 3.5in. (6096 mm by 89 mm) bar stock using a band saw. The web section radius was then cut
using a plasmatorch.
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The welding sequence varied throughout the project relative to each specimen type. This variation was
due to the efforts to eliminate defects that occurred at weld starts and stops. Figure 2-14 shows a photo of
a start-stop that was repaired by grinding and rewelding the web-to-flange weld. Stiffener and flange
undercuts were intentionally created during the welding process to produce undercuts as large as possible.

Figure 2-14. Weld Start-Stop Repair

Specimens 1A, 2A, 3A, and 7C were welded using the same sequence. The web and the stiffeners were
tacked to one side of the flange plate. This was next repeated on the opposite side. Welds were then
made in the horizontal position in the sequence illustrated in Figure 2-15. The stiffeners were next
welded to the flange in the horizontal position starting from the interior clip, continued around the
stiffener edge, and back to the clip. In some cases, the weld was stopped midway between the stiffener
edge and clip. A short pass was then used to complete the weld seal. This was done on both stiffeners on
the top surface of the flange and then repeated on the opposite surface. The stiffeners were then welded
to the web in the horizontal position.

|
|

Plan i

Figure 2-15: Welding Sequence for Specimens 1A, 2A, 3A, and 7C

Specimens 4B, 5B, 6B, 10D, 11D, and 12D were welded using a modified sequence shown in
Figure 2-16. First, the web was welded to the flange in the horizontal position using the sequence shown
in Figure 2-16. Next, the stiffeners were tacked to the same side. This process was repeated on the
opposite side. The stiffeners were next welded to the flange in the overhead position. The overhead
position was used to produce severe flange undercuts at the edge of the stiffeners. Lastly, the stiffeners
were welded to the web in the horizontal position. Weld start and stops on specimens 4B, 5B, and 6B
were remelted using a TIG torch. Weld start and stops on specimens 10D, 11D, and 12D were removed
by grinding and rewelded.
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Figure 2-16: Welding Sequence for Specimens 4B- 6B, and 10D-12D

Specimens 8C and 9C were welded using a third sequence. The web and the stiffeners were tacked to one
side of the flange plate. Thiswas next repeated on the opposite side. The web-to-flange welds were then
made in the horizontal position asillustrated in Figure 2-17. The continuous welds eliminated the chance
of premature fracture due to weld start and stop defects. The stiffeners were next welded to the flange in
the overhead position and then to the web in the horizontal position. The overhead position was used to
produce worst-case flange undercuts. AASHTO D1.5-95 Bridge Welding Code guidelines were
employed for the remova of the edge defects for type C specimens. The undercut was removed by
grinding into the base metal with a finished surface slope not greater than one in ten in the direction of
loading. Grinding marks were finished parallel to the direction of loading.

°
A

Plan L

Figure 2-17: Welding Sequence for Specimens 8C and 9C

After the assembly was completed, the radial transition sections were ground smooth at the ends using a
disk grinder. The surface grinding marks were finished parallel with the direction of loading using a belt
sander. Thiswas done to reduce the risk of premature fracture caused by perpendicular grinding marks.

24 DETAILSOF WELD UNDERCUTS

Undercuts were intentionally produced during the fabrication of the type A, B, C, and D specimens.
Welding procedures and techniques were employed to create the largest undercut possible. Undercut
locations and characteristics are discussed in this section for all specimens.

Type A specimens were used to investigate the influence of undercutting on the fatigue performance
caused by wrapping the stiffener weld around the interior clip and exterior edges of the stiffener. A close-
up of the type A dtiffener detail is shown in Figure 2-18. Arrows are used in the figure to indicate the
points of undercutting.
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Figure 2-18: Location of Undercut for Specimen Type A

Interior stiffener undercuts varied in size and shape. Some undercuts were large and circular as pictured
in Figure 2-19. Other undercuts were small, narrow, or invisible to inspection as shown in Figure 2-20.
Minimal to no undercutting occurred at the exterior edge of the stiffener as shown in Figure 2-21.

=

Specimen 2A - Left Stiffener

Figure2-19: LargeCircular Interior Stiffener Undercuts

Specimen 1A — Left Stiffener Specimen 1A Right Stiffener

Figure 2-20: Minimum Interior Stiffener Undercuts
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Figure2-21: Specimen A Stiffener Corner Under cut

The Type B stiffener detail is shown in Figure 2-22. Type B specimens were used to observe
undercutting effects at both the interior clip weld wrap and the exterior stiffener-to-flange weld wrap.
The stiffener extended to the edge of the flange in order to produce undercutting of the edge of the flange
plate. Wrapping the weld around the exterior edge aso caused small undercuts of the stiffener as shown
in Figure 2-23.

______(;f_":_'___'_'__?_’g
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Figure 2-22: Location of Undercut for Specimen TypeB

Figure 2-23: Specimen B Stiffener Undercut
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Flange undercuts occurred as the stiffener weld was wrapped around the exterior edge of the stiffener.

The flange undercuts were shaped like an hourglass and were consistent among specimens. Figure 2-24
shows photographs of the flange undercuts.

Figure 2-24: Specimen B Flange Undercuts

Type C specimens are identical to type B specimens with the flange edge undercut removed by grinding
after welding. The type C dtiffener detail is shown in Figure 2-25. The photograph in Figure 2-25 shows
the depth of grinding into the flange needed to remove the flange undercut.

Figure 2-25: Location of Undercut for Specimen TypeC

AASHTO AWS D1.5-95 Bridge Welding Code guidelines (section 3.2) were employed for the removal
of the edge undercuts. The AWS procedure and requirements are identical to the TxDOT fracture critical
defect repair procedures. The undercut was removed by grinding past the maximum undercut depth with
a finished surface dope not greater than one in ten in the direction of loading. Grinding marks were
finished parallel to the direction of loading as pictured in Figure 2-26.

Type D specimens were used to investigate the impact on the fatigue life caused by minimizing the clip size
and completely welding this area closed. The clip size was reduced to 0.375 in. (10 mm) and welds were
overlapped to completely eiminate the opening as shown in Figure 2-27. Similar to the type A specimens,
minimal to no undercutting occurred at the exterior edge of the stiffener in the type D specimens.
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Figure 2-26. Beforeand After Flange Grinding
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Figure 2-27: Specimen Type D Showing No Clip

2.5 UNDERCUT MEASUREMENTS

The sizes of the undercuts are presented in this section. Undercuts were measured with calipers to an
accuracy of +0.005 inches. The length, width, and depth into the thickness of the stiffener were measured
for the interior and exterior stiffener undercuts. The length, width, and depth into the thickness of the
flange were measured for the flange undercuts.

2.5.1 Type A Specimen Undercuts

Undercut locations were labeled based on their orientation with respect to their location in the test frame.
Figure 2-28 shows the location and nomenclature used for classification of type A specimen undercuts.
The interior and exterior stiffener undercuts were located on the top half (T) or bottom half (B) of the
specimen midsection.

Table 2-1 lists the stiffener-undercut dimensions corresponding to the locations in Figure 2-28.
Figure 2-29 illustrates the dimensions that were recorded for the specimen A stiffener undercuts. Depth,
d, refers to the depth into the stiffener thickness. Measurements are given in inches.

Table 2-1 shows that specimen 2A consistently had larger undercuts than specimens 1A and 3A.
Specimen 2A had the most undercuts of the three specimens. Specimen 3A had the smallest measured
undercuts.
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Figure 2-28: Specimen A Under cut I dentification

Table2-1: Specimen A Stiffener Under cut M easur ements (inches)

Undercut 1A 2A 3A

I.D. L h d L h d L h d
1T 0 0 0 0 0 0 0.050 | 0.050 | 0.050
1B 0.350 | 0.350 | 0.035 | 0.180 | 0.320 | 0.120 0 0 0
2T 0.050 | 0.050 | 0.050 | 0.392 | 0.263 | 0.125 0 0 0
2B 0 0 0 0.102 | 0.100 | 0.125 | 0.075 | 0.050 | 0.070
3T 0.244 | 0.100 | 0.125 | 0.316 | 0.092 | 0.125 | 0.075 | 0.050 | 0.050
3B 0 0 0 0.113 | 0.145 | 0.125 | 0.050 | 0.050 | 0.050
4T 0.090 | 0.150 | 0.113 0 0 0.0 0.075 | 0.075 | 0.075
4B 0 0 0 0 0 0.0 0.075 | 0.075 | 0.075
5T 0.035 | 0.079 | 0.065 | 0.050 [ 0.050 | 0.050 | 0.075 | 0.100 | 0.075
5B 0 0 0 0.075 | 0.075 | 0.075 | 0.050 | 0.050 | 0.050
6T 0.080 | 0.085 | 0.080 | 0.050 | 0.050 | 0.050 0 0 0
6B 0.085 | 015 | 0100 | 0.239 | 0.184 | 0.125 0 0 0
7T 0 0 0 0.162 | 0.086 | 0.125 0 0 0
7B 0 0 0 0.209 | 0.150 | 0.125 0 0 0
8T 0 0 0 0.050 | 0.050 | 0.050 | 0.100 | 0.100 | 0.100
8B 0 0 0 0.050 | 0.050 | 0.050 | 0.100 | 0.100 | 0.100

Avg. 0.058 | 0.060 | 0.036 | 0.124 | 0.101 | 0.079 | 0.045 | 0.044 | 0.043

Max. 0.350 | 0.350 | 0.125 | 0.392 | 0.320 | 0.125 | 0.100 | 0.100 | 0.100

2.5.2 Type B Specimen Undercuts

Figure 2-30 shows the location and nomenclature used for classification of type B specimen undercuts.
The flange undercuts (E) are located on the free edge of the flange plate at the stiffener location.
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Figure 2-29: Specimen A Stiffener Under cut Dimensions
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Figure 2-30: Specimen B Undercut I dentification

Table 2-2 lists the stiffener-undercut dimensions corresponding to the locations in Figure 2-30. It should
be noted that small undercutting occurred at the exterior stiffener locations 1, 4, 5, and 8. The stiffener-
undercut sizes were consistent among the three specimens. The average length of the undercuts was
approximately 0.16 in. (4 mm), and the average height was 0.052 in (1.3 mm). The average depth was
0.044 in (1 mm).

Table 2-3 lists the flange undercut dimensions corresponding to the “E” locations in Figure 2-30.
Figure 2-31 illustrates the dimensions that were measured for the specimen B flange undercuts. 1t should
be noted that the flange undercuts were considered more detrimental to the fatigue life of the specimen
than the exterior stiffener undercuts because of their direct orientation to loading. Average measured
values were consistent among all three specimens. The average length of the flange undercuts was
approximately 0.5 in. (13 mm), and the average depth was over 0.125 in. (3 mm). The average width of
the flange undercuts was 0.072 in. (2 mm).
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Table 2-2: Specimen B Stiffener Undercut M easur ements (inches)

Undercut 4B 5B 6B
I.D. L h d L h d L h d
1T 0.050 | 0.050 | 0.050 | 0.050 | 0.100 | 0.050 0 0 0
1B 0.050 | 0.100 | 0.070 | 0.050 | 0.070 | 0.050 0 0 0
2T 0 0 0 0 0 0 0.050 | 0.050 | 0.050

2B 0.050 | 0.050 | 0.050 | 0.186 [ 0.125 | 0.125 | 0.050 | 0.050 | 0.050
3T 0.050 | 0.050 | 0.050 [ 0.200 [ 0.065 | 0.125 | 0.050 | 0.050 | 0.050

3B 0 0 0 0.050 | 0.050 | 0.050 | 0.115 | 0.050 [ 0.100
4T 0.064 | 0.085 | 0.050 0 0 0 0 0 0
4B 0.050 | 0.115 | 0.100 | 0.070 [ 0.170 { 0.075 | 0.120 | 0.100 | 0.070
ST 0.050 | 0.080 | 0.100 0 0 0 0.050 | 0.100 | 0.050
5B 0.050 | 0.120 | 0.050 0 0 0 0.060 | 0.060 | 0.050
6T 0.100 | 0.050 | 0.050 | 0.050 [ 0.050 [ 0.050 [ 0.050 | 0.050 | 0.050
6B 0 0 0 0.050 | 0.050 | 0.050 | 0.064 [ 0.088 [ 0.090
7T 0 0 0 0.050 | 0.050 [ 0.050 0 0 0
7B 0.135 | 0.105 | 0.070 | 0.360 | 0.110 [ 0.050 0.0 0.0 0
8T 0.060 | 0.120 | 0.125 | 0.050 [ 0.050 [ 0.050 [ 0.050 | 0.050 | 0.050
8B 0 0 0 0 0 0 0 0 0

Avg. 0.044 | 0.058 | 0.048 | 0.073 [ 0.056 [ 0.045 [ 0.041 | 0.041 | 0.038
Max. 0.135 | 0120 | 0.125 | 0.360 | 0.170 | 0.125 | 0.120 | 0.100 | 0.100

Table 2-3: Specimen B Flange Undercut M easurements (inches)

Undercut 4B 5B 6B

I.D. L d w L d w L d w
1E 0.680 | 0.100 | 0.050 | 0.400 | 0.150 | 0.050 | 0.610 | 0.200 | 0.050
2E 0.725 | 0.125 | 0.050 | 0.570 | 0.175 | 0.070 | 0.468 | 0.100 | 0.100
3E 0514 | 0.114 | 0.074 | 0.520 | 0.110 | 0.075 | 0.486 | 0.090 | 0.060
4E 0.460 | 0.145 | 0.110 | 0554 | 0.125 | 0.050 | 0.690 | 0.110 | 0.125

Avg. 0.595 | 0.121 | 0.071 | 0.511 | 0.140 | 0.061 | 0.564 | 0.125 | 0.084

Max. 0.725 | 0.145 | 0.110 | 0570 | 0.175 | 0.075 | 0.690 | 0.200 | 0.125

2.5.3 Type C Specimen Undercuts

Type C specimen undercuts were recorded in the same fashion as the type B specimen undercuts. After
recording the flange undercuts, a disk grinder was used to remove the undercut from the flange according
to the AASHTO D1.5-95 Bridge Welding Code guidelines.

Table 2-4 lists the interior stiffener undercut dimensions corresponding to the locations in Figure 2-32. It
should be noted that the undercuts at the exterior stiffener edge were removed during grinding of the
flange undercut. Therefore, only interior stiffener undercuts were listed. The flange undercuts were
recorded prior to remova by grinding. These values are given in Table 2-5, and the dimensions are
illustrated in Figure 2-31.

The length, height, and width of the stiffener undercuts listed in Table 2-4 were consistent among
specimens 7C, 8C, and 9C. The average length, height, and depth of the stiffener undercuts were 0.04 in.
(2 mm), 0.03 in. (0.8 mm), and 0.04 in. (1 mm). Similarly, the length, depth, and width of the flange
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undercuts listed in Table 2-5 were consistent among all three specimens. The average length, depth, and
width of the flange undercuts were 0.64 in. (16 mm), 0.14 in. (3.6 mm), and 0.094 in. (2.4 mm).

I
T

Figure 2-31: Specimen B Flange Undercut Dimensions
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Figure 2-32: Specimen C Undercut I dentification

After the undercuts were documented, a disk grinder was used to remove the flange undercuts. The repair
was done on both sides of the flange. Prior to grinding, the flange undercuts were referred to as 1E, 2E,
3E, and 4E. Two surfaces are left after grinding. These surfaces correspond with locations 1E and 2E in
Figure 2-32. Table 2-6 lists the post-grinding dimensions of the flange undercut locations. Figure 2-33
illustrates the flange grinding surface dimensions. The width, w, in Figure 2-33 was taken as the deepest

point of grinding on the flange edge. The final dope of the grinding surface complies with specifications
and islessthan oneinten.
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Table 2-4: Specimen C Stiffener Under cut M easurements (inches)

Undercut 7C 8C 9C

I.D. L h d L h d L h d
2T 0 0 0 0 0 0 0 0 0
2B 0 0 0 0 0 0 0.050 | 0.050 | 0.050
3T 0 0 0 0.050 | 0.050 | 0.050 | 0.130 | 0.070 | 0.125
3B 0.050 | 0.050 | 0.050 | 0.060 | 0.080 [ 0.050 0 0 0
6T 0 0 0 0 0 0 0.050 | 0.050 | 0.050
6B 0 0 0 0.080 | 0.050 | 0.125 | 0.135 | 0.075 | 0.100
T 0.120 | 0.060 | 0.060 | 0.200 | 0.100 | 0.120 0 0 0
7B 0.065 | 0.060 | 0.100 0 0 0 0 0 0

Avg. 0.029 | 0.021 | 0.026 | 0.049 | 0.035 | 0.043 | 0.046 | 0.031 | 0.041

Max. 0.120 | 0.060 | 0.100 | 0.200 | 0.100 | 0.125 | 0.135 | 0.075 | 0.125

Table 2-5: Specimen C Flange Under cut M easur ements (inches)

Undercut 7C 8C 9C

I.D. L d w L d w L d w
1E 0.500 | 0.063 | 0.125 | 0.625 | 0.156 | 0.063 | 0.688 | 0.188 | 0.125
2E 0.875 | 0250 | 0.125 | 0.500 | 0.125 | 0.125 | 0.625 | 0.125 | 0.031
3E 0.625 | 0.125 | 0.063 | 0.563 | 0.188 | 0.063 | 0.688 | 0.063 | 0.250
4E 0.750 | 0.125 | 0.063 | 0.563 | 0.125 | 0.031 | 0.625 | 0.125 | 0.063

Avg. 0.688 | 0.141 | 0.094 | 0.563 | 0.148 | 0.070 | 0.656 | 0.125 | 0.117

Max. 0.875 | 0250 | 0.125 | 0.625 | 0.188 | 0.125 | 0.688 | 0.188 | 0.250

Table 2-6: Specimen C Flange Grinding Surface M easur ements (inches)

Undercut 7C 8C 9C
[.D. L w L w L w
1E 3.00 0.075 | 4.00 0.070 5.00 0.055
2E 2.50 0.060 | 4.00 0.082 5.00 0.090

Figure 2-33: Specimen C Flange Grinding Surface Dimensions
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2.5.4 Type D Specimen Undercuts

Undercuts occurred exclusively at the exterior edge of the stiffener because the interior clip was fully welded as
illustrated in Figure 2-34. The clip was minimized and then giffener, flange, and web welds were overlapped to
closetheclip gap. Figure 2-35 showsthe location and numbering of type D specimen undercuts.

Figure 2-34: Full Welding of Interior Clip
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Figure 2-35: Specimen D Under cut | dentification
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Table 2-7 ligts the stiffener undercut dimensions corresponding to the locations in Figure 2-35. The
average length, height, and depth of the stiffener undercuts were 0.05 in. (1.3 mm), 0.044 in. (1.11 mm),
and 0.05 in. (1.3 mm) for specimens 10D, 11D, and 12D.

In summary, the interior and exterior stiffener undercuts were smaller than the flange undercuts. The
average stiffener undercut dimensions for all specimensislisted in Table 2-8. The average length, height,
and depth of the stiffener undercuts were approximately 0.05 in. (1.3 mm). However, there were several
larger stiffener undercuts as was the case with specimen 2A and 7C. The average flange undercut
dimensions for specimens B and C are aso listed in Table 2-8. Depth of undercutting into the flange
thickness was more severe than undercutting into the thickness of the stiffener.

Table2-7: Specimen D Stiffener Under cut M easur ements (inches)

Undercut 10D 11D 12D

I.D. L h d L h d L h d
1T 0.050 | 0.060 | 0.080 0 0 0 0.085 | 0.065 | 0.100
1B 0 0 0 0.075 | 0.075 | 0.075 | 0.050 [ 0.050 [ 0.050
4T 0.118 | 0.090 | 0.085 [ 0.075 [ 0.080 | 0.085 | 0.060 | 0.060 | 0.085
4B 0.050 | 0.050 | 0.050 0 0 0 0.080 | 0.090 | 0.090
ST 0 0 0 0.050 | 0.050 | 0.050 0 0 0
5B 0.110 | 0.100 | 0.125 | 0.060 [ 0.075 | 0.050 | 0.050 | 0.050 | 0.065
8T 0 0 0 0 0 0 0.050 | 0.065 | 0.080
8B 0.180 | 0.100 | 0.125 0 0 0 0 0 0

Avg. 0.064 | 0.050 | 0.058 [ 0.033 [ 0.035 | 0.033 | 0.047 | 0.048 | 0.059

Max. 0.180 | 0.100 | 0.125 | 0.075 [ 0.080 | 0.085 | 0.085 | 0.090 | 0.100

Table 2-8: Average Undercut Dimensions

Undercut L h d w
Stiffener | 0.058 (1.5 mm)| 0.052 (1.3 mm) | 0.047 (1.2 mm) n/a
Flange |0.57 (14.5mm) n/a 0.13 (3.3 mm) | 0.08 (2.0 mm)

The results of the fatigue tests are presented in the following chapter. The results showed that, despite the
size of the stiffener and flange undercuts, no cracks initiated from an undercut location. This was the case
for both large and small undercuts.



CHAPTER 3: TEST SETUP

3.1 INTRODUCTION

This chapter describes the test apparatus used to test the specimens. The testing method and testing
procedure are discussed in detail .

The stiffener weld detail investigated in this project islocated on the tension flange of steel bridge girder.
Vehicular traffic places the stiffener-to-flange connection in cyclic or pulsating loading, which may cause
fatigue cracking.

Several test setups and specimen types were considered in order to simulate these conditions. One option
would be to test a full-scale specimen in four-point bending under repeated loading. The stiffener-to-
flange connection would be located in the constant moment region and would be monitored for fatigue
failures. Figure 3-1 illustrates the four-point beam test.

\ * |

A O
LStiffener

Figure 3-1: Four-point Bending

A second option would be to reproduce only the tension flange of the girder and the stiffener weldment.
This assembly could then be tested under cyclic axial loading. The latter method was selected due to its
simplicity and the availability of a uniaxial test frame. In addition, fabrication of smaller specimens is
guicker and more economical in comparison to full-scale specimens.

3.2 TEST APPARATUS

An MTS uniaxial hydraulic testing machine was employed to test the specimens under cyclic loading.
Pictured in Figure 3-2, the testing machine consists of a load frame, actuator, and upper and lower grips.
The hydraulic ram is located below the lower grip and is out of view in Figure 3-2. A constant pressure
hydraulic pump provides the power for the system.

3.2.1  Test Frame Components

An MTS hydraulic actuator, pictured in Figure 3-3, with a 220-kip (979-kN) capacity was used to apply
the test load. The actuator has a total stroke of 6 in. (152 mm), which is controlled by either a remote
POD or the computer via the Testar Il software. The actuator can be operated in either force or
displacement control. Force control was used for al the tests.

The test frame is equipped with custom upper and lower hydraulic grips (model 641.385) that have aload
rating of 220 kips (979 kKN). The grips are controlled using a hydraulic control module that regulates the
gripping pressure. The specimens were gripped using a pressure of approximately 2500 psi. (17.2 MPa).

The MTS load frame (model 311.31) has a load rating of 220 kips (979 kN). The top crosshead can be
raised and lowered as needed to accommodate a variety of specimen lengths. Once the proper length is
determined, hydraulic rams on the top crosshead can be locked to fix the load frame in position.
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Figure 3-3: MTSHydraulic Actuator
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3.2.2  Hydraulic Supply

An MTS hydraulic supply unit (model 506.20) was used to maintain pressure to the system throughout
testing. The pump, pictured in Figure 3-4, supplies 20 gallons per minute (76 L/min.) at a constant
pressure of 3000 psi (20.7 MPa). The pump was water-cooled.

Figure 3-4: MTSHydraulic Supply Unit

The pump is connected to a line conditioner that is controlled by the Teststar |1 system. The computer
controlled Teststar system controls the hydraulic flow through the servo valve, making the appropriate
corrections to maintain the desired test load. A schematic of the system is shown in Figure 3-5.

Line Pump
Conditioner

Figure 3-5: Hydraulic Schematic of Test System

Digital
Controller

3.3 TESTMETHOD

All specimens were tested under cyclic axial tension with a minimum stress greater than zero. Test
parameters and the step-by-step test procedure are discussed in this section.

3.3.1 Parameters

As previously discussed in Section 2.2, all specimens were tested under cyclic loading at a nominal stress
range, Sg, of 20 ksi (138 MPa) and a stress ratio, R, of 0.2. The stress ratio is defined as the minimum
nominal stress divided by the maximum nominal. The minimum and maximum nominal stresses across
the connection detail were 5 ksi (34.5 MPa) and 25 ks (172 MPa), respectively.
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The nominal stresses were calculated based on the area of the web plates and the flange plate as shown in
Figure 3-6. The area is located adjacent to the stiffener detail. The lower stress limit corresponded to an
axia load of 35 kips (156 kN), whereas the upper stress limit was produced by an axia load of 175 kips
(778 kN). Specimens were tested at either 1.50 Hz or 1.75 Hz. These frequencies were used to avoid a
rocking instability of the test frame. Tests conducted at the reduced frequency of 1.50 Hz were done to limit
the axial error feedback to approximately 5 kips (22 kN). This axial error limit was considered acceptable
for al tests. The axial error occurred during transition from upper to lower limits and did not affect the
maximum and minimum loads. The maximum and minimum loads were monitored and maintained
throughout al testing. The error at the 175-kip maximum loading was less than 0.3 kips, a difference of less
than 0.2% in applied load. The error at the 35-kip minimum loading was less than 0.2 kips, a difference of
less than 0.6% in applied load. Figure 3-7 shows agraph of the applied load versustime.

b
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Figure 3-6: AreaUsed For Calculating Nominal Stress
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Figure 3-7. Experimental Applied Load versus Time
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3.3.2 Test Procedure

Severa steps were taken during the testing of each specimen in order to achieve accurate and consistent
data. Each test consisted of preparation, specimen installation, testing and data monitoring, and specimen
removal. Figure 3-8 shows a specimen installed in the test frame prior to loading.

Figure 3-8: Specimen Installed in Test Frame

3.3.2.1 Preparation and Precautions

In order to maintain safety and ensure proper testing, al parts of the test apparatus were thoroughly
inspected prior to each test. All hydraulic lines were first inspected for leaks and then the cooling tower
was turned on. The pump was then turned on and checked at both low and high operating pressures. The
pump was next left on high pressure and the load frame was repeatedly raised and lowered along the
column guides. This was done so that any residue and oils could be wiped from the columns using
acetone to reduce the risk of load frame slippage during testing. Next, the actuator was jogged up and
down using the POD control to ensure adequate oil flow during operation. The actuator was positioned to
center stroke and both the displacement and force readings were zeroed. Asafinal precaution, loose tools
and lab equipment were cleared from the test frame.

3.3.2.2 Strain Gages

Prior to installation, several specimens were strain gauged and measured for plate thickness and width.
Figure 3-9 shows the placement of the strain gages on the specimen. The gages were placed 2 in.
(51 mm) from the centerline of the stiffener and 0.75 in (19 mm) on center from the edge of the specimen.

3.3.2.3 Specimen Installation

Two people were employed to install the specimen into the lower grip of the machine. The top grip was
next lowered onto the specimen. At this stage, neither grip was tightened or pressurized.

Next, the specimen was aligned in the grips. The top grip was then tightened and the specimen was raised
so that the proper amount of plate was gripped in the lower grip. Strain gage lead wires were then
attached to the strain indicator. Once the strains were zeroed, the lower grip was tightened. A series of
stepped static loads and corresponding strains were recorded on either side of the plate at the connection
detail as shown in Figure 3-10.
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Figure 3-9: Arrangement of Strain Gages
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Figure 3-10: Strain Gage Pairings

Strain gage readings were taken to ensure proper alignment of the specimen to insure a uniform stress
distribution across the specimen. These tests were performed on eight of twelve total specimens. The
resulting strain readings have been converted to stresses using a modulus of elasticity of 29000 ksi
(200 MPa) and are summarized in Table 3-1 through Table 3-3. The upper and lower limit nominal stress
readings are reported in Table 3-1 and Table 3-2, respectfully. The “left” tabulated values in Table 3-1
and Table 3-2 refer to the average of the top and bottom gage readings on the left side of the specimen.
The “right” tabulated values in Table 3-1 and Table 3-2 refer to the average of the top and bottom gage
readings on the right side of the specimen. It can be seen from Table 3-1 that the upper limit stress is
approximately 25 ksi. Likewise, Table 3-2 shows that the lower limit stress is approximately 5 ksi.
Table 3-3 lists the average of the four strain gage readings. It can be seen from Table 3-3 that the
measured stress range was 20 ks +/- 1 ksi. The strain gage readings were consistent with the nominal
stress range of 20 ksi (138 MPa) across the stiffener-to-flange connection.
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Table 3-1: 25 ks Upper StressLimit Readings

Specimen Maximum Gage Stress (ksi)
Number Left Right Average
5B 26.46 26.30 26.38
6B 26.17 25.91 26.04
7C 26.01 26.07 26.04
8C 25.87 26.39 26.13
9C 26.22 25.40 25.81
10D 25.27 25.10 25.19
11D 23.53 25.32 24.43
12D 24.45 24.87 24.66

Table 3-2: 5ksi Lower StressLimit Readings

Specimen Minimum Gage Stress (ks)
Number Left Right Average
5B 5.38 5.24 5.31
6B 5.26 5.14 5.20
7C 5.22 5.16 5.19
8C 5.24 5.10 5.17
9C 5.20 5.12 5.16
10D 4.99 5.08 5.03
11D 4.69 4.85 4.77
12D 4.85 4.87 4.86

Table 3-3: Average Upper & Lower Limit Stress Readings

Specimen Average Gage Stress (ksi)
Number Minimum Maximum S
5B 5.31 26.38 21.07
6B 5.20 26.04 20.85
7C 5.19 26.04 20.86
8C 5.17 26.13 20.96
9C 5.16 25.81 20.65
10D 5.03 25.19 20.15
11D 4.77 24.43 19.65
12D 4.86 24.66 19.80
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Figure 3-11 shows the spread of the left and right stress readings for the upper limit stress of 25 ksi. With
the exception of specimen 11D, the difference between the left and right upper limit stress readingsisless
than 3.5% for all specimens. The difference between the left and right stress readings for specimen 11D
is approximately 7%. Figure 3-12 shows the spread of the left and right stress readings for the lower limit
stress of 5 ksi. The difference between the left and right upper limit stress readings is less than 3.5% for
al eight specimens. All differences were considered acceptable.
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Figure 3-11: Left, Right, & Average Upper StressLimit Readings
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Figure 3-12: Left, Right, & Average Lower StressLimit Readings
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The readings in Table 3-1 through Table 3-3 confirm the stress results of the finite element model discussed
in Chapter 2.2.1. The cumulative average of the maximum gage stress readings from Table 3.1 is 25.6 ks
(177 MPa). The finite element model results in Figure 3-14 show that the principal stress under maximum
loading conditionsis 27.2 ks (188 MPa) at the same location as the strain gage readings. These values are
highlighted in Figure 3-13. In addition, the cumulative average of the stress range values in Table 3.3 is
20.5 ks (141 MP4). In comparison, the finite element model average stress range in the flange was 21 ks
(145 MPa). The gage readings and finite element model are in reasonable agreement.
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Figure 3-13: Gage Stress versus Finite Element Flange Stress

3.3.2.4 Testing and Data Monitoring

The loads and operating frequency were next entered into the computer via the Testar Il software. The
loads and operating frequency were achieved through smaller increments, bringing the machine up to
speed at a controlled rate. Once the test had reached the target loads and operating frequency, error
detectors were set to prevent damage to either the machine or the specimen. The error detectors were
used to monitor changes in force or displacement and detect failure of the specimen. In addition, these
error detectors were used to guard against unwanted events such as voltage spikes.

A log was also kept for each test. The number of cycles, maximum and minimum forces, maximum and
minimum displacements, and axia error were all recorded on a daily basis. Additionally, the pump
temperature was closely monitored to prevent overheating of the system. Furthermore, close inspection
of the specimen itself was conducted daily to identify any visible signs of cracking.

3.3.2.5 Specimen Removal

Specimens were considered failed if either (1) an error detector was triggered by an increase in specimen
displacement of 0.10 in. (2.54 mm) due to a crack opening or (2) rupture occurred due to rapid crack
propagation. When triggered, the detectors were set to immediately stop all testing by turning off the
hydraulics. The specimens were then carefully ungripped and removed from the machine. Exposed
fracture surfaces were immediately sprayed with a protective clear acrylic to prevent subsequent
corrosion. The fatigue life was then marked on each specimen and recorded in the log.
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CHAPTER 4. FATIGUE TEST RESULTS

41 INTRODUCTION

The results of the fatigue tests are discussed in this chapter. The fatigue life, or number of loading cycles
to failure, was recorded and is presented for each specimen. All specimens were tested at a nominal stress
range, Sy, of 20 ksi (138 MPa). A post mortem analysis of the specimens and photographs of the fracture
surfaces are included. An analysis of variance was performed on the data to detect the differences, if any,
among the fatigue performances of the specimen types.

The test results given in this chapter confirm that specimen failure was independent of undercutting at
both the tiffener and flange. Failure of the specimens was found to occur along the stiffener-to-flange
weld toe. The typical fracture sequence of the specimens is shown in Figure 4-1. Figure 4-1 shows that
the fatigue cracks initiated at the stiffener-to-flange weld toe and propagated into the thickness of the
flange. Secondary cracks may begin to form at other weld toe locations, but failure ultimately occurs due
to the reduction in area as the cracks continue to propagate into the flange.

Four stages of cracking are shown in Figure 4-1. A close-up of stage 1 crack section is shown in
Figure4-2. Smaller cracks form at the weld toe and eventually coalesce in stage 2 to form a larger,
shallow fatigue crack as shown in Figure 4-3. In stage 3, the crack continues to grow through the flange
as shown in Figure 4-4. The crack growth is quicker along the surface of the flange due to the stress
concentration at the weld toe.

Crack growth becomes more rapid in Stage 4. Figure 4-5 shows the double-edged crack expanding along
the length of the weld toe. Eventually, the remaining flange edge will tear and the fatigue crack will
rapidly propagate across the rest of the flange. Figure 4-6 shows the resulting single-ended crack
direction of propagation leading to failure of the specimens.

4.2 SPECIMEN RESULTS
Table 4-1 summarizes the fatigue test results of the specimens. The resulting fatigue life of the specimens

and the corresponding average measured stress range values discussed in Section 3.3.2.3 are shown in
Table 4-1. The average fatigue life of each specimen typeisalso listed in the table.

Specimen 5B had the longest fatigue life, failing at 628,377 cycles of loading at a measured stress range
of 21.1 ksi (145 MPa). Specimen 4B had the shortest fatigue life, failing at 212,662 cycles. A nominal
stress range of 20 ksi was assumed for specimen 4B since the first four specimens were not strain gauged.
The average fatigue life of all specimens tested was 452,533 cycles. The average measured stress range
was 20.5 ksi (141 MPa), excluding specimens 1A, 2A, 3A, and 4B.

Fatigue cracks and fracture surfaces are discussed in the following sections.

4.2.1 Recording of Fatigue Cracks

A system similar to the method implemented for recording undercut locations was used for recording the
fracture locations. The weld numbers shown in Figure 4-7 were used to reference the location of the
fatigue cracks to a particular weld. All twelve specimens follow this scheme.
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Figure4-1: Failure Path by Stage Number
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Figure4-5: Stage4

Figure 4-6: Failure

“Shear lip” caused by
elding of remaining area

Table4-1: Summary of Fatigue Testing Results

Stress Range clesto Failure| Average Cycles
Specimen . g |y A .Cy
Sk (ks) N¢ to Failure
1A 20 508,199
Clip Opening "
Short stiffener 2A 20 439,185 459,271
3A 20 430,429
. . 4B 20 212,662
Clip Opening
Long stiffener 5B 211 628,377 448,339
6B 20.8 503,978
Clip Opening 7C 20.9 574,007
Long st'iffener 8C 21.0 435,863 479,544
repaired 9C 20.7 428,672
No Clin Openi 10D 20.2 559,106
No Clip Opening
Short stiffener 11D 19.7 492,794 422,978
12D 19.8 217,035
Average 205" 452,533

*not measured; nominal Sg=20 ks
**does not include nominal values 1A through 4B
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Figure4-7: Stiffener-to-Flange Weld Numbering

Table 4-2 lists the weld locations where cracking occurred for specimens 1A through 12D. All failures
occurred due to fatigue cracking along the weld toe. Seven specimens exhibited fatigue cracking at weld
location 4T. It should be noted that specimens 2A and 3A had a fatigue crack form at the end of the
radial web taper. These cracks were caused by weld start-stops (refer to Chapter 2.3.2) along the web-to-
flange welds.

Table4-2: Specimen Failure Locations

Specimen Weld Location

Number AT [ 2T | 3T | 4T | 1B | 2B | 3B | 4B
1A [ ° [

G

37" ° °

4B d

5B ° °

6B ® ® ° o
7C ° o o °
8C ° o

9C ° )
10D [ °
11D ° [ [

12D ()

*crack at bottom web taper
**crack at top web taper
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4.2.2 Fracture Surfaces

Figure 4-8 illustrates the fracture surface numbering scheme. A failed specimen is shown in Figure 4-8.
Fracture surfaces are labeled according to either the top or bottom grip. Fracture surface 1 is always
viewed looking toward the upper grip, and fracture surface 2 is viewed looking toward the bottom grip.
All fracture surface photographs in the following sections were taken with the front flange surface (see
Figure 4-7) of the specimen facing up.

!

Upper Grip

Lower Grip

|

Figure4-8: Fracture Surface Numbering

Stage 2 and 3 fatigue cracks (refer to Figures 4-3 and 4-4) are identified by their smooth elliptical shapes.
Remaining areas are coarse in appearance, indicating the more rapid crack extension of Stage 4 (refer to
Figure 4-5). The extent of fatigue cracking was highlighted in some of the figures using dashed lines.
Stars are used indicate the crack initiation points along the weld toe. Select specimens are discussed in
the following paragraphs.

Specimen 1A was tested at a nominal stress range of 20 ks (138 MPa). The actual stress range for
specimen 1A was not measured. Specimen 1A failed at 508,199 cycles due to fatigue cracks at the toe of
the stiffener-to-flange weld locations 1T, 2T, and 4T. Failure occurred as these cracks propagated into

the flange causing total rupture of the cross-section by yielding. No cracks were found to have initiated at
an undercut location.

Fracture surface 1 is shown in Figure 4-9. Weld locations are numbered in the figure. The large elliptical
crack on the right half of the photograph in Figure 4-9 occurs at the toe of weld 1T. A close-up of this
crack is shown in Figure 4-10. Stage 3 of the crack (refer to Figure 4-4) is highlighted in the figure.
Following this stage, yielding of the edge of the flange occurred as evidenced by the shear lips in Figure
4-10. Rapid crack propagation took place in stage 4 and failure occurred. Note the change in texture
from a smooth surface in Stage 3 to a more roughened surface in Stage 4.

The smaller cracks on the left side of Figure 4-9 occur at the toe of welds 2T and 4T. A close-up of these

cracks is shown in Figure 4-11. These cracks were in stage 2 of their development when rupture of the
specimen occurred due to the rapid crack extension of the fatigue crack that had initiated at weld toe 1T.
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Figure4-10: 1A-1Cracksat Toeof Welds 1T and 3T

Figure4-11: 1A-1Cracksat Toeof Weld 1T
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Specimen 2A was tested at a nominal stress range of 20 ksi (138 MPa). The actual stress range for
specimen 2A was not measured. Specimen 2A failed at 439,185 cycles due to a fatigue crack at the
bottom radial web taper as Shown in Figure 4-12. No visible cracks were found at an undercut location.

Figure4-12: Fracture Surface 2A-1

The crack propagated into the flange from a weld start-stop. The start-stop acted as an initial flaw in the
web-to-flange weld and continued to grow during testing. Figure 4-13 shows the initiation points at the
weld start-stop. The crack was believed to grow downward into the flange from these initiation points
causing a severe decrease in area resulting in rupture of the specimen.

Figure4-13; 2A-2 Showing Flaws at Start-Stop

Specimen 3A was tested at a nomina stress range of 20 ksi (138 MP&). The actua stress range for specimen
3A was not measured. Specimen 3A failed at 430,429 cycles due to fatigue cracks at the toe of the diffener-
to-flange weld locations 4T and 4B as shown in Figure 4-14. In addition, a third crack formed at the upper
radia web taper as shown in Figure 4-15. This crack formed due to a weld stop-start in the web-to-flange
weld (smilar to specimen 2A). A specimen displacement over the 0.10-in. limit halted the actuator prior to
total rupture of the specimen. No cracks were found to haveinitiated at an undercut location.
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Figure 4-14:

Figure4-15: Crack at Upper Radial Web Taper

Failure at the radial tapers in specimens 2A and 3A led to revisions in the welding sequence. A new
welding sequence and repairs were employed to eliminate failures at weld start-stop locations. Refer to
Chapter 2.3.2 for details.

Specimen 5B was tested at a measured stress range of 21.1 ksi (145 MPa). Specimen 5B failed at
628,377 cycles due to fatigue cracks at the toe of the stiffener-to-flange weld locations 2 and 4.
Figure 4-16 shows the toe crack along weld location 2T. A displacement over the 0.10 in. limit halted the
actuator prior to total rupture of the specimen.

Figure4-16: Crack at Toe of Weld 2T
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Figure 4-17 shows the fracture surface near the edge flange undercuts. It can be seen that the crack does
not start at the undercut. Figure 4-17 shows that ductile tearing of the flange edge occurred due to crack
growth from weld toe 2T. In addition, the fracture surface at the edge of the flange follows the fusion line

of the weld metal.

Figure4-17: Ductile Tear of Flange Edge

Specimen 6B was tested at a measured stress range of 20.8 ksi (143 MPa). Specimen 6B failed at
503,978 cycles due to fatigue cracks at the toe of the stiffener-to-flange weld locations 1B, 2B, 3B, and
4B. Failure occurred as these cracks propagated into the flange causing total rupture of the cross-section
by yielding. No cracks were found to have initiated at an undercut location.

Figure 4-18 shows fracture surface 1. Fatigue cracks are shown growing from the toe of the stiffener-to-
flange welds. Figure 4-19 and Figure 4-20 show close-up views of these fatigue cracks.
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Figure4-18: Fracture Surface 6B-1

Figure 4-19 shows both a large crack at weld toe 3T and smaller cracks at weld toe 1T. The larger crack
ultimately caused failure of the specimen as is propagated across the flange. Again, notice the change in
texture as the crack extends over to weld locations 2B and 4B. Figure 4-20 shows a series of smaller
cracks coalescing at the toe of weld 2B. In addition, alarger crack propagated upward from weld toe 4B.
Yielding occurred between cracks 2B and 4B during specimen failure. Note the crack growth from weld
toe 3B on theright in Figure 4-20.



Extension

Figure 4-20: 6B-1 Crack at Toe of Welds 2B and 4B

Specimen 7C was tested at a measured stress range of 20.9 ksi (144 MPaQ). Specimen 7C failed at
574,097 cycles due to fatigue cracks at the toe of the stiffener-to-flange weld locations 2T, 4T, 1B, and
3B. Failure occurred as these cracks propagated into the flange causing total rupture of the cross-section
by yielding. The remaining stiffener welds were ruptured during failure as shown in Figure 4-21. No
cracks were found to have initiated at an undercut location.

Figure4-21: Failureof Specimen 7C

Figure 4-22 shows fracture surface 1. Note that welds 2T and 4T do not share the same plane as welds 1B
and 3B. Fatigue cracks in Figure 4-23 originated from the toe of the stiffener-to-flange weld toe at weld
locations 2T and 4T. Fatigue cracks in Figure 4-24 originated from the toe of the stiffener-to-flange weld
toe at weld locations 1B and 3B.



Specimen 8C was tested at a measured stress range of 21 ksi (145 MPa). Specimen 8C failed at 435,863
cycles due to fatigue cracks at the toe of the stiffener-to-flange weld locations 2T and 4T. Figure 4-25
shows the toe crack along weld location 2T. A displacement over the 0.10 in. limit halted the actuator
prior to total rupture of the specimen. No cracks were found to have initiated at an undercut location.

Figure4-22: Fracturesurface 7C-1
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Figure4-24: 7C-1 Crack at Toe of Welds 1B and 3B
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Figure 4-25. Specimen 8C Weld 2T Toe Crack

Specimen 11D was tested at a measured stress range of 19.7 ks (136 MPa). Specimen 11D failed at
492,794 cycles due to fatigue cracks at the toe of the stiffener-to-flange weld locations 1T, 3T, and 4T. A
displacement over the 0.10 in. limit halted the actuator prior to total rupture of the specimen. No cracks
were found to have initiated at a stiffener-undercut location.

Figure 4-26 shows fracture surface 2. A close-up of the fatigue cracks at the toe of welds 1T and 3T is
shown in Figure 4-27. A shear lip is adso indicated in the figure. Again, this specimen follows the same
failure sequence as discussed in Section 4.1.

Figure4-27: 11D-2 Crack at Toeof Welds 1T and 3T
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Figure 4-28 shows the center of the fracture surface including the cracks at the toe of weld 4T. Recall
that the stiffener clip was eliminated for type D specimens. As aresult, cracks grew further along the toe
of the stiffener-to-flange weld closer to the centerline of the specimen as shown in Figure 4-28. The
fracture surfaces of specimens 10D and 12D were similar to the fracture surface of 11D.
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Figure4-28: Center of Fracture Surface 11D-2

It is evident from the failures of all 12 specimens that undercutting had no impact on fatigue life. No
specimens showed that cracks initiated at either a stiffener or flange undercut. Fracture surfaces of the
specimens not shown above al so support these findings.

4.3 DATA ANALYSIS

The results of the fatigue tests are evaluated in this section. The fatigue lives of the specimens were
compared to the AASHTO nominal fatigue resistance category C' line. In addition, a single-factor
analysis of variance (ANOVA) test was performed on the specimen groups using Microsoft Excel. The
purpose of the data analysesisto (1) compare the AASHTO category C' nominal fatigue resistance to the
resulting fatigue life of the specimens; and (2) to determine if there is a significant difference between the
fatigue life of the type A, B, C, and D specimens due to stiffener geometry and undercutting caused by
fully sealing the stiffener weld.

4.3.1 Comparison with AASHTO Fatigue Resistance

Figure 4-29 shows the results of the fatigue tests plotted along with the category C' nominal fatigue
resistance line. The design fatigue life of the specimens is 550,000 cycles at a stress range of 20 ksi
(138 MPa). The average fatigue life of all specimens tested was 452,533 cycles with an average
measured stress range of 20.5 ksi (141 MPa).

The recorded stress range was higher than the nominal stress range at the stiffener connection. This may
be one reason that average fatigue life of the specimens was lower than the predicted life. The fatigue life
isafunction of stress rangein the following equation previously used in Section 2.2.

Ne =(44x10°)- (")

This is the equation of the C'-line shown in Figure 4-29. Table 4-3 lists the stress range and fatigue life
of the experimental values in comparison to the AASHTO C'’-line equation. Based on the minimum and
maximum measured stress range of 19.7 ksi (136 MPa) and 21.1 ks (145 MPa), the AASHTO nominal
fatigue life ranges from 575,511 cycles to 468,388 cycles, respectively. At an average measured stress
range of 20.5 ksi (141 MPa), the average fatigue life of specimens 1A through 12D was 452,533 cycles.
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This average is 15,855 cycles lower than the minimum nominal fatigue life based on the AASHTO
C’-line equation using a stress range of 21.1 ksi (145 MPa).
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Figure 4-29: Comparison with Category C’ Fatigue Resistance

Table4-3: Comparison of Actual and Predicted Fatigue Life

Stress Range | Cyclesto Failure
CASE .
Sk (ks) Ns
Average Test 205 452,533
Results
AASHTO 19.7 575,511
Category C 211 468,388

The undercuts present in the specimens were not the cause of the shorter fatigue life relative to the
category C'. All of the failures initiated at the toe of the weld connecting the stiffener to the flange not
from the severe undercuts in the specimens. The lower life is most likely due to the dightly higher and
non-uniform stress in the flange plate and to the larger stress concentration resulting from the stiffener on
both sides of the flange.

4.3.2 Analysis of Variance

A single-factor analysis of variance (ANOV A) was performed on the resulting fatigue lives of the type A,
B, C, and D specimens. The analysis was used to compare the mean fatigue life of each specimen type to
determine whether they are significantly different or not significantly different. Findings from the
analysis of variance indicated that there is no significant difference between the fatigue performance of
the type A, B, C, and D specimens. The analysis was based on the assumption that differences in the
measured stress range for each test specimen were irrelevant.
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Figure 4-30 shows a bar graph of the fatigue life of each specimen. The average fatigue life of al twelve
specimens was 452,533 cycles. Figure 4-31 shows a bar graph of the average fatigue life of each
specimen type. The average fatigue life of the type A, B, C, and D specimens was 459,271, 448,339,
479,544, and 422,978 cycles, respectively. The analysis of variance compares the mean life of each
specimen type as well as the variance, or standard deviation, within and between each specimen type.

Table 4-4 summarizes the average fatigue life and standard deviation for the type A, B, C, and D
specimens. The type C specimens had the longest mean fatigue life at 479,544 cycles. The Type D
specimens had shortest mean fatigue life at 422,978 cycles. The difference between these fatigue life
means is less than 12%. It can be seen from Figure 4-30 and Table 4-4 that the type A and type C
specimens exhibit the least variance. The large standard deviation of the type B and D specimens is due
to the short fatigue life of specimens 4B and 12D, respectively. However, it should be noted that a
thirteenth specimen was actually tested prior to specimen 12D. This additional type D specimen had
lasted 292,583 cycles, more than the life of specimen 12D, prior to being inadvertently crushed due to a
system failure triggered by a severe storm. There were no visible signs of cracking at the time of the
accident. Specimen 12D was then fabricated to replace the damaged specimen.

The results of the analysis of variance are shown in Table 4-5. The analysis was performed on the fatigue
life of the specimens, N;, and the log of the fatigue life of the specimens, log N;. A 5% level of
significance (o = 0.05) was used in the analyses.
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Figure4-30: Specimen Fatigue Life

Severa statistics were provided in the output table. However, F, Fcrit, and the P-value are of the greatest
importance when interpreting the results. If F is greater than Fcrit, then there is a significant difference
between the type A, B, C, and D fatigue life means. This would suggest that there was indeed an effect
present. If Fisnot greater than Fcrit, then there is no significant difference between the type A, B, C, and
D fatigue life means. Table 4-5 shows that the levels of F calculated for N and log N¢, 0.0766 and 0.166,
are both less than Fcrit = 4.07. The lower calculated F value indicates there is no significant difference
between the fatigue performance of thetype A, B, C, and D specimens at the 5% level of significance.

However, if F was greater than Fcrit, the data fails the initial hypothesis that the means are equal. As a
result, the alternate hypothesis that both means are significantly different is more credible. The level of
significance, a, at which the analysis is performed may change the outcome of the analysis. The most
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common level of significance used for an ANOVA is5%, or oo = 0.05. The level of significance controls
how stringently the mean values are compared, ultimately determining whether or not there is a
significant difference in the fatigue life means. The P-value isthe level of significance where the analysis
will give a significant outcome as opposed to an insignificant outcome. The P-values given in Table 4-5
are 0.971 and 0.916. Therefore, a level of significance (o) equa to this P-value would be needed to
create an outcome indicating that there is a significant difference between the fatigue performance of the
type A, B, C, and D specimens. The large value P-value indicates that it is very unlikely that there is a
statistically significant difference in the fatigue performance of the 4 specimen types.
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Figure4-31: Average Fatigue Life by Specimen Type

Table4-4: Average Fatigue Lifeand Standard Deviation by Specimen Type

Specimen Average Cycles Standard
Type to Failure Deviation
A 459,271 42,598
B 448,339 213,369
C 479,544 81,964
D 422,978 181,408

Table4-5. Analysisof Variance Results

ANOVA CASE F P-value F crit
N 0.0766 0.971 4.07
log N 0.166 0.916 4.07
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CHAPTER 5: SUMMARY AND CONCLUSIONS

5.1 SUMMARY OF TEST RESULTS

Wrapping the welds around the stiffener with large undercuts had no impact upon the fatigue life of the
stiffener-to-flange connection. None of the 12 specimens tested had a fatigue crack initiate at either a
gtiffener or flange undercut. Even the largest stiffener and flange undercuts, such as those shown in
Figure 5-1, had no impact on fatigue life. All fatigue cracks initiated at the weld toe of the stiffener-to-
flange weld.

16THS

Figure5-1. Stiffener and Flange Under cuts

Replicates of the four specimen types, defined A, B, C, or D, were tested at a nominal stress range of
20 ks (138 MPa). The clip size of specimens A through C was 1.5 in. (38 mm). Specimen A stiffeners
were stopped 0.625 in. (16 mm) short from the flange edge. Type B and C specimens had longer
stiffeners extending completely to the edge of the flange. The type B specimens were expected to produce
the worst fatigue condition since the undercut at the flange edge could initiate an edge crack. Thetype C
specimens flange undercuts were repaired by grinding in accordance with the Bridge Welding Code
D1.5-95 specifications. The ground specimens had the same fatigue performance as the specimens with
the flange tip undercut left in place. Type D specimens employed the shorter stiffener, and the clip size
was reduced to 0.375 in. (9.5 mm) and welded shut. No cracking initiated from the intersection of the
stiffener and web to flange fillet welds. An analysis of variance was used to compare the mean fatigue
life of each specimen type to determine whether they are significantly different. Findings from the
analysis of variance indicated that there is no significant difference between the fatigue performance of
thetype A, B, C, and D specimens.

5.2 RECOMMENDATIONS

It was expected that the undercut of the stiffener caused by wrapping the weld around the ends of the
stiffener would not influence the fatigue performance. The undercuts at the corners of the stiffener do not
produce a notch perpendicular to the applied stress. The test results confirm these expectations even when
very large undercuts are purposely introduced. The effect of cross-frame forces in the stiffener upon the
fatigue performance of the wrapped weld detail was not examined directly in this research. However the
undercuts at the corner of the flange in the type B specimens with full-width stiffeners simulate the loaded
stiffener. No cracking and reduction in fatigue life occurred due to these corner flange undercuts.
Consequently, it is unlikely that cracking of the stiffener at an undercut due to the forces in the stiffener
from the cross frames will occur. If cracking were to occur, the crack would separate the stiffener from
the flange and not propagate into the web or flange. A crack in the web might occur after considerable
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time due to bending stresses in the web caused by loss of the stiffener-to-flange connection. This cracking
scenario would only occur if the stress range in the stiffener exceeded the stress range in the flange and
the cross frame connection welds did not fail. The category E welded connections used to connect the
cross frame to the stiffeners will fail long before cracking will occur from the undercut at the stiffener to
flange weld.

Based upon the results of these tests, wrapping of the stiffener-to-flange welds to prevent corrosion of the
stiffener should be employed on exposed exterior stiffeners to seal the interface between the stiffener and
the flange. The attendant undercutting that may occur was not found to be detrimental to the performance
of the structure and can be left in place. Stiffener and flange undercuts were intentionally exaggerated
during the welding process to produce worst-case scenarios. The average and maximum measured
stiffener undercut values are listed in Table 5-1. The average and maximum depths of the stiffener
undercuts were 0.05 in. (1.2 mm) and 0.125 in. (3.2 mm). Undercuts as large these in stiffener can be left
in place. With good welding practice, fillet welds can be wrapped around the stiffener with minimal
undercutting as documented in the FHWA tour of steel bridge fabrication. A 1.5-in. (38-mm) clip opening
allowed adequate space to maneuver the welding gun to wrap the weld around the stiffener. Depending
on the size of the web-to-flange welds, aclip size of 1.0 in. (25.4 mm) may be sufficient.

Larger undercut depths occurred on the flange edge. The average and maximum flange undercuts are
listed in Table 5.2. The average and maximum depths of the flange undercuts were 0.13 in. (3.3 mm) and
0.25 in. (6.4 mm). These large undercuts did not reduce the fatigue life of the specimens below that of
stiffener flange weld. Sharper undercuts may reduce the fatigue life. It is recommended that undercuts at
the flange edge be removed by grinding. The AWS and TxDOT approved grinding procedures to remove
the undercuts are adequate.

Table5-1: Stiffener Undercut Summary(inches)

Stiffener Undercuts L h d
Avaq. 0.058 (1.5 mm) | 0.052 (1.3 mm) | 0.047 (1.2 mm)
Max. 0.39 (10 mm) 0.35(9mm) | 0.125 (3.2 mm)

Table5-2: Flange Undercut Summary (inches)

Flange Undercuts L W d
AvaQ. 0.57 (14.5mm) | 0.08 (2.0 mm) | 0.13 (3.3 mm)
Max. 0.88(22mm) | 0.25(6.4mm) | 0.25 (6.4 mm)

The values listed in Table 5-1 and Table 5-2 are larger than measurements published in literature. In their
study, Janosch and Debiez measured the average depth of undercutting at the weld toe. The largest
average undercut depth reported was 0.03 in. (0.76 mm). Undercuts larger than 1 mm were typically
rejected by weld inspectors (lida et al., 1998). The undercuts in these earlier studies are pardlel to the
weld aong the toe of the weld in avery high stress region of the weld and are typically much sharper than
the undercuts produced by wrapping a weld around a corner. Undercuts in at the toe of the fillet weld in
the flange may significantly reduce the fatigue life and should be limited to the present specification
limits.The good fatigue performance of the filled clip provides another option for sealing. This detail is
commonly used in Japan (Verma et a, 2001). This is employed in some stiffened base plate connection
for signal and lighting structures with good success in the U.S. In another phase of this project, signal
mast arms with fully sealed stiffeners have influenced the fatigue performance of the stiffener. This detail
might be used at bearing stiffeners on weathering steel bridges to prevent water on the flange from
running past the stiffener.
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