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FlT '\"£SS FOR PURPOSE [V Alt:A TlOl" OF T HE 

COtn\TERWEIGHT SHEA \'ErrRL~':'ION ASSB IBL Y 

rOR 

OREGO"· DEPARTMD, OF TR.-\.J'i'SPO RTA T IO;\ 

WJE "·0. 1997.3010 

June 20(10 

\.0- BACKGROlJ;""l) 

Th~ 1-5 C()lumbi~ Ri'er Bridge con,i;M of ruin. three lane ~tructures oalT)ing lnIffic in the 

nonhbound and wu!hbound directions beNeen Ponland. Oregon and Vancou'er. Washington. The u,t 

bridge "as completed in 1917 and retrofilled in 1960. follO"ing completion ofth. compan ion "est 

bridge. Bo!h the east and "es: bridges indude a 'eMical [if! span to acoommodate .hip traffio as shown 

in Fig. l. l. 

The ,he",eltrunnion a,semblies are pan of th e mo,'.able 'pan lifting mechan isms. Modif<cation, to 

th. east bridge ,hea,'eltrunnion a,sembl ie, "ere periormed during the \960 retrofit, and mOSt receml> in 

1997. The fir>! modifications included insta ll~!;()n of upered roller bearings to replace the miginal 

\ubrica,ed bushing system. The trunnions .... ere shonened and ground w'lh a taper at each end to 

accommodate the roller bearing instatialion. Lubrication grooves m oilway, in the mil!ma l trunnion 

bearmg lurface "ere fd led .... ·itn " 'dd metal prior 10 mac hining the trunnion ends. New sheaves "ere 

fabricated and i,,,lailed on th~ shortened trunnions. In 1997. Ihe nonh ,he3\'e trunn ion assemblies of the 

east bridge "ere replaced alier que;;tionable indications in [he nonheasl trunnion "ere detected using 

nonde,tru~ti\'e ~\'~Iuat i o" method,. 

Ultrawnic i"'I'"Cl ion perfonned by the Of~gon Depanmenl ofTransponation (OooT) in 1987 ~nd 

1993 identifLed flaws apptO~imate \v \-l in. from thc caS! end of!ne nonheasl trunnion near the second 

we ld-filled oil w~y . Addit ional fotiow-up insl"'~tions by ODOT found the same i~diC<!tions. "iti> no 
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apparent change, Acoustic emission (AE) tem "ere conducted in I '19~ on all four tnmnions ofth~ east 

bridg~ by the BIR.L Industria l Res.aroh Laboratory ofl'o~hw"'tem Uni,""i!) AE testS "ere repeated 

in 1996 for the trunnion that e~hibited que~tionable mdication; AE signals received from the trunnion 

"ere reponed to hi: in dose correlation with, and \\ere generated from, th~ same general "icini!) from 

which the ultr"sonic indications wue report.d. 

In July 1997. Wi~s. Janney. Elstner AsSOC,ate5, Inc . (WJE) "as asked by ODOT to develop a test 

procedure and conduct a more "gorou, UT in,pection oithe suspect region of th. ea,t .haft a, sho"-n in 

F· I" Ig. _~ Special calibration standards and transducers were prepared to evaluate the trunnion. After 

careful exammation. no crad..·J ike discontinuities" ere detected within the ,uspect area of the trunnion, 

Ho",;ever, the UT examination procedure found indications believed to be small nonmetallic inclusions in 

the forged ~teel trunn ion, 

The nonh two shea.'e/rrunnion assemblies on the north to ..... r ofth. east bridge were subsequentl~ 

remo'·ed from service in Sept.mber 1 997 Th~ northeas: shea\'eitrunn ion .... as r.tained for funher te'ting 

and assessment. 

1.1 - Proje<1 O'-en-'iew 

In September 1997. the northeast ,heaveltrunnion a,~mbly of the 1·5 Col~mbja Ri,~r Bridge in 

Ponland. Oregon " ·as remo,.d and replaced The shea,Mrunnion as~embly that "as removed .... as 

closely e~amined and evaluated to facilitate de,·elopment of an accurate fttne5~ for purpose and fattg~e 

life estimate for Iwo remaming in-,erdce shea.'ei trunnion assemblie;; at the south end of the ea,t bridge 

Th. project" as divided into three phases. a5 described below. 

1.1. 1 - Phase 1 • Re,·iew of pre" iou .... ork - A re,iew of p.-e,·ious stress analysis wor~ on the 

shea .. eltrunnton as~mblies was p.rformed. The pre,·ious StreSS analysis "ork included computer 

modeling and instrumentation performed by DGES Inc,' and OooT', 

1.1.2 - Ph~.e 2 • o.,,·dop and cx£cule disa.sen,bly and testing plan - The northeast 

~hea'·eltrunnion 3-1sembly "·as shipped from storage al an ODOT facility In Ponland. Oregon to 

Northbrook. mino;s for dismamlemem, The shea'·e to trunnion keys were fill.t "elded to the trunnion 

during installation, The"" "elds exh ibited cracking and" ere careful ly e.~amined prior to disassembly. 

, 
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The o./)u'e Wa.! undbla5:ed to remo'e !he lead-ba~d paint. All remo-cd painl "'~s d;spo$ed 

ac~ording tel applicable regulali(ms The paim remo,'al pemllned a complete and thorough 

nondeslructj,e e"Bluat;on (J'DE) oflhe sltu\'e to identii': po~~;ble fabrIcation defects. or ,NIcks. The 

NDE "ork included ,jsual inipe<:tion. magnetic ~Icle. dye penetrant and ultrasonic te>ting. Idenufied 

defects" ere remo\ed for funher (""monatlon. in addition to IJImples being obtained for materiallcsnng 

All shea,e IJImples "ere >cntlo Or, John W Fisht'r. O,=lOr of the Englneenng Research Center for 

Ad,anced Te~hnolog)" for Large St.ucturnl S)stems (A TLSS) at Lehigh Un"ersi!). 

The lrunnion "'U shipped \Cl ATLSS "here all nondestrllCt,,'e e"llultion, material tesllng. 

fr;aClag"'phic. Ind mctallographic "ork "as performed. fraeture loughnu~ tensile prOpenies, 

miCrmttuCIUrc and ... -rldabili!) "er-e de<ermlned for the CUt steel WJ\ e )00 the forged stttl tronnion 

1.1.3 - Ph:a~ 3 _ Dr,-dop a fi'n~ for purpoR e, ... lu",ion of Ihe uiSling " ... rmblies - SaKI:! on 

the anal)"1J and tesling infannauon, a fatigue life c.timale for the 1"0 remaining in·Kr,i,e 

.heaH,'lrunntOn assemblies "as calculated The crack gro\\lh threshold and crack gro"1h "'Ie (dald:-';) 

of the trunnion and shu, e mat~,iaj. "er¢ .Iso qlllnlified 

l:sing the mfonTlluon gained from t~ :\OE and material testing. an eutualion progr3m "IS 

de' eloped and Implemenled for the r-emalOtngt" 0 in-s.:,." ioe shea'<:.<lrunnion Iss.:mblies_ 

I.2 -Shu\t\Trunn ion DescripTion 

The l~ fl·2 in diame:er cast steel shu,'e ~OnSi 5tS of eight sttffencd Spo~e5 s~ann ing be[V.ccn Ihc 

3 fi wide rtm and lite eenler tapered hub. Si~l«n "Ire rope cables 'Onn«llng the tOunle"'etght 10 the 

lift span ponlon of IIle bridge ~ o,er the shase figure 1.3 $ho"$ ponions of the counte",e,ght 

shea\e dra"ings from Ihe 1%0 retrofit. Mattrial spe~ificalions for the 1960 replacemenl shea,. 

fabricated b) American Bridge called for ASTM A-27·56T Grade 65.:;5 fully anncal-rd. 

The modified trunnion consists of forged steel measuring S ft·6 v. in, long thaI includes 5e\tral 

shoulders Or stcps In the outsIde diameter and. S ';, in. diameter tenter bore penemlling the shaft A 

dlll",ng of Ihe shaft is sho"n in F'g.).J ~ trunnions are ortented on the brtdge In the east. "e,1 

direction Thl'« ~.yw.}'s are l~aled in the trunn,on as sho"'n in Fig. IA The east kC)",'.)s "ere 

identified as 1A. 2A. and 3A "hile lhe ,,'cSI key,,'ays were labeled lB. 2B. and JB. 

l 
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Examined nonheast 
countel, .. ,eight =c.., 
sheaveltrunnion 
assembly 

Fig. 1.1 - Nonh tower of J 917 lift 'pan structure shm,-ing coumerweight .h~ayehrunnion assemblies 

Fig 1.2 - 1997 ur examination of northeast trunnion (east face) 

, 
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,ow,. -- e'" .1 

Fig. 1.3 - She.a,e details from 1960 retrofit drawings 
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Fig. 1.4 - Trunnion dime",ions ait., th~ 1960 modifications 
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2.0 - OISASS[)IBL \' 

Remo,.1 of the trunnion from the Ihea,e "as n"':.$sar), 10 full) e'alu;lIe pouible defects In Ihe 

trunnio n Secause of our in-hou~e laboralor} fatll it les. the tompiele counlemeight sheave/lrunnion 

assembl~ "85 lransponed b) special ~rmil lruck from an ODOr slOBge fatilt!) in Pon land. Oregon 10 

WJE's l"onhbrook. Illinois .... boral~ for disassembl) f igure 2. I sho"l the sh ..... "e/trunnion aSKmbl~ 

as il "IS $ltip~d from ~gon. 

2.1 - P .... paralion 

Gre.", "as cleaned from Ihe assembly u~n ils 8rri,·.1 in Nonhbrook. A eontainme nt endosure 

"'-. 5 erected around the assembl) 10 capture lead-base<! painl during sandblasling O~T'lIlions Th. SMa'. 

, • .-," 5lIbsequmtl) sandblasted 10 "hile metal ti sho""lI m Fig. 2.2. The uunnien and shea'. ~e) Ii'iet 

"elds " eft' prole<;ted during the 'WIdblasllng Th. sandblasl "'ut. "as dispostd in 3 licerucd special 

wlste landfilL 

Sefo,e altempting 10 remo,e Ihe tru nn ion from Ih. shea,e. Ihe si.~ shn,. key" ay Rlliner "elds 

(lllI'rt on each end) "'ere do.sel~ e~8mined Be\:ause of Ihe stainless sleel "eld mellli used. d)e peneU1lnl 

was emplo)ed 10 highlighl thO' fillet "eld eratl;.s. \\-C'ld erach "e .... O~l"ed along the "eld lIe Or 

through th"lhrwl of all si'- fillel ".lds_ Figure 23 sho",. crack~d ~e> l1:l.1tner " t id 81 cut k.Y".~ 

lB. 

2.2 - Trunnion Remo>'al 

Ounng lift spon m~lutnical rehabihunion projeelS. trunnions are oc.:aslonall~ remo,ed from the 

shea>c ~ h~draulic jacking or a jackIng press. Ho"e,O'r. if high jackin& fcrees in nCC55 of600 kIps do 

not result In displacemenl trunnions are I}'pl"I1~' removed by o:k5UUcllH methods Be\:3l1S(' the trunnion 

in this proj~ 1 "as 10 be remo,·ed intact. a remo, al plan " as implemenled " hich im-olved pushin& the 

ta~red trunnion !Tom Ihe shea'e "hrtl " ;Ihoul dalltagmg il After $C"eral unsuccessful 8nempIS 10 push 

the trunnion from the shea'c IBingjac" tng forees up 10 600 kips. I hIgh capac:i~ jacking s)stem "&I 

de$isned. !.bti"ted and subsequentl) used 10 mo,",' the trunnion. The jllC~,"g system is sho""lI in F,&. ~ ~ 

Jading forces in n cess of 1.000 kJ~ " ere I pphed 10 finally Iniltate mo'-cmc-nt 

6 
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As me trunnion "as pulhcd from the she .. c. the lar<!e trunnIon shoulder b«ame "edgc<:i "ithin 

me shel'e "heel. Slots "e~ cut In me Jbc-a" "heel at tl>.e omt .... hub and rim so mat j_d.s could be 

instned Into the rim slots to pi) Open me hub. Using st'eraljlcking operations.. the umbmaged trunnion 

" as pushed all the WI) throush the shu'e "h«1 and ~mo,ed_ 

, 
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8 

Fig. 2 I - CQUn!et"'cig/ll shea\eiuunnion 
asst'mbl) in l'otthbrook..lIIino~ 



----------------------
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Fig. 2.3 - Cracked key relainer ..... eld at keyway IB 

Fig. 2.4 - Jacking system used to remove trunnion mtact 

9 
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3.0 - :-W .... D[STRl'CTIV[ [V ALUA TIO .... ..... "D SA~IPUi'iG PROGRA,\l 

A sampling program \<a, imp l ~m ~ nted in order to cla,~i fy lhe shea,·eitrunni on maler ial 

properties and to beller characleme. through fraclOgraphic and melallographic melhods. the origin of 

any po"ibl~ defects and e,idenee of extension by faligue. Initially, both the sheave and !Tunnion "ere 

closcl)- examined using nondeslruc\tye e'·alualion test methods to locate questionable indicat ions. These 

indications were subsequently remo,.d and later subjected to fractographic examination. metallographic 

eros, ,ecttoning. and maleria l !eSling 

3.1 - Shun Eumination and S3mpl~ Rtm,wa1 

The sheave .... h~ 1 "as cardull' in,pected follo";ng sandblasting using visual and MT procedures 

10 fi nd cracks and casting dcfe<:lS. Mr Roben Ges",!. a WJE ASNT Level III MT !eI:hnician. perfonned 

lhe "or~. Vinu~l ly all surfaces ofth. ,heave "'''' inspe,ted. c~clud ing only the outside rim and th. 

mac hined hub surfaces. The visual and MT inspt"ct ion, "ere correlated with the stress infonnation 

obl.Jined from the DGES. In, anal~1ical and OooT t,dd testmg ,rudies. None of the indications that 

were detocled "itn magnetic panicle cx~mlnat io n oppeared to be related to loading Or operation of th. 

shoa'·e but rather "e,( rela!ed to the c~sl i ng proco>, 

Th. sh~aw was inspected using both direct and Indirecl method. of magn.ti;:alion. An 

ahema tmg current !o~e ,\as u;;ed "here access "ould pennil or "here necessa,1' to achL.,·e Ihe 

appropriate magnetic f,eld. Allemaling current prods "ith a magnet izi ng current maintained at 75 to 100 

am ps per inch " ere ullllZed Ln portions of the sh~av~ "here lhe shea'·e geometry impeMd application of 

the appropriate mag"Nic field "hen using the yoke. Application of the prod! is shown in Fig. 3.[. 

Magnetic particle test a"'JS "ere overlapped to a>sur~ sufficient Inspection co'·erage and 10 mitigate 

po5sible masking of disconlinu ities due to ovC r-salUraUon of th~ magnetic fLcld. 

Considerable "eld i n~ durmg fabrication "as obS(" ed on lne sheaye to corr.<:t <:asting defecls and 

allach ,tltTeneTS. Many shrinkage cracks and non metal l ic indU!;ions relaled to the "~Id r. pairs and casting, 

respecti vel~ "ere ob",,,ed \10S1 in dicat ions could easily be r.moved by grinding. Minor sh'inkage 

crac ks were freque nt ly ob,erved in small radIUSes and at ~ction thic~ness changes of the sheave 

Typical ly. mdications thaI occurr~d in ass.ocialion with casting indusion, "·ere randomly located and 

'" 
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aneruM. T .... o of me d«per cra~kJ Ioca:ed in hiP. streSs regions w= mna\M b~ canng for fraclographic 

eumilllliion. Figure J.l sho ... s 0fIt af these e=kJ ShO'HI highlighted b~ IIIlIgnctlZtd panic!cs in the 

shea\c spoke In addition. f\>0 iaJl:e st«1 samples ... ere Cui from the shea,e "heel for mat~LaI and 

.hernitalle,tin&. Figure j.J identifies lhe shea'·. sample locations. 

J.2 _ Trunnion ExaminaTion and Sgmple RenIQ\'~1 

Alier removal oftne tnmnian from the sheave. Mr. Robert Gesstl .anducted Ihe NDE lesting on 

lhe trunnion It lehigh Uni\'erSlt~, Mr Gessel rnarl.ed and dis.cuss.cd the e.uci to.::ations of concern ... ith 

Dr, Eric Kaufmann and Dr. John F,$hcr A euning plan for the frnctograph~ al\Cl meUlllographic e'aiwl1ion 

... on.. WliS 00 eloped and e.~":U1ed 

Prior 10 UT insp«lion. Ihe trunnion ... as pll:pand for teSllng by smOOlhinlthe end and cenle, 

~ surfaces. The end surfaces "ere smoothed wilh • cou~ grit emery clOth ... hile a beaded hone ... as 

used to smoolh the center boll: surface. The removed trunnion prepall:d for UT and MT exammalion is 

sho ... n in Fig. 3 A. Proceduru for ultrasonic examinal ion utilized all I,·ailable surfaces of Ihc trunnion 

including ou:;ide surf"es pI"<'" iousl~' inacce55iblc. 

A po,nt of I"<"feflmce was cSllLbhshed usmg. permanent future of the lhlfi. The m=dcd oil"'11~ 

pot"! ,isible II the md of !be shaft "-at defined as 0" azirnuth. ... ilh clod.", ISle Il:f=nu as ,ic ... td from 1M 

USI end atw shaft in the apcl1lllng tonfiSUl1llion, Figure l.of from Chapler! illu5tralCS Ihis referern:e 

pIlSllIon. indicalions de:..:tN lind =ardcd well: Il:ferenced b~ uirn~th. radial distance from the bore 

surface. and distance from Ihe shaft end (~asI) 

Transducers used far the inspctlion .... 'ere appropriately conloured and angled far eath surface 

being inspected A.~ial scans "ilh langl1udinal ....-a'e. at zero degrees (smllahl beam) and 12 deg;-ecs 

"ere introdu«d from e3ch end surface Scans from the cen:er bore ulilizfli I zero degrff IMgltlldinal 

WaH and • ~5 degtel' shear "a,e ha'ing uial arientation A shear "'1I,e Intnsd,",,"er .... ith an intidem 

lingle of .l5 degrees "as us.cd to scan from Ihe OIllSide radius of the trunmon, Calibralion af the 

ultruonic naw deleClor and Ihe 'ariOltS lnlnsciucer usemblies wn perfarmed usini se'eralicsi standar-ds 

including a Type 211W talibrallon block. a lrunnian calibration standard fabriulcd from mild Slcel "';Ih 

II 
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kno wn defect>. and mild steelte>t blocks for correction and ,"crificat ion of cootou",d rransduce r distance 

calibrntions. 

Areas of the trunnion "here ultr1lsoni, indications "ere pr.\"iousl~ identified "ere caTl:fu ll ~ 

scrutinized using ... , ial scans to loca!e "pparent discontinuit ies. Other transducer angles. center 00",. Or 

outside ",diu. scanS "ere men used for defect 'erificl!ion and characterization. Using the w<lightOeam 

rad ial scan from inside the trunnion center bore. the "eld-filled oilway grooyes "ere detected indicating 

that the fusion offd le r "'eld metal "'ith the trunnion base m.,.1 "as of ''''y poor quality , 

Inspection of the exterior surfaces at the trunnion ends detected crack!; that apparenll> origina,ed 

in the oil",,} grooye "eld r,lIer metal. The cracks "ere not detected ,,-ith axial or center bore ultrasonic 

scans, hO""'er some could Oe de,ecud usi ng shallo" su rfat e scan, ";th a shur waye probe. Mo<\ of 

the ... cracks required magnetic panicle examInation for detection as ,hown in Figs, 3.5a and 3.5b 

Indicatiom often appeared to folio" " -eld metal fusion lines. "ere frequentl~ oriented mm" erse 10 the 

a.~ is of the trunnion. and sometimes extended inlo adjacent base metal. The cracks detected at "eld 

meal filled oil"a)s ""ere not3.55OCiated .... ith pre>iousl) d.tected ultrasonic indications identified during 

p",>ious UT "or~_ Ho"e,.r. the .. ,;allocation 4p~ars to be 3ppro~ imate l ; one inch from Ihe l3 in 

axial locat ion ,ndicate<! in man)' of the Icousti c = ... ion le'ts_ The inabili!) 10 detect the oilwa; cracks 

"uh scans from the trunnion centu bore or end surfates ma; be primar;l) attributed to the poor fusion of 

the wdd filler metal. "hich establishes an a(oustlc interface that Impede. or reflects the propagation of 

the interrogating WaH. 

T"o !)'pes of ddt ct indkallons "ere identified In the trunnion as a result of the in-depth >.,;DE 

"or~ , The first defect type "as either a surface crack·like discontinuity or sub-surface discontin",!) at a 

welded oil>'-ay. The second defect " -as an intemal di;;.conlinuity in the > i,init:> of the inner bor<:_ Bo,h 

!)"pe'i of defects "ere ... Ietted for addnional examination. A summary of the deFect indications .s pro'ided 

in Table 3. L Ultrasonic dtla sheets locat ing these defects 3'" found In Appendix A. 

All of the surface Or sub-surface discontinuities detected both by \IT and UT method, "ere 

located near kep'''ys " h..". modifications to fill oil" .. ys with "eld metal had been perfonned during the 

1960 "'Irofit ,,·ork. Surface defects were identif,ed by MT at ke>"" .. ys IA. 3A. and 16. Sub-surface crack. 

" 



Wiss, J anney, Elstner Assoc iates, Inc. 

lik~ indicaTions "'~r~ deteCled b> UT a! k~ywa" 3A and 2A along Ih~ I~ngth of the weld. The crac k-l ike 

indicallon, "ere contain..:l "ithin th~ "eld melal malerial in all cases e~cepl ke>~\a> I B "he«: il ap~a,ed 

Ihal the mdicallon e~lended boo" ond the "dd Nsion line mto the InJnnion shaft base metal. 

Se'cn imemal defecls "ere delecled wilhin Ine IrUnnion by UT a.,ial andior cenl.r bore scanning 

metOOds. These defe<:t, "ere grouped at the e",1 end "f the trunnion close to Ihe center bore "'gge'ting 

the) "ere similar in origin, 

As nCled earlier. the fillet "eld. at .11 ,i~ key"'",' retainer ,,"eld, were cracked. These weld, 

were ,mail and of poor qualit) possibly de"eloping after welding due to improper preheat and weld 

shrinkage. A nonmagnetized stainless filler metal of unknown grnde "'3' u",d for Ihese retainer" dd, 

Nondnnucl". tests uSing a' i,ible dye liqu id penetrant "ere performed to enhance the inspection and 10 

locate cracks Iha! rna) not be ,isua1l) ob,=ed. ""'-OE of the w'eld. found no indiulion, of cracking 

from lhe "eld root or weld 1(Ie into the trunnion base metal. .:.. keyway rttaintl weld crack was sele.:ted 

for additional fractographic evaluation to ,'.rify the NDE resull' 

D3tJ collected from examination of the remo\Cd lrunnion \\'a< u,ed in the selection and tcmo'al 

of.peclmens for fractographic and mctallographic anal:.is. Figure 3.6 sho"s the layoul for S.l,,-cu11lng 

10 remo". defects from the lrunnion. A section of the trunnion end that appeared to be free oi ,ignif,cam 

discontinuities \\as marked for remo_al as an ultr3.5onic ,randard for u,. in future in,peelion. of .he 

south 10"tr trunnions. 
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Fig. 3. 1 - Magneti" panicle lesling ofshu\'e spokes using prods 

, , 
, 

, 

f ig. J.2 - Apparem shrinkage crack detected in sheave by MT 
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Fig. 3.4 - Trunnion after rerno ,'al from silea'c and prepared for ND£ 
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a) Defect! A. Note random orientation of defect. 

b) Defect lB. Note dissimilar metals defining the weld fLiled oilway 

Fig. 3.5 - Derect. at key",ays detected by MT exami nation 

18 
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Fig_ 3_6 - Trunnion prepared for sampl~ ",mo"a] 
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~.I} - D[rECT [VALLA TIO:" AXI) ;llATERlAL TESTI:"G 

k!«:l..:t ddttls ilk-nt,ficd dunng thf "DE ",on. and remo"cd under the $Imphng program "eeC 

wbjtcted to additional te~ting II A TLSS This Iming indudfd both fra~tographic eHlua,ioo and 

melaliographic cross Stttioning. \iiterial tes,ing of the <ample~ included themical analyses to 

characterize 'he composition and asscss wcldabili!). lensi lc testS to detenn,ne } ie ld and tensile strengths. 

Charp~·V not,h and ,ampaet tension tests to qunntif:.,; materia! toughness, and fatigue crack gro",h rate 

tests to aid in fatigue life emmites. A report prepared by Dr Kaufmann and Dr Fisher detailing th. 

def«:t ... Iulllon and material tutmg is m,luded in Appendl.~ B'. 

·U - Trunnioa Ik-ftct ["alu"lion 

k .. n defetts were selecttd for additional frac:ographic or melallographH: .valualioo ba><:d 

upon the l\DE ","ork. 

~.1.1 - Oil"'3~' w~ld defect, _ Surface defeCtl ali!!l'ed wnh l.e:"'I)' IA and lB using MT 

methods ".re ,ubjected to fractosraphic "amination. Th.", defects "er. identified 85 lA and 18 

~fect I A measured l'. m. "ide and had a ma.~lmum depth of'l, in. Similarly, defe>:t IS was I" in "ide 

"ilh I muimum depth of )1. in. The dar!. d'$.:olo<luion exhibile1:l on the crac~ sunue is lil.ely due '" 

'.\p05ur. to lubncanlS and air. Our~' Id",,:e of ia!igue crack e~:.nsion is s.en on both crack suriaces 

lfit. u!lnlSOnl<: cleaninS as sho,,·n In Figs. ~ I and.l 1 

Vi' .... ing lhe crack .uriace of IB ""h th. scanning electron mICroscope (SEM) "'ealed a 

smooth, semi-elliplical crack grO"1h region and an initial defect IS s.ho .... n in Fig . .l.J. Increased 

majplifLcltion of tnc sem i-ellipllcal regio n 'erified the presence of fatigue strialions .... hi l. funher 

may"f1c;ation of the iml ial defect suggested its origin to be "eld metal h)dr-ogen cracking Less 

conciu,,,e fatigue enid.. c\tension was obser\ed in IA where sco,cral "eld mellli slag inclusions ,,= 
Id.nuficd. When """d under higher mlgJllficalion. semi-elhpuul reSions Ippeared faugu.-h .... 

• Ithough no f.ll!.iguc Rrialions could be Sotfn 

The def'''1 al keywa~ 3A '-.as selected for mel~nographic eross-sccuonmg to chantCl.rizc the 

subsuria.:e defccts idenli fie1:l by UT Tne sample "as cross·sectioned longitudinally along the .... eld 

'" 
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centerline Numerous "tid defects were found along tne multi-pas~ "cld. "hich included incompkte 

fusion derens and .lag inclu,ions a. ,hown in Fig , "U 

~.l _! - Internal trun nion ddNu - Four of the imernal defects. UTI. UTI.~. UT:!z. and UT~. 

identified during UT en mination "'ere in"e$tigated. All four indications "er<: imernal near the center 

bore of the trunnion. A sa" cut "as made in mo orthogonal direction, .t each of the positions 

determined by UT, With the nception of UTI. no d:fects were obse"ed. The defect at UTI "as 

determined to "" a shrinkage ca"ily meas uri ng 'h: in. in diameter which occurred during original 

produ,tion oflhe trunnion. The defe,t at UTI is shown in Fig. ~,5. No ,,:,,1; extension ,,-u obse"ed 

mi,ros.copically. Due 10 Ihe small size of UTI. the other defects could ha,. been removed or mis,ed 

dUring cumng. 

-1.1.3 - K~~"""ay ret3in~r ml~t ... ~Id er>lda _ The retainer ... eld from key"ay I B "'as namined 

metallographieally, The sample wa§ cross-sectioned as sho"'n in Fig. ~. 6 "here the weld era,1; is 

visible No <:rack extension 1010 the trunnIon base meta l "'a, found. The "eld meta l was identified as 

austenitic stainless steel. 

~.2 - Sltea, ~ J)~f~ct E, alual ion 

The mo cores ",mO'ed from the shea,c "ere ,ross-Kctioned and e~amin(d meta[lographi,al\~ 

Sample" I sho"ed multiple surf.ce crach betv.een 'I" In_ to /, in_ deep surrounding a large intemal 

shr10kage ca\tty mUlunng I in , long. The shrinkage cracks "ere mOSt likel~ a result of hot tearing 

during cooling and ,hrin~ge of the shea"e casting in the "icinlly of the "oid as Se<:n in Fig, 4.7 . '\0 

fat'gue crack e~tens;on of the crack t,p regions "-as ob..,,,'ed under microscopic examination. The 

crach found in Sample ~ I should ha'e e~porienced fatigue erad propagation due to the expo, ted 10" 

threshold StreSS range for cracks of thue deplhs. This ,trongly suggest, Inat the slress ranges at this 

location in the ,hea"e "ere [0" 

The crack surfaces 10 Sample ~2 "'ere removed b> grinding during Ihe ).,!T work before the 

sample wu "'moved: therefore, no comment could be made as to the origin Dr gro"lh oflhe crack, A 

sub-surface cavit> similar to the one found in Sample'; I """ identified. This is thc mOSl li kely source of 

the MT indications, 

" 
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~ .J _ Shu, d rrunn;on AJMmbl~ ~btrtial Pro~ni" 

The matcrial e,'. llIation induded a chemIcal composition and "eldabi!it~ stud}. micros.ruc.~re 

c~amination. tensile property tests. Charp~' V·notch teS15. compact .ension tes.s. and fa.igue gro"1h ratc 

tests. 

T"o .runnion and shea,c locations "ere Klrc:ted for material c, .. llIation. for 1M trunnion, one 

sample "as sclrc:ted from !he outsJde $UrfiCC "hile another wu scl..:ted ne3r 1M Center bort to ao::ounl 

for the gradient in pro~l1ies e.xpe<:ted in a large forging. For the shea_e. Sample;oj "as remo\'ed from I 

spoke area "hile Sample #.\ waS taken from the rim/spoke mterKction, The t\\o shea>'e samples "ere 

nlrncled from material that had measured .hid.nc.s of I ", in. and 1 'h in" respeeti"ly. 

~ .J.I _ Cbtmiul rompo'!lilinn and .... 'Idabilil~ _ Chemical composition anal~~5 for tM 

trunnion and shea'e samples ""ere ~rformed by a commt..:ial 1000lng ~bonl1Of) b} standud optical 

emi"ion spectroscopy. The o.-crall compoSlliOl1 of lhe lrunnion is , imi lar .o a modem day 1040 carbon 

51",,1 used in forgings. 

The "elclability of the trunnion "ould not be considered -elY lood The relati,-ely high carbon 

content (0.39 ""/0 1. outsIde sample) and clrbon equI\.lmt (0 U al outsIde sample) "ould make "elds 

susceplible 10 h}drogen cracking In Iddnion. a 10 ... manunesc to sulfur ra:io (MniS -IS) 111 

combinallon "Ilh lh~ high carbon I,,'c ls ha.e been sho"" 10 cause incru!ed susceplibiht) 10 heal 

affected :tOne (HAl) hot na,~ing. To avoid HAl cracking. caref~t comrol of hydrogen and high 

preheat temperatures for", elding ,,"culd be reqUired The crackIng ObK .... ed .. the "eld-filled oit"l) S is 

cOMislenl "ilh 1M hoi cnlcking OMe .... ed fraclographiclll~ 

The shel\c chemical composilion "'IS found 10 correspond 10. modem da~ 1030 carbon 51t~ 1 

compos Ilion used in caslIngs, Proper", elding of the casting should nOI be difficul! 

-'.J.! - Tensile proJltnie5 - Slandard lensile s~cimen$ "ere fa bricated from the four maleri.1 

samples. The lrunnion s~imens "e.., onenled paraJlelto the lrunnion .. ,,is, The leMile mformallon is 

provided in Tlble 4, t. Tensilc elongalion "cceded an .,crage of ZO pernnl for lit 5~cime!U e~ccpt 

mea>'c Sample ~3 "hlch contained a small cI"mg defect 
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Specimen 

I T ",nnion 

Table 4.1 - TESSILE PROPERTIES 

..\.yg. Y,eld Poinl 
(k!lil 

36 
37 

A ... g. Tensile Strength I 
(k!lil 
,; 
n 

~.3.3 - Fracture toughne .. and fatigue crack growth ratc - At the ,arne four "'mple 

locallons. standard Charp: V·notch (CVN) te,l 'p"cimen, "ere fabrica~ed and le,ted Eighteen 

'pecimens "ere fabricated a[ each l(X ation to permit the lests 10 be performed Oyer a range of le'>l 

tem perature,. "hien included the tra~si!ion temperature range. Room lomperaru", CVN energy for both 

the lrunnion and ,hoa,"e samples anraged about 7 fr·lbs "ith an upper shelf avernge energ) ,·alue of 57 

ft-Ibs and ~2 ft.lbs al275 degr.es F for the trunnion and shea' •. respeclIHly. 

The !lIuie fracture toughnes. of the trunnion material al a minimum service lempernrure of _I 0 

degrees F is represented by a dynamic loughne" at 150 Mgre.s F. Using the Barsom·Rolfe CVN-K:::> 

temperature shift correlation. th. a"rage static fracture toughn~s.s of the trunnion at the minimum 

'."Lce temperature \\ould be K,,~6~ k;;i·in·'. Similarly. an ",·erage KLC- 55 hi -In·' wa, calculated for 

To obtain a more direct mea, ure of th. itatic f,acture to~ghnt.>S. standard compact tension teSIS 

"ere fabri~ated and tested for one trunnion and shea,. sample Four test s~imen' from each of the 

two ,ampl., "er~ fabr ica'ed "ilo on. duplica te pair t>elng :~'ted at the minimum se" ice temperature of 

-10 degree. F and lh( other pair a! room !emperat~r •. Specimens PI through P4 wert ma,hined from 

trunnion m.terLal ,,·h,r. 5pecimen, Slthroogh Sol were machined from shea'·e mat.ria l. 

The behavior of the shea,e and trunnIon sample, "'a. ,of)' simi lar de,pite ont being forged and 

the other ca,t. All of th~ specimens failed brinlel} "itn only a small amount of orack tip pla'ticity whe~ 

tested a: the minimum st,,·ioe temperature. Simdar fadures, wilh ,lightly more pla;;;icity. "ere obse" ~d 

at tests performed at room l~mpeTature. Figure ol.S compare, the crack tip plaslicil)' ""gions for t"O 

trunnion samples ~t -I 0 degree~ F and 68 degre .. F. respectivel}. 

The J[C fractu", toughnes. "as computed as J - J, ... ~ - J ....... and sub,equently come.:ed to an 

approxLmate K,. At the minim um se,,·ice temperature. K<~58 ksi·in" and K.,- SO hi-in·" fo. the trunnion 
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and shea'~, respecri,-dy. Thc,e results ind icate good agreement with the K[c "alues calculated from the 

C""" It~l dat3_ Ref.rence Dr_ Kaufmann's and Dr_ Fish.,'~ rcpo" in Appendix B for 3 more complete 

discu"ion of the compact lemion :eS:S 

Standard fatigue eraek gro\\lh rate leSIS were: also performed on \>oth mater ial, using automated 

PC contro lled leSllng software Using dupl icate specimens for each sample, Ihe crack gro\\1h rat! 

beha"ior (daidN '-5. I'IK) was established. To genemte gro\\lh rate lest data similar to full r.,elSal 

conditions. spec imens we,.., tested at a low st,.."s ratio (R=O.ll_ Us ing th. da.dN " •. i'iK plo!s and 

regress io n anal~sis indicated a J.K~:= IO - 11 hi-in ". However. t>ecause craok closer elfec!s innuenced 

data at thc lo"er gro",h rates. the actual thresho lds are likel~ lo"el. Reference Section m.5. Page 9 in 

Appendix B for a more comple,. di!~us>ion and test dat3 
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1A 

Fig. 4.1 - Initia.l defects at hyway IA with faligue crack exteRsion after 
ullraSOllic dean;III[. (A l1.SS I 

• 

Weld DofOld 

• • 
" '." • . _ ... _. t' 

.~ . . - --:--/ " '. '. -. 
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• 

Fig. 4.2 - Initial defect III keyway IB with fatigue crack e"~nsion after 
uluasonic cleaning. (ATtSS) 
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Fig. 4.3 _ So,mi.",lIiplical o;rack II"O"'lh region ~I>c)wn \lnder SEM 
Mal·7.4x.(ATLSS) 

!r,oomplete Fusion 

Fil. 4.4 - Nllmerous ",-dd defectS .. ke)' .. '3y 3A wr melJlllovaptllc 
cross·sectioninl. (A TLSS) 

" 
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UT#I 
(Pc.3A) 

Fi, 4.5 -Intemal sllnnkqc: ~avity .... nhln trunnion. (ATI.SS) 

Key 

Pin 

Pc. III 
Fi,,, 6 - Crw;Led rn.11IeT ~Id ill Key",ay IS. (ATLSS) 
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~ , 
I 

Fig. 4.7 -Internal shnnka~ camy in snea,·c Sample il l. Note shrinluge clllck~ 
initiating from defecl. No indications of fatigue c"",k extension were 
obser.ed. (ATlSS) 

I ) Sample P2 lested:u ·10 depcs F b) Sample Pl!eMed III 68 degrees F 

Fig. 4.8 - Com~t unsion JPCC"nens from lrunnlon compmna: f""'lure !iUrfaces 

28 
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5.0 - L"T PROCEO{iRE5 A.' 0 TE5T1;'\G OF SOL"TH TO\ \ ER TRL '\"'\"10 :\"5 

Ins;>ctlion of the mo remaming. in·Kf\i~e trunnians Iocat~ in the 50IIth to"er of the 1·5 

Columbia Ri\er Bridge "'as performed m Jul~ 1999. L"ltraWllic tcchniques and pnxed~s \Hr. 

specifiealJ~ d .... loped for the inspe~tion A trunnion ulibration standard fabriuted "ith material CUt from 

the pre\"iousl~ remo\'ed northeast trunnion .ided the Interpretation and characterization of the ultra.mntc 

indications, SC\ ernl ultrasonic indicatIOns We~ detected near critical locations in both trunnions: ho\\ e\ er. 

no cmcu could be positi\el} identifted. 

5.\- Inspeclion Pro<:wura 

The wutb to .... er shea, etrunnion assemblit$ are i!lenticalto the "'mo'~ aSj.Offibliei from the "o.-.h 

to\\ er The ,oniigu1'3tion and d,mension, of the S(>Uth trunnIons. in"luIling ~e~"'" I~J. threaded bolu holes.. 

~nd oil" a~$ I~ as ,hown in Chapl« I, Fig, I.ol, A"ess for inspection "as ltmt:ed to the centcr bore and 

the end surface5 

Procedure, for li eld in spection of thc south trunnions \\ ere , im illr to the proc:lKlures performed on 

the ~moHd trunnion. A Krautkramer·Branwn ultmsonl~ fla\\ detector "as used for all inspections 

In'\lal inspections "ith longitudinal a,,,.I5'"lns from the end ,,,,i;":;C5 "er. used to detentllne length and to 

detect major discomlnultles, An additional s.an from the CTld surfacc5 WlIS tonducted u$ing I longitudInal 

tl"l.nsdueer "i!h an incident angl. of 11 degrCfi onentw IO,,-uds the oulSide radius of the trunnion. The 11 

deg"'" ",an is designed to detect eratu origtoaung att~ trunnion surface that .... ortented tl"l.n"e= to 

the asis and to offer an alte rnate orlenlation of tile sound beam for bener characlenution of detected 

indieallons 

Prior to mSpC<:tion. the accUlible lrunnlon surfaces "ere cluned and P"'plIrW for ultrasonic 

",annins as sM"'n In Fig. 5, L ODOT pc-rsonnel ~mo'ed eo .. " and beating rtU,ners from the trunnion 

ends and cleaned lubncant from the center bore and end surface. The CTld surfaces ..... '" smoothed using 

COUr$C grit emel) doth "hile a beaded hone "U used to pnepare Ihe center bore I-Urface for ",annln!! 

Some ",ale .... i!hln the bore had 10 be femo'cd b~ chippIng before St:anning. CalibratIon of the ultrasonic 

naw detector and tile \arious transdu,cr assemblic5 "'20 pc-rformed using s.,.ral !eststandards including a 

T~'pc 1 IIW calibration block. a trunnion oalibration standard fabr icated .... ith material from the nonh 

" 
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trunnion. and mild st~~l t~,t block, for correction and ,erificltion of conloured tranwuur distanc. 

calibrations The trunnion caiibrallon standard is illustrated in Fig. 5.2. 

Th. in'1'<"ction procedures established for Ih. SOUlh trunnions entitled L"ltrtmm;t: £yom;nOlion 

Procedure jor Solilh Tower Trunnionsjor Ih~ {.j Columbio Rn·tr Bridge are presemed in Append ix C All 

aspttts of the ultrasonic examination inc luding surface preparation. instrument and transducer ca libration. 

s.canning techniqun and procedure,. documentation of signal trace deflections .• valuation of inditations. as 

.... ell as instrum~m and per50nnel requirem.nts and qualification are contained .... ithin the proc.-dures. 

5.2 - Uh r. .. anic Scans ofTtunn ions 

Fi,·. different ultrasonic tnl scans "ere used in Ihe e~3mination of the trunnion,. Initial aXIal 

scan ..... ·.r. performed using a maighl beam tranwuce ..... ith Ihe InStrument calibrated al a range of 100 in. 

Overall trunnion length .... as establish.d bas.d on th. back reflection from the dlStam .nd afthe trunnion. 

A second siraight beam scan "as emplo~ed "ith the ;nmument caJibrat.-d at a sound path range of20 in. 

Th is pro' ided a broader signal Irace spread for ben., definilion of nea r end indications. A thitd ,traight 

beam scan from" ithin the Center bore pro\·id.d .,aluation of sound lransmission qua iiI}. distance to the 

outside radiu, and location of trunnion h\-"a\-s as "eil ., partial e"aluati on of the oii"'ay ..... ld.d ftller 

mel3l fusion quaii!) Kcy""'Y 1000al<on:o "ere identifi.-d for purposes of orientation. Three punch mark, 

"cre made at the trunnion end fac: \0 identify each key".,. location. The nominal ~5 degree scan from 

"'ithin the cenler bore in conjunction .... ith the nom inal 12 degree a~ial scan from the trunnion end "ere th. 

primary scans used to interrogate critical areas of the trunnions. 

SeHral conditions of '"terest "' ere identifIed dur",g the tIT exammation tMt may affecl Ihe 

inspe<:uon and e"aiual<on of trace Ind icaBons. Perhaps of greatest signifIcance is the poor fusion qua lit ... 

obsu"ed in association "ith "eld m.tal filled oil .... ·ay' This condilion may be the wurce of som. of the 

indications or It rna\- be masking other discontinuities from detect ion. In addition. the alignment of the 

eenle , bore was obsef'\ed to dnf'i off of center alignment along its )(ngth, .... hi,h resulted in some ,,,,riane. 

in sound path lengths during cen ter bor. scans. 

30 
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IndicatiOM of significance "e~ idnl!ificd onl~ in Ihe ,i,inily of the keY".a}5 and fonncr o;lwll~:S 

Se"enol diKOOlinuilic:s wcrc eharIClcrized Ii crICks originating in filler mnal orlhc Ollways Ind c;-ad-eed 

~u.iner "e!d~ al keys. A summa~ of significant incil.ations i$ p.-esentod In Table 5 . 

.5J _Oi""u,.ion of Ul trasonic Indications 

Ultrasonic :sign~1 Illlet defleclions requ i~ careful anal:s;, for chlrllCtenUllon and C.-aIU31ion 

Location and orienlat;on, signal Sl~ngth. Irace profile. :md data from alternate s;;anning angles "ere all 

components of Ihe evaluation Pfo.;ess A ,witt) o f condi:ions may affect Ihe colleCled dlla, such as 

coupllnl and surface coodition (panitulatl) "nhin Ihe cemer ~). measurement to Ihe enlf) pornlofthe 

t .... nsducC"r, and transducer and f13", deteCtor calibl'llllo", Geometric futures of Ihe lrunnion, embedded 

inclusions, and poor "'tid fusion qU/lltt) "'ilhin ",eld·filled oil""'~"$ .~ Ihe source of mos.l SpuriOU5 

mdlcations E'·en under the mOSI f;norable Klnning conditions. some small indicalions may !Iill be 

difficuillo characterize. 

Indit;aliom. detected from straight beam .,ill $t;ani "er~ typit~lIy t;haral:teri~ed as nonmetal lic 

mcluslons. Such dis.conlinull'~S hl\~ mil ~nt in the mmnion since ils original fO<1ing. Detected 

mclusions "ere r1Indoml~ diSlnbuted and ~1'liHI~ small (less Ihan I. tn_ di.~ttr). Embedd~d 

di5('onllnU!1lc, did 1\01 affcci me Inspecllon ""h re.pc::l to detection of trac:~s In crulCal lreas of L"-e 

lrunmon_ 

A ~duced sound palh dist.llnce ob~T\ed "hen using the 51l'3ight beam transducer "jlhin th~ c~~ter 

bore idenllfLed lat;k of fusion bet\\een the "tld·f,lled oil"ay. and the lrunnion base melal Or betvoeen the 

individual pa.ltS of the "dd filler metal with in the oil"a~. Although f~quently detccted in bolh 

trunnions. non·fusion was intennlllen! and randomly localed alemg Ihe fil led 0; I"ays. 

A~ial Kam using a 10 to 12 degree longitudinal angle beam tl'3ns.dUl:er "ilh Ihe beam orlemed 

10"ards m~ outsIde rad,US are e&pable of deleetin! most significant dlscOntmUIUCS. The slight beam angle 

ml)' prohibit detection of man~ of the embeddt'd diKonunuilie.. Also. the 10" incidenl angle "ilh resp.:" 

10 Ihe poorl~ fu,.,d oil""y ""elds ma~ result in ~ l"eilec:lion of Ihe beam ."'I} (rom Ihe cnli,al inspecti"n 

areas. Cnocks ho,,·e\'er. thaI ha'e propagated beyond me oil""ys into the trunnion baK metal "ill g~nC"'I" 

a diSl:emable renet;lion. 
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Th~ nominal .!5 dtgrtt lran§duttr ustd "ilhin tht bo~ is Ihto~!lo;aJl) o;apablt of dtlo<:ung t:ul~ 

nac;km!! Ind or si!!nifieanl d[J;onllnu'UtJ Inle'1'r=:ion of th~ san ~quireJ a pteCI~ und~rs!anding of 

Ih~ uIII and radial position of Ihc U'IIIJductr as "ell IS an aCCUl'llte oktenninillon of the !nlnsduccr 

meidcnlln!!le The 3cmal lran§duc"" angle used in Ihe 1999 inspeclion meuu~..I2 degn-e5 as ulibrated 

on the trunnion 5l.ndard, 

The inilial resuhs of Ihe UT "ork idenufied sc\ eral indicat ions of concem Follo",·up study of 

recorded data. rransducer position. beam charactemtics. and incident anglc suggest~ Ihat most of the!.e 

ind,cauons "e~ nOi "he~ they inl1ll11) "nt thought to hase oc~u".-ed. From Ihe sludy. II was delermind 

Ih.1 SO\Ind path distances bc)'ond Ihc -firsl Icg- "ere nOI reliable for chano;tCTisllC C' .Iualion. In add,tion. 

Ihc s,gnal trace Impliludes "crt' found 10 be sensili,., to tnlnsdutcr contact and 'oYplanl di!i1ribulioo 

Considering these findIngs, man} of Ihe indications most likel~ onglnaled m Ihe ley'"",,), fillet ".Ids or 

from Ih~ "eld fill meta t di!.Conllnuiti~s, 

Al l indicat ions idenuficd 05 possib le , ricks oc;,ulTed in Ihe ~Icin'ty of the oil" I) s. The maximum 

eSlimated depth for suspecled na,h ''is approximately '/; in .. Ille design depth of the oilwl) Tnerdore. 

no crac!;, extenSIon mlO lhe lrunnion ba~ metal "'3. detected. Crack e~len~ion IntO Ihe oYter .una"e of Ine 

lrunnion "as nO! identIfied due 10 Ihe $hl~ldlni: effeces of the poorly fused ""tld·filled Oil,,"ay $, 

{Aotcction of crack gro"th in '"tl~al areas ohhe trunnion is highl} prob.tble" Ith careful u~ of the 

WJE UT procedure In m<>51 cases cracks below the critical SIze should be detected "'ith usc Dr an "-,,,al 

angle beam ~an. Implementalion of Ihe nomina l 45 degree Oort' !.Can ,"irtu.lly assure ear ly' delcclion of 

discontinuit ies outside the weld fdled oil""I) S "hi Ie provldmg an alternate orientation for d.f.ct evaluation 

and characterization. 
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Fig. 5. I - Pre paration of so uth IO'"'tr trunnion for ultrasonic ~x.aminat;on 
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6.0 - fIELD TESTI:"G AJ"\""D AJ"\""AL YSIS Of SHEAVE WHEEL 

• .>, fidd [~sting program was carried oul by ODOT' on the counte",eighl shea,e " .. hed of Ihe 1·5 

Columbia RiHr Bridge in 1996 to pro"iM informalion aboUlIi"e load slress le,els in the she",'c wh~e l 

during bridgelifi optmlions. The measured Slress range dala "as also used to 'eril) the finite element 

analysis ptrformed by DGES Inc' 

6.1 _lnstrumented Area, 

T" 0 uni!l.xial "eldable stra,n gas .. , "'ere anached to the shea,' .. "'heel at locations determined b~ 

the fin;le element anai>iis t(> exhibit high stre,5-eS, Gage I "as ,,([ded on the under side surface of the 

UanSHrSC tim stiffener Gase 2 "as Inslalled on the spoke ilange t,p al the lang .. nc~ point oflh .. spoke 

and large radius near Ih .. rim of the wheel. Figure 6, I sho" s the layoUl and numt>enng of Ihe I" 0 slmin 

gages, Pholographs oflh .. inmumcnltd shea-c "heel are pro'ided in Fig. 6.2 

6.2 - :'Iea .. ,~d S, res..,. 

figure 6.3 sho"s th .. change in stress al Gages 1 and 2 computed from measured slrain dunng 

Ihe lifting and lo"ering operation of Ihe span. Both gage:; were zeroed al the full), seated Or cl05ed 

posn,on. The lift Sp.1n "as raised 10 the m!l.ximum height of 133 ft re~ulli~g in J :.r, tol.1lions of Ihe 

shu,. "heel. The lift span "8, held ~t Ihe maximum height for aboul 90 seconds and Ihcn lo"cred to 

the sealing posi lion. Sirain data was con'ene<! to Siress using the equation S -.£ "here < IS Stram 

recorded from the r"pon", and £ is Ihe \!odulus of ElaSlic,!) for Sleel 29.' I O' psi. 

Gage 1 Icx:ated on the rim stiffener reveals a mess range ofapprox,m3tel) 19,0 ksi. NOle ,hal 

since Gage I "liS zeroed ".-hen Ihe sliffener "'as subjected l<> truLximum lensile Slress. Ihe response 

rema,ns 101.11ly in Ihc compress,," rans. Gage 2 k><:3led on Ihc nange I'P oflh. spoke .xl1ibits a suess 

range ofapprox'malel~ 31,0 ksi. 

6.3 - Comparison or .\ Ieasu rtd and . .>,nal"lical SII"f'SSI"S 

DGES Inc. "as retained by ODOT 10 conducl a counlel""'eighl sheave analysis and dc~ign for th~ 

1'-'0 nc" replacemenl sheavcs. A major pol1ion of their "or\.; "'as Ihe analysis of the existing shea,. 

,,!leeltha! mcluded oolh simplified analys .. and finite element analysis (FEA). For the Gage I locallon. 

rim sliffener. Ihe FEA caloulaled a slress range of ti2 lesi for Ihe IOta l ".-ire rope force of 613 kips, 
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Assuming tht !XJES modtllO be eom~t. tht ratio of measured to cakulated is 19.0117.1 - 1.10 Or 

"itM;n 10 percent. This sugge51s •. ~cel l enl agreemenl between aClUa l and predicled S!resSts For Ih. 

Gage ~ IOCHtion. ,poke flange lip. the FEA .akulated a me,s range of28.5!.:si for a lotal wire rope load 

of 613 kip, Comparing the DGES model ,·.Iue, to Ihe fLeld le,1 measurement resuils in a ratto of 

31.0/28.5 - 1.09 or "ilhin 9 percent. Again this indi.ates H.ellem agreement bet" eon the FEA model 

and field le5Ung resullS. NOle thatth. tOlal ",ire rope load was mea,urO"d b~" WJE during Ihe north lo"'.r 

trunnion replacement and "as found to be approximately 720 kips. This re,u lt, m ,".Iues "ithin 6 and 8 

percent. 
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stt5'WE v,'ttt::l E.L..E\If\TION stfOWN IN 
1'IPPROXI""""""TE ORIENT7'\TlON wrrtlLJFT5MN Sr;'AITD 

-5~TfON A-A (-+17\1". S ECTION l'iiROUGfi WHEE!. ) 

Fig. 6.1 _ LOC;"I;(ln (If shea'e "h((1 slmin gage. 

is 
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Gage 1 . Rim Stiffener 

a) a"emli view of Nonhea,l ~heave 

b) C1ose·up view showing in~rumemed "'eb opening 

Fig. 6.2 _ Instrumemed sheave wheel 
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Finally. il should be notffi Ihal only Iwa of the;e 5trucfU~S e~pe"enced complete failure of the 

trunnion shaft. One was the Valle~fLeid structure and the second ,,'a.i SI. Lambut aver the St. Lawrence 

Sea"a~ '. :"010 Ihal both aflhese bridges expe"enced in excess of 700.000 streSS c)cles. 

7. U - 1-5 Bridge loading hiOlory - Bas.ed upon the bridge ",r'ice log. the bridge typically litis 

beNeell 500 and 700 times per ~ ear since ils relroCining in 1960. Each Slandard 9(} ft lift ~ui~s a total 

of appro.~imal.ly 5i~ re"oiuuons of Ihe shea"e/trunnion assembl) 10 raise and lower the bridge resulting 

in beNeen 3000 and ~:oOO cycles per year. Therefme. the remO"ed ,hea,e trunnion assembl} ha. 

e.xperienced be"'~n 111.000 to I,SAOO cycles since il was retrofined and subseljuentl) remo"ed m 

1997. 

As described in Chapler 6.lhe stress range in Ihe shu"" " • .1 measured al t"o localions to 'enf} 

anal)tical "'ork Jl<'rformed b) DOES. Inc The field measurementS found the stress range al the nm 

st iffener and spoke !lange tip to be 19.0 hi and 31.0 "'i. respectively. No fat;gu~ cracking was 

obser.-ed at defoo!s e~tr.lcte\l from Ihese regions. 

Stresses for Ihe trunnion cakulated by OOOT indicate a st~ss range of 19.6 k,i for the full lift 

cycle ( ~x"_' - 9.S ksi). Slress calculatmns by WJE suggest the ma"imum trunnion streSS range is 

appro.ximately 15 ksi. The difference in StreSS fling. bemeen OOOT and WJE ;5 ~ result of assuming 

different points of beanng In either case. the full stress ,an~ is applicable considering the high restdual 

.tresses. "hieh exiSI in the "eld-fdle\l ail".:s. The machined radius at the shoulder "ould increases 

Ih;s by the stress concentration factor K, = }.2. 

The stress intensity range ..... K. al defecI I B "as eStimaled using the measured sniation spacing 

obs.ened under the microscope atld the crack groWlh relationship for Stu! (da d>." - 3.6.x 1 0'" <lK'). The 

strialions measured 1. 18.~IO-' in . resulung in a stress inlensity range. d K - 32 ksi·in ' 

7.2 - Shea". Fatigue Ufe (stimate 

A subs!.:,"li.1 amount of re,ean:h has been directed to,,'an;l the "".Iuation of neel bridges. 

SlruClureS and ,,'cldmenli to fatigue and iracture'. The C.SI steel shea,"e "heel cOOl,,;ns numerou. built· 

in defecls due to fabrication. These include shrinkage ca"tties. casting " oids, auachment ".Id;;. and 
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"eld "paln tarried OUI during rlbri~alion. As diKlWCd in C~.Jpler 5. 5eHral samples tontaining craC;.s 

and dcfeclS "t" ntracted for e",-Iu.nion. The s~ea'e wheel defe<:tS e"UJTlIned "Cre found to ha't 

originated during Ihe manufacturing PRKCSS ofcMlmg. Although some oflhtK def«15 contaIned cra~k 

li~e di5<:onlmUl1le, no indicalions of c ... c~ ntcnsion b) fallgue "ere found 

A large body ofiesl dala on Ihe fnllgue strength of 'arious details in sleel bridge construction has 

be:en dc' eloped. This data is usually prescntcd in thc SoN fonn shown in Fig. 71 ... here the lines of the 

,a"ous det3il categories are 95 percent confidence limIt, for 95 percmt sur.-i~al. vsing the mea,UI""d 

strus ranges for lhe high Stress.cd areas of the ihca, e "heel of 19.0 kli .nd J 1.0 ksi and considering the 

she"c "heel casung material "un inllertnl fabrication defects 10 perfonn betv>cen Category B and 

Cllego~ C. tht num~r of c>clu rcquiml to rt~h fitt;~"IC life can ~ predicled For Gage l. nm 

stiffener, 5,-19.0 lsi relaleS 10 a faligue life of 1.000.000 cyd.s and Gage ~. spo~c nange tip. 

s,-) 10 hi prtdiClS a faligue hfe equal \0 22:5,000 c}cles as shown in Fig. 7.1. 

Conside ri ng an estimated 111.000 to IS5.JOO cycles hs'e .Irc~d>· ~cn applIed to thc shea't 

'" hecl and. measured spoke nangc tip slress range of 31.0 ~si. 3 total fallgue hfe equal 10 225.000 eyc l~ 

;, prcdic:cd USIng the fatigue perfonnln't of Iht material be:t ... «n CI1cSOrlts B and C. This "ould 

pro,ide at lea't 25 >tars of <\CIdilionat scr.-ice 31 Iht a,erage 3.600 cydes;)ear f",que!l<:). Usmg the 

mCMure s:ress range recorded at the nm SlIffmn (19.0 ksi) a.~d the Cltego~' B·C f.tigue limit resu~s in 

life projeclion of 1.000,000 c}"lc5 ThIs suggests a remaining faligue I,fe in e,ecss of 100 ~cars. 

A Ithough. II must be: pointed out Ihal Ihe 25 ) tar remainmg life predIction is relattd to • small high st"'SS 

region Ortne spoke and the nominal Sir"" range in the shea'e "heel spokes is signlficantl>' rcduced 

a"8> from this a,ea resu lling in a much longer faligue life. TherefOr<:. fatigue cracks may de"clop in the 

spoke althese small high 5tJ"ess res,ons ponibl) rtquiring mooifiation 10 .\tcnd Ihe raugue lik With 

millOr mod,fi'~liOrl Or mrofitung il is Inticipated that the fallgue hfe of the shu, .... h«1 o;an be 

cOrlscr.-lIt1'ely ."tended to pro, ,de a rtmllnlng life in eXC("S5 of 50 yean 

7.1- Trunnion r ~tigut Lift utima1r 

Ba~d On Ihe fractographic analysis for defect 1 B in the lrunnion. tM Inlt;al edge crack measured 

\I. in deep by 'It. in. long. Fatigue Ulension increased th. crack depth and length \0 'I, in. b) 'I, in .. 

" 
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~pe~tI'el~ Therefor<'. a sem'~llipli"l edge ~racl. model a~peared appropriate for t~e obse"ed ~rack 

nt~nslon. 

For the scmHlliptiC31 edge crad model. Ihe stress imensity range "as cakulaled u.ing the 

",lalionship.1K .. f,F,S..J:ta SubslUUltng Ihe ODOr stress range (5, " 19.6 hi). crack depth at the 

measured siriation spacing (a" 1III in.). and eSt imated stress imensity range using the Striation spacing 

(L\,K .. n ksi·in ') imo Ihe relationship provided an est,mate of the stress concentration factor. F,F, D 

I 64 Th,. ulut is similar 10 the stress ,onunlralion. K,:o 2.2. at t~e lrunnion shouldfr 

Integrating the crack sn>"lh relationship uSing F.F," 1.6-1 and F,F,· 1.0 (no Slres5 gradient) 

",sulted in a faligue life.:"" 11.000 c~drs and -':u..I9.000 c~dC$. res~l!,el~ \\'hen the predicled 

fatigue life is compared to lhe eSllmaled 111.000 tG 155.-100 C~dfi alread) e\penenced by Ihe trunnion. 

Ihls suggtns !hat the mess gradiem deca)s rapld l) as Ihe crack cxtends and Ihat the iniual "eld defect 

I I~ely required ",cle, to iniuate fatigue crlding. 

Using a f'''tor of safety of thru again SI crack instabi i;!) and the fraclU", toughnns. K!C""61 hi. 

in' from the C\0,' and stauc fraclUIl' toughness (Jd tens. a comparable 'alue of H5 hi·in 31 !he 

10" est anHClpa:~d ser.·icc Icmperatu",. prodUCfi a crack depth of approxlmatcl) 1 In. "hen substituting 

the m:l.'\imum OOOT cal~ulated 5('''' ice Stn:'S5 0.... .. 9.81.si in:" !he edge tl1lC~ tqUlllion . 

.... 5 the crnc~ gTO"s. Ihe SI",SS gradinlt decays untillhe correctiGn faclon. F,F,· 1.12. "h,ch is 

Ihe kno"n edge crack ",Iationshlp. Subsllluling this ;nlO Ihe crack gnl"lh ",i.tionship using an inilial 

crac~ dcpth of)!, in. and a ma~imum crack deplh of I in . results in a fal;gue life. '.:·62.720 cycle! 

This "ould cO!'fesJl'Ol'd to 18 ) cars of add itional se"icc al the CU!'fcnl operaling rate Therefo",. Ihere IS 

no Immediate conc~m for Ihe performance Gf Ihe remaining ",uth trunnions since no defecu "c'" 

,dentdied mOrc lhan Y, In in depth. :>;Gt< that using Ihe WIE caleulated Stl't'S$ range of IS ksi "ou;d 

inc",a5(' th( ",maining sc",itc life 10 ~O years. 
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Tabl ~ 7 I - St;\l\tARY OF TRL"IO,S WITH FATIGUE CRACKS 

D~.ign SIn .. , 
Str~ss Stress Rang~, Life 

Bridge 
ksi 

Concenlration ksi = k,S, C)'des 
K. 

L Vall~)fi.ld 

East St Louis.IL 13 5 1.70 47.0 900.000 

2 Caughmawaga 
51. Lawrence 5~away 10.3 1.72 35.~ 600.000 

1. S. Lambert 
$ •. Lawrence Seaway 13.0 1.75 ~5.S 700.000 

, , Shippings Pun 
New Jerse) 16.0 l.75 56.0 600.000 

J Carleton 
Maine 17.0 2 18 7 ~.O 450.000 

, 
6. Hackensack Ri\er Br 

N~" Jer",y 9.J 2.15 ~ 1.7 1.170.000 

J. N~"ark Bay Bridge 
New Jersey 9.J 2.15 ~1.7 1.170.000 

8. Duluth 
MLnnc,o!a 12.8 2.05 , 

) ~. ) 1.000.000 

9. 1·5 Co lumbia R"er 98 ~3.0 

0< 155,000 
(7.S) 2.20 (33 .0) 
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8.0 - CO:"CLUSIO:"S Ai\"D RECO.\1)IE:"DA TIO;\"S 

An in-deplh in,e5tigation "3, p<rform~d to acourat~l~ a~>tss th~ condmon of on~ of Ihe 

coum~",eighl sh~a'·.'lrImniDn a;;'~mblie, ",mo'ed from the north 1O".r of Ihe 1·5 Columbia Ri,e, 

Bridge The trunnion examined was reponed to ha,'e contained c'ack·like indications. The purpose of 

the ,n"e5!tgation "as to determine a service lif. estimate for the 1>\0 remaimng coume",eight 

shea'.'trunnion assemblies in the soulh to"e, using information obtained from the removed a'sembly. 

As pan oflni. ,,·ork. the remo"ed she", e and trunnion were thoroughly e~amined using l"DE 

technique,_ Bao;ed on the NDE findings. fractographic and m~allographic naminations "ere used to 

docum.nt and eharnet.ril" the ob>t"ed defects for fatigue. \!aluial propenies "'cre also determin.d to 

aid in an aCCu rate usessment of the shea". and trunnion btigu. life The ,outh 10".r trunnions "er<: 

then in'pected to as"", their current condition using UT procedu",s developed from the in"e5!tga!ton. 

f rom the south to".' e~amination. in-depth investigation. and pre' ious anal~lical and field testing data 

performed by oth~rs. a femaining seJ>'ice life was eStimaled for Ihe south to"er ,heaH/trunnion 

assemblies in addition to se"e ra l other conclusions regarding lhc tn·d.pth in,'csI,galion. 

8.1 - Condusions 

I. The e,umat.d , .... ·iee lif. of'he two south to".f Irunnions ""hout risk of f",clure is projcC!~d 10 

pro'ide an addit ional 25 ~cars of se,,' ice conside ring Ihe cumnt annual ope,aling ralC and the 

ob>t" cd defecl sizes and ""Ien,ion b~ faligue of the "",mined trunn ion_ 

2 The eSllmated remaining sh.a'e service lif~ c~ceeds 25 ~ears based on the measu",d stress range 

(31.0 k;;;) and the lack of faligue crack extension from defects in high SlreSS regions of the shea,e. It 

mUSt be poimed Out that the area that gO\ ems the 15 -~ear remaining 5(""ice life is a .mal l high 51"''' 

r<:gion of the spoke. l"ominal SI"'SseS in the spoke ",duce significantl) a"-ay from this area. 

The",fo,e. w,th minor modification, or "'t'ofining to c",cks in Ihi5 area. it is antic ipated Ihat th~ 

faugue life orthe shea'·e can be e~le n ded to OVe, 50 yeafs. 

3_ The only derects with fatigue ext.nsion delected b) :\DE "ef. la<;:.ted in the trunnion. These 

defecls are related to the modification of the oilway g,oo,es "he", weld metal "-as used to fill the 

grOO'·.5 prior 10 machining the trunnion for th. no" roller bearings. Other defects obsc,,·ed in the 

" 
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trunnion or ~hcavc ~m:h I..> indu,io!l.5. hot tears. and shrinkage crack, ~ho"ed nO e,idenee of 

e.' ten,ion b) fatigue 

4. Weldmg of the oil"ays "ould have been e,t,emely difficuli due to the poor "eldability of the 

trunnion material and lubricant contamination of the groove. As noted. lubricant contamination or 

residue" as still visible during the fractographic examination of the defects 

5. Discontinuities within the .... tld-filled oilwa" shield liT e~amination of the groo'.s from within the 

center bore or from tne end face as is require<! for in-~er. ice mspeclion. Ho" .'-cr. using the WJE L T 

procedures. cracks eMending outsidc tne gro<.l'.s can be delected. [n addition. it was found Ihal the 

UT signal Irace amplitudes and indication locations were >usceptible to transducer conlacl and 

couplam distribution making replicab[e results more difficult 

6. The meehanica[ propenie, of the trunnion and ,hea'. "ere found to ~ consiSlent with properties 

expected of forged and Cl..>t components of this siu and of this period of manufacture. 

8.! - Reron' nlcnda!ions 

From the re,uli, of this in-depth in'-estigation. WJE f,nds nO rea",n to recommend repair Or 

replacement of the e~i'ting ",uth to"er counteNeight $hea'e,'trunnion a»emblic$ Our in'estilla!ion 

has shown that these assemblies are currenlly adequate to pcrrorm bridge I,fting operations for an 

addl1;ona[ 25 years, 

Funhermore. the stud}' has indicaled that crack gro"lh in Ih. trunnion and sheave "ill be s[o\\ 

and ,ra"~ e~tension in the trunnion" ill significantly reduce the Slres~ intensity factor_ A~sum;ng regular 

in-depth inspections are carried OUt. ODOT may ~ as,ured that at [east 25 )ears of additional ser.-ice 

will be prmided by the as!;Cmblies 

WJE recommends in-depth muhi-year '"'peclion, of the lrunnion 8t a ~imi[ar leve l as to what 

was performed in 1999 '" order to determine whelner ,rac~ gro"lh is oc<;urr;ng_ This inspect ion "i[1 use 

non-destructi, e ultrawnic I.,t methods in accordance with the WJE de,-e[oped procedure inc luded m this 

repon. These Inspections "i[l focus On critical areas to identi~ crack_liKe defects and monitor crack 

gro"'lh_ A qualified ASNT Level m LT inspector shall perform Or closely direct the inspections. WJf 

" 
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recommends that the nnt ;n...d~plh inspect ion be performod in 2001. Unless conditions of concern or 

notic""bl~ crack gro"1n are nOled. additional in-depth inspections sho uld folio" in fi\e_year ; n:~r\"ak 
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I. INTRODUCTION 

As pan of a fitness for purpose evaluation of the counterweight sheave/trunnion assembly 
of the 1-5 Columbia River Bridge for the Oregon Depanmem ofTmnspormion by Wiss. Janney. 
Elstner Associates Inc_ and the ATLSS Engineering Resean:h Center at Lehigh University. a 
detailed characterization was performed of the material properties of one of twO sheave/trunnion 
assemblies removed from the bridge in 1997. The material tests included Standard tensile and 
Ch.arpy V-notch toughness tests. chemical composition and microstructural analyses of the 
material as wen as Standard fracture mechanics tesl..S to measure fatigue crac1r.: growth rates and 
fracture toughness of the materials. Repres<:ntati"e-defect indications detected by NDE methods 
during service and after removnl from the bridge were also evaluated to ch:lr:tcterize their origin 
and evidence of e:uension by fatigue. Based upon the me:l5ured material propenies. available 
stress and loading history daLa. and defect evaluation. an 3.'lSCS£menL of Lhe remaining fatigue life 
of two similnr She:lVeltnmnion assemblies still in-service W:15 also performed_ 

n, SHEA VFJTRUl"NION DEFECT EVALUATION 

II .t Trunnion Dereet Indications 

Ba.sed upon a re·inspection of tile trunnion performed by WIE after removal of tile 
sheave/trunnion from Ihe bridge and disassambly, a detailed NDE evaluation of defect indications 
in the trunnion wa,s prepared for subsequent sectioning to visu:illy identify and ch.aracterize the 
indications. A general view of the dissassembled trunnion as it was received at the ATLSS 
Laboratories is shown in Figure l. For identification the three east end trunnion keyways were 
labeled lA, 2A. and 3A. West end keyways were identified as 1 B. 28, and 3B. IdentifICation, 
descriptions. and location sketches of defect indications detected by lIT and MT during the reo 
inspection are included in Appendix A for reference. Two principal types of defect indications 
were dctected in the trunnion; I) Surface crock·like discontinuities or sub-surface discontinuities 
oilway repair welds; and 2) internal discontinoities in the vicinity of the inner bore of the trunnion. 
Several defect indications represemoti"e of both types were selected for evnluation. Table I 
provides a surrunary of the defect indications selected. 

Surface and sub-surface defect indications detected both ultfasonic:illy and visually by 
magnetic panicle testing were all located near keyways where six weld repairs had been 
performed to fill exposed internal oil passageways during an earlier renovation of the trunnion 
bearing assemblie.s. Surface detect indications were detected by Mf at two keyway weld repair 
areas at the east end of the pin (IA and 3A). A similar surface defect indication was detected at 
the west end of tile pin at the oilway weld repair at keyway lB. Sub-surface indications were 
detected by lIT at keyways 3A and 2A at various locations along the length oCtile repair weld. 



Figures 2 through 4 show det;illed views of keyv.-ay regions where surface discontinuities 
were detected. The crack-like indications can be clearly .seen outlined by the reddish colored MT 
panicles. The outline of the repair weld metal can also be sc:t:n in the photographs as a strip of 
nt:lteriaJ with a lighter tim. In aU but one oilway repair the crack-like discominuides appeared to 
be confrned entirely to the weld meull suggesting they may be weld cracks. Only at keyway 
locat ion IB did the weld metal indication appear 10 extend beyond the weld fusion line into the 
trunnion base material suggesting the possibility that fatigue crack growth may have extended the 
crack beyond the weld metal intO the parent material (see Figure 4)_ 

In addition to the oilway repair weld metal indications seven internal discontinuities were 
also detected in the trurmion base metal by arial and/or borehole UT scanning of the pin (UTI 
through lJI7). These defect indications apfll=l=d to be largely grouped in one area near the east 
end of the trunnion near the center bore suggeSting they may have similar origin_ Manufacturing 
defects such as slag inclusions or gas pores olien form in clusters and would not be uncommon to 
find near the center of a large forging. 

During visual inspections of the trunnion prior to dissassembly it was noted thl! tack 
welds added to the outer ends of tile keys as retainers were cracked at aU six. keyways. The 
cracks aU appeared to be weld throat cracks as shown in Figure 5. The tack welds in each case 
were small and of poor quality and may have developed cracks after welding due to weld 
contraction st!"aim. No NOE indications of cracking from the weld roOt or weld loe into the 
trurmion were detected at any of the six keyway fillet welds. Fillet weld throat cracks wouid not 
be expected to propagate intO the trunnion since the inherent lack of fusion at the weld rOOI 
between the key and the pin would arrest further propag~lion of a weld metal crack into the 
trunnion _ To verify these findings these cracks were also included in the trunnion defect 
evaluation. 

0.2 Sh clI" e Def~t Indications 

Two core samples ""'l:re removed from the cast steel sheave whed for evaluation where 
l\'DE loc::ued defect indications. A sketch showing the locations of the tWO core samples is 
included in Appendix A for reference. Both samples were removed from spoke areas ne::tr the 
wheel hub and showed crack· like defect indica tions. The two core samples are shown in Figures 6 

'"'" 7. 

0 .3 Trunnion S~tionjng 

lniti:illy the pin was saw cut through the diameter 22 inches from the east end and 26 
inches from the wcst end. The: twO end pieces were then saw cuI radially into wedges to isolate 
the four keyway area containing defect indications and the trunnion intemal discontinuities_ 
Figure 8 shows the sectioning layout at ooth ends of the lrurmiOn. Mer the wedge pieces were 
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separated the defect indication areas were then saw-cut from the smaller wedge pieces. An extra 
wedge piece was also cut from a defect free area of the east end of the trunnion for latter 
development as an ultrasortic test standard. 

D.4 Tronnion Defect Evaluation 

11.4. I OiIway Weld Repair Defect Indications 

The defect indications at keyway locations lA and IS were selected for fractographic 
examination since the largest surface :"IT indicatioRS were observed at tt>esc twO locations and in 
the case of IS appeared to show possible evidence of stable crack propagation beyond the repair 
weld metal The defect indications at kCjoWay location 3A was selected tor metallographic cross
sectioning w obtain additional information on the nature of the surface cracks and the sub-surface 
UT indication detected at this location. 

KevwJv 2& and 3A 

The oilway weld repair at keyway 2A and 3A were cross-sectioned by saw-cuning 
longitudinally along the centerline of tile weld. Figure 9 shows polished and etched views of the 
cross-sections. FIgure 10 shows an enbrged \iew of the weld termination in Keyway 3A. The 
multi-pass weld was found to contain numerous weld defects including incomplete fusion defects 
and slag inclusions particularly at the termination of the oilway groove. This is consistent with 
the UT analysis which also showed several sub-surface defect indicatiollS along the length of the 
weld . The largest slag inclusion measured liS" in width. The incomplete fusion defect at the 
root of the groove measured 112" in length. Viewed microscopically. discontinuous crucks were 
also observed within the heat-affected-wne of the "''eld (St.e Figure 11) which appeared to be 
h)otlrogen induced cracks or hot crucking. Considering the possibility of oil contamination within 
the former oi/way. the groO\'e geometry. and likIihood that low preheats were used it would not 
be surprising that hydrogen cracb might develop at these rep:lirs and th~t the general weld quility 
IS poor. 

Evidence of crack extension by fatigue was observed close to the weld suriace ~! the 
same location that MT detected a sho/1 surface discontinuity. A magnified view of the crack is 
shown in FIgure 12. The crack appeared to have extended 10 lhe surface from a small sbg 
inclusion 1116" below the weld surface. No other indication offutigue cruck propagation was 
observed at tile other weld met:ll defects detected in the cross-section. 

Ke...wuv IA and IB 

The crack-like surinet: discontinuities observed at ke)way lA and IS (St.e FIgures 2 and 
4) were exposed by fracturing at low temperature. FIgures 13 and 14 show the crack surfuces as 
they appeared after exposure. The original crack dimensions are clearly delineated by the 
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blackened crack surfaces. Defect IA measured 5/8" in width witll a. maximum depth of 112'. 
Defect IB me.l.Sured 314" in width with a. maximum depth of3l8 ' . The dis<:oloration on tile crack 
surfaces is likely due to exposure to bearing lubricants and air o\ocr long periods of time. Views 
of both crack surfaces after ultrasonically cle:ming tile surface to remove this film are shown in 
Figures 15 and 16. Clear c,idcncc of fatigue crack extension is seen on both crack surfaces. 
Semi--elliptical crack growth is panicu\.:lrly c!e:Lr in I S. Figure 17 sllows the crack surface of IS 
as viewed at low magnification with the SE~1 where the smooth semi-ellipLic:tJ. crack growth 
region and initial defect is also cle:tr. Viewed at higher magnification the fatigue nature of lhe 
smooth semi-elliptical crack surface (Area "a'l was verified by the presence of fatigue strialions 
(see Figure 18). In contrast. the initial defect area (Area ''b'') sllowoo dendritic solidiflcation 
structures typical of weld metal hot cracking (see Figure 19). 

Fatigue crack e;tlcnsion in Defect IA was kss cle:u: than observed in lB. Evidence of 
smootll thumbnail cracks were seen visually at tile surface and at an intenor location. Several weld 
metal slag inclusions were also evident. Tbe thumbnail cracks at the surface were more cvident 
when viewed with the SEM (see Figure 20). Viev.ocd at higher magniflcation these = appeared 
fatigue-like a.lthough no fatigue striations were observed. Evidence of hot cracking was also 
observed in Defect IA oe:tr the center of tile defect (Area '"b" in Figure 20). 

U.4.2 Internal Trunnion Defect Indications 

Four defect indications detected in the interior oi ~he trunnion were investigated to 
confmn their presence and charncterize their origin. All four ( UTI, UTIx, UT2z. and UT4) were 
located in one llI1'a of the trunnion ne::u- its inner bore ( see Tnble J and Appendix A for locations). 
In each case a saw-cut was made in two onhogonal planes at the positions determined by 
ultrasonic examination. With the exception of UTI no dd<!t:t was observed at the posilions 
determined by trr. A defect was observed at UTI which was identifiCd 10 be a shrinkage cavity 
\eft from the original cast ingoL (see Figure 21). The diameter of the cavity W:lS me.:lSured to be 
3132'. No indication of crack extension from the defect was observed microscopically. Similar 
dllfects may haye eoUsled at the other positions se:an:hoo. however. considering the small size of 
the defect observed at UTI these: could easily have been missed or eliminated in saw-cutting. 

ll.4.3. Keyway Relainer Fillet Weld Cracks 

To verilly that crack propagation intO the trunnion had not developed from the weld 
throat cracks obsen.·oo at key retainer lack wekls 3 cross-seclion of one weld (Kcy" .. ay IB) was 
e:umined metallographically. 1lIe cross-section is shown in Figure 22 where the weld throat 
crack is cle:trly seen. The weld metal W:lS also verified to be austenitic stainless steel weld metal 
as was earlier suspected. No evidence of crack extension from the weld root or wekltne was 
observed which is consistent with the NDE examination of these areas. 
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U.5 Sheave Derect Evaluation 

The twO core samples (Sample Jj l and #2. see Figures 6 and 7) removed from the she:we 
wheel were cross-sectioned through the diameter and examined metallographically. The cross· 
section thro ugh Sample It l, seen in Figure 23, showed muhiple surface cr:u:ks surrounding a large 
internal shrinkage cavity. The: void measured about! inch in length. The surface cracks measured 
between 3/16" and 114" in depth. 11k:. cracks ,,"ere likely caused by Ilottearing occurring during 
cooling and snookage of the casting in the vicinity of tile large internal cavity. Microscopic 
examination of tile crack tip regions did not show any indic:uion of crack. extension by fatigue. 
Surface cracks with depths ilS large as measured here would be expected to have a low threshold 
stress range for fatigue crack. propagation. Since no crack extension developed atth= cracks 
over the long service life of the sheave indicates that stress ranges in this area were very low. 

Sample #2 was cross-sectioned similarly and i!s shown in Figure 24. Grinding of the 
surface crack detected in this core prior to removing the core apparently e!imimted wh:llever 
defect had been delected in the core. A small skrinkage cavity close to this area is seen in the 
cross-section which may have been associated with a Larger cavity similar to Sample #1. 

rn. MATERIAL PROPERTIES 

m.1 Chemical Composition and W .. ldabiJity 

A chemical analysis of the trunnion and sheave were obtained to ch.1nlct~ri2e the 
composition of the m:uerials and also to assess their weldability. Since a grJdient in propenies 
can be expected in ~ large forging an analysis of the composition of the trunnion WilS obtained 
near the outside surface and near tl;.: inner bore. The propenies of the sheave were delennined 
from the two samples removed from twO difJerent locatiol1S in the casting. The locations are 
shown in the sheave sampling sketch in Appendix A. Sample jj3 was removed from a spoke :lI"ea 
of the wheel Sample !i4 was removed from ajulIClure of .1 spoke and the outer rim of tbe wheel 
The thickness of the material at the twO locations was about J ·3IS" and 1·112". respectively. 

Chemical compositon analyses of the trunnion and sheave samples were pen"ormed by a 
commerical testing laboratory by Standard optical emission spectroscopy (OES) methods. The Jab 
test repon is included in Appendix B. The compositions of the trunnion at the tWO test locatioru; 
were gcner:tlly the same although the carbon content:1t the inner test location was slightly higher 
due to alloy segregation (0.39 wt% 'is. 0.35 wt%). The overall composition 15 similar to .1 

modem day 1040 carbon steel composition oftcn used in forgings. 

The weldability of the trunnion material would not be e~pected to be good for se\-eraJ 
reasoll.'l . The carbon content i!; high which incre= susceptibility to hydrogen cracking. An 
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often used mea'iure of the susceptibility of a steel composition to hydrogen cracking is the carbon 
equivalent (CE). cakubted as CE = C ... Mnl6 + (Cr ... ,Mo+V)J5 T (NitCr)lIS. Based upon the 
analysis tile c:uilon equivalent of lhe trunnion nenr its outside surface is 0.44. A void:rnce of 
hydrogen cracking at this carbon.md CE level requires careful control of hydrogen and high 
preheat temperatures. Another factor to be considered is the rebtively high sulfur content 
measured (0.034 wl%) and low manganese contem (O.51 wt%). Steels with high carbon levels 
and low MniS ratios have been found to have incr=;ed susceptibility to HAZ hot cracking. 
Studies have indicated that MniS ratios as high as 35 are neccessary \0 reduce hot cracking risks 
in these cases. The MnlS rutio of tile trunnion is about IS. An increased su.weptibiliIy to weld 
metal hot cracking wouk! also be expected from sulfur pickup and is consistent with the hot 
cracking cvideocc found fractographically at the oilway weld repairs. 

11te composition of the sheave measured at the two sample locatioru; were sirnil:lr and 
consistent with a modem day 1030 carbon steel composition commonly used in steel castings 
today. Although welding of steel castings requires care the sheave whec:l could be welded 
successfully b=d upon its composition. 

m.2l\licrostrucIUf"\' 

Etched microstructures of the trunnion = the outside surface and near the i.rJnt,r bore are 
shown in Figure 2S. n.e microstructure at both locations is ferrite- pear~te with a slightly larger 
ferrite grWl size and ~~te fruction at the inner location consistent with the higher carbon 
content measured in this region. The microstructure was generally unifonn with some areas of 
proeutectoid femte veining. A ponion of a ferrite vein is seen in the inner trunnion 
microstructure. 

The microstructures of the cast steel sheave at the tWO sample locations are shown in 
Figure 26. The microstructures are also ferrite-pearlitie. The ferrite grain size is coarse as would 
be ex~ted in a large casting. 

UL2 Tensile Prop-erties 

Standard 0.505 inch round !ensile specimens were fabricated from the trunnion material at 
the inner and OUler diameter test locations. The specimens were oriented longitudinal to the 
trunrtion axis. The same standard tes! specimeru were also fabricated from the two sl1eave 
samples. Table 2 provides a summary of the !ensile properties measured for the twO components. 
The trunnion yield point ranged from 34-38 ksi at the twO test locations. Tensile strength!; ranged 
from 12.80 ksL 

The strength properties of the cas! sheave wheel were found to be similar to the trunnion. 
Yield and tensile strengths measured at the two sample locations were bath similar with an 
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a\'erage yield point of 36.75 hi and tensile 5lrenglll of 72.0 ksi. The: tensile ductility measured in 
the test specimens from Sample 113 were found to be low due to the presence of small casting 
defects in the specimen cross-section. Where these defects were absent (Sample i/4) tensile 
elongations e;..ceeding 20% were measured. 

1lL3 Charpy V.Notch Tests 

Standard Charpy-V notch lest specimens were fabricated from !.he U'Unnion a\ the two test 
locations. Eighteen specimens were fabricated at each.loclllion 10 penni! testS 10 be performed 
over a range of test temperatures covering the tran'iltion temperature range. A similar number of 
specimens were fabricated from each oill1e sheave samples. Tables 3 and 4 provide a tabulation 
of tile lest results. The lest data is shown ploned in Figures 27 and 28. 

BOlh components showed similir levels ofnolcl!. toughness. The room temperature CVN 
energy in hath materials was about 7 fl-Ibs wilh. upper shelf energies of 40 and 60 fl-lbs at a 
temperature of 275 F. Only a small reduction in toughness was measured between the inner and 
Outer trunnion test specimen location which suggests that the toughness of the trunnion 
throughout its cross-section is fairly uniform. Test data acquired from another lift bridge 
trunnion removed from servK:e in Duluth. MN is also shown in Figure 27 for comparison. The 
test specimen location was similir!O the outer SUrf;lCC location used in the cum:nt tests. l1le leSt 
data shows that the subject trunnion has simil:lt and a m:u-ginally higher level of toughness than 
measured in the Duluth trunnion. 

An estimale of the static fracture toughness of the trunnion can be made using the 
B:lIsom-Rolfe CVN-Km correl.1tion temper:tlure shifted to account for strain r:tte effects. The 
temperature sltift can be calcul.1!.ed as 

T ... =215-Uo,. ( I) 

resulting in a dynamic to static temper:tture sltift for the trunnion material (0" = 36 ksi) 

The statK: fracture toughness of the trunnion materi.:Ll al the minimum strvire temperature of -10 
F can therefore be rt:presented by its d~namic toughness at 150 F. 

Using the correl.1tion relation 

Kw = [5E(CVN)j,!l (2) 

and the average CVI" energy measured a1 150 F (2-t ft-Ibs) results in a dynamic fracture 
!Oughness KID = 60 ksi_inltl. This will correspond to a static fr:teture toughness. KIC ,. 60 hi_in'" 
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at the minimum amicipated service temperature of the bridge. 

rnA lIe Frneture Toughness Tests 

Slandml Jt<: {K,J fracture toughness tests were performed on the trunnion and sheave 
material to obtain a more direct measure of the static fracture toughness than estimated from 
CVN tests. Since CVN teSlll indicated that the trunnion toughness was nearly unifonn throughout 
illl cross-section, fracture toughness teSlll were pcrformal at only one teSt location near the 
outside diameter. Standard compact tension specimens were fabricated from trunnion material 
(AST""[ ESt)) with the notch oriented in:1 pl:me through the diameter. the same orientation as 
IISCd for the CVN specimens. Four 1.5 inch thick specimens were fabricated 10 provide duplicate 
test specimens to be tested :lllhe minimum .service lemperature of -lOF and at room temperature. 
Four test specimens were also fabricated from sheave material (Sample 1f4). llIe specimen 
thickness was limited to - 1.25 irK:ht.:!!. equivalent to the full thickness of tile m;lIerial available. 

Figures 29 t!trough 44 show load--clip gauge displacement traces for the eight specimens 
tested along wilh the appearance of the fractures. The behavior of both the trunnion and sheave 
specimens were surprisingly similarly considering their diITerent metallurgical condition (ie. forged 
vs. cast). All of the spccimem tested at the minimum service temperature fractured britllely with 
only a small amoum of crack tip plasticity. All of the specimens tested 3t room temperature (68 
F) showed incr=d plasticity. however, fracture also occurred by c!cavage wilhout any evidence 
of ductile stable crack e;<teruion prior to Fr.tcture. Multiple brittle crack utensions or "pop-ins" 
were observed in the sheave material tested at room temper-llure {Specimens S I and 52. see 
Figures 37 and 39} prior to a large brittle crack extension. The [mal crack extension is seen on the 
fr:I.cture surfaces after he~t tinting. 

Table 5 provides a summ~ry of the fracture toughness test results. Since fra.cture in all 
cases occurred non-linearly by cleavage e;<tension a J value was computed at fr:I.cture or al the 
first pop-in recorded as 

]""]......,+J~ 

The resulting 1 is also shown in the table convtned to an approximate 1<". At the minimum 
service temperature (- !OF) the trunnion toughness was measured to be 57 ksi_in 'rl . The sheave 
toughness was measured to be 47.6--52.8Ir:si-in"'. The fracture toughness estimated from the 
lower bound CVN test data (Eq. 2) was 60 ksi_inlt.! and ..t7.4 ksi_inlrl. respectively. which is in 
good agreement. At room temperature the trunnion fracture toughness ranged from 93.7 - 131.7 
ksi-in"'. 1lIc sheave fracture toughness range from 68.4-78.5 ksi_inlrl which art: also in 
reasonable agreement with the CVN determined toughness. 
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ill.S Fatigue Crack Growth Rail' Tests 

Standard fatigue crack growth rate tests (ASTh1 E647) were performed on both the: 
trunnion and sheave material using automated PC controlled testing software. Duplicate lest 
specimens were prepared from each material to establish their crack growth rate behavior (da/dl\" 
\'S . .o.K). To generate growth rate teSt data similar to fuU reversal conditions specimens were 
teSted at a low stress ratio (R= 0.1). 

Figure 45a shows da/dN vs • .o.K plots for the trunnion and sheave material Also shown are 
Paris law corutants computed by regres.\u:m anal)lliis: Data for bolh materials suggested a slope of 
3.6--3.8 which is greater than the value of 3 generally used for steels. Regression analysis of the 
data in the threshold region indicated.o.K", -10-1 1 ksi_inlrl (see Figure 45b), however. data al the 
lower growth rates were problematic due to crack closer effects. Actual thresholds are likely 
below this value. 

IV, SERVICE l.IFE ESTThIATE 

IV.I Sheave!Trunnion Defects 

Evaluation of the trunnion defects showed that oilway weld repair defects at the keyway 
regioru were the only defects which exhibited indicaLions of fatigue crack extension. This is 
reasonable considering the close proximity of these defects to the lrunnion surface where 
maximum bending stresses develop and compounded by their close proximity to lhe machined 
radius and keyw'ay by Stress concentration effects. No evidence was found Ihat any of [he 
intemallrunruon defects detected had propagated by fatigue and would not be expected to 
considering the small size of the defects observed and their location. The anal)lliis ofille 
remaining life of the trunnion lherefore focused on Ihe weld repair defects IA and IB for which 
cvidence of crack extension was observed. 

IV.! Stress Analysis and Loading History 

Based upon the bridge service log it is eslimaled that 500 to 700 lifts per year occurred 
since renovation of tile trunnion in 1960 and its removal in 1997. Estimating thai each 90 ft. lift 
requires the sheave/trunnion to rotate an avtr.lge of six revolutions ( 3 revolutions up and 3 
down), lhe number of load cycles applied each year is between 3000 and 4200 cycles. Therefore. 
over the 37 year service life of \he weld repairelj lrunnion it is estimated that a IOlal of 111,000 to 
155.400 load cycles were applied resulling in IIle observed fatigue crock growth at the oilway 
weld repair defects. 
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Stress computations Ilave indicated a ma:timum stress range in the trunnion S, = 9.8 ksi or 
9.8 hi x 2 '" 19.6 ksi for the full load cycle. The full Stress range is applicable as high residual 
tensile messes will exist from the weld repair. The macltined radius at the slloulder (r '" 112") 
increases this by the stress concentration factor K. - 2.2. 

IV.3 Estimate of Stress Intensity Range, llK 

Since fatigue striations were observed on the crack surface of Defect IS (see Figure 18) 
the Stress intensity range, t.K. at this location on the crack surface can be estimated using the 
measured striation spacing and a g~neral crack growth relationship for steel 

d.l!dN = 3.6 xIO·"t.K' (3) 

The striations were deteCted on the crack su rface near lhe initial crack tip and measured 3:"1 10""' 
mm (1.18 x 10"' inches). Substituting into Eq. 3 yields a StreSS intensity range. J.K '" 32.0 ksi~ 
jnllZ • 

IV.4 Crack ~'lodel 

Frnclographic analysis of tile defect crack surfaces at keyways IA and ! B indicated one or 
more initial fabrication weld defects. Defect IS com:llned a single weld metal hot crack which 
extended to the surface. The initial edge crack measured 1/4 inch deep with a k';ngth measured at 
the .surface of 5/16 inch. Fatigue crack e:"ltension of the initial crack resulted in a final crack 
depth of3/8 inch and surface length of 518 inch. Modeling the crack as a semi-elliptical edge 
crack is reasonable considering the observed shape of the crack extension. 

Defect IA was more complex since several initial fabrication defects were present ( twO 
slag inclusions and a hOi crack). Treating the weld root slllg inclusion and adjacent weld hot 
crack as a single defect results in an initial nearly circular embedded defect with a diameter of 5116 
inch. Extension of the crack by fatigue resulted in a surface cr.lck with a fU1al depth of Y, inch and 
surface length of 3f4 inch. 

The stress intensity factor range • .6.K. for the semi-elliptical surface crack can be exp=ed 

t.K eo F,F,S/ltJ (4) 

where F, is the crack shape correction factor and F, is the stll"SS gradient correction factor. The 
factors are applied to correct for tile shape of tile semi-elliptical crack and stress grndient in the 
vicinity of the crack due to the machined radius, respecti,-eiy. Determination of Stress gradient 
correction factors. F, . for specifIC geometries is generally '-ery complex requiring finite elem<!nl 

10 



analysis. An indication of the magnitude of F, can be inferred from 11K estimaled from striation 
spacings observed al • crack depth. a ~ 5116 inch. in Sec. IV.3. Substituting 11K '" 32 ~i_inlr.! and 
a .. 5116" into Eq. ;I With S, = 19.6 ~i yields a value of F.PI = 1.64. This seems in agreement with 
the Stress concentration at the shoulder of the trunnion of1.1. 

Integrating the crack growth relations.hip (Eq.3) 10 estimate the cycles required to grow 
the ratigue crack observed al Defecl 1B from ils initial defecl size of 0.25 inch to irs frnal size of 
0.375 inch 

N _ (1U1' do. 
lQ.~ (3.6 x )0 I~ llXl 

(S) 

where llK = (19.6)F,F/:ra and F,F
I

", 1.64 resulLS in a fatigue life. N = 11.000 cycles. Assuming 
no stress gradienl and shape correction (ie. F,F, = I) resulLS in a fatigue life. N .. 49.000 cycles. 
Comparing to the estimated number of cycles applied 10 the trunnion (Sec. TV.2) suggests Ihal the 
Stress gradient decays rapidly as the crack exteM! and that the initial weld defect likely rtQuired 
cYl:ielI to initiate fatigue cracking. 

IV.S Fatigue Life U limat., 

As the crack grows OUI of tile machined radius region and the Slress gradient decays, I~ 
correction factors F,F1 will eventually approach tile known edge crack relalionship 

:l K = 1.12S,h:a (6) 

Evidence oftms tcndellCy .... as observed in another lift bridge trunnion which developed a larger 
rntigue crack in the machined radius of tile shoulder (see Figure 46). The depth o(the crack in 
this c3.S/.l was 1.5 inches. Equation 6 can be used 10 estimate the number of cycles needed to 
eXlend the 318 inch deep crack at keyway 1 B to a depth of I inch. Sub.slituting intO Eq. 5 
provides 

N r" __ ="da_----,= 
.. lo.m (3.6 x JO-l~ (1.12 S, -Fa)l 

N '" [2 x I 01"/( 1. ! 2}'(3.6)(r.)JIIS/J[ 11,10.375 - IloJ 1.0] 

N '" 62.720 c)':1es 
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Th.is wouk! require 15-21 years of additional service althe fn:quenc:y indicated in Sec. IV.2. If 
the st~ range were IIIkcn lIS 15 lui as estim:lled by W1E. the cycle life ..... ouk! irw:rea.se 10 
140.000 cycles or 33·-17 years of additional service. 

At a crack dcpth of 1 inch the maximum QPplied stress intensity fQctor. K.... in tension is 

(8) 

where 0_:0 9.S ksi This yicld.s iI ~um stress interu.ity of 19 ksi_iov:t. The fracture 
toughness. K.:. of the trunnion material is estimated from CVN teSt dUll (see Sec. m.3) 1Q be 
1lC:U- 60 ksi-in'" at the loWe/it anticipated service temperature. Static fracture toughness of the 
trunnion pin from lie: tests yielded an average v!lll.le of 37.j ksl·in ,,, which i.I comp:u-ablc.. Hence. 
the factor of safety asainst crack instability is near 3 when the crack extension reaches I in. depth. 
Hence, there is no near term concern with the performance of other trunnions if they have 

comparable conditions. 

V, REVIEW Of C RA CKII'C IN TRUX:-:-ION su .... m 

In recent yt:ars lI. number of shafts Qnd trunmons used in lift bridges thQt were designed and 
built prior to the 1960's have developed fatigue cracks and occasion:ll.ly fractured the shafl. 
Cracks have developed at keyways and at changes in the shaft diameter when 1he trunnions 
e~perienced sevcro.l reversal Stress eycles during each lifl and return of the structure. ROll1tions of 
more t/un 180" results in a complete n::\-crsal in the Stress cycle. 

The specifICations used 1Q design movable bridges were evolved from the AREA 
Specif.u::ations. The allowable bending !tre.5SC.I for trunnioru; up to 1983 were t:lkcn as Ij bi for 
ASTM A608 Class G slccl when the rot~tioll was more than 180". In the struCtures that 
experienced cracking. the tension desig~ Stress was between 9.8 and 17 ksi. 

Table 6 provides a m.bul.:uion of the stress and TOt::U.ilJns experienced by Structures thut 
ae\-cioped cracks in the trunnion at the radius. The5c components are Dlso platted in SoN form in 
Ftgure 47 and compared to Categories A W'ld C. Note that tWO o(tlle sheaves had the trunnion 
..... elded to the: $h:Jft. 11Iose welds ,.:en:: on the m:ljor di.tmetCf of the sllafu. 

It can be seen thattl"le 1·5 trunnion crock is con.sistem with the &~ncr:il behavior observed 
in olher structures. F~ligue ~r.tckillg hlS developed at l weld repair nnd e~ceeds Category C for 
the Columbia River Bridge. However. based 011 the: experience with these Other strJctures. 
significant residual life should eJUs! as the stress range will decre.ue as the: cr:tck extends out of 
the high Stress conccntr:tlion region. 

12 



Fm;pJJy, it should be noted lila! only twO of these structures experienced complete failure 
Orthe trunnion shaft. One was the VaIleyfJeJd structure and lhe second was SI. Lambert over the 
SI. Lawrence Seaway. 

VI. CONCLUSIOl'S 

I. Evaluation of representat ive defect indications detected in the trunnion verified the 
presence of weld dercct.! at oilway weld repairs which included weld cracks. slag 
inclusions, and incomplete fusion. Evidence offatigue crack extension of defect.! located 
near the weld surface was obser .. ed at three oilway repair locations ex:unined. Although 
snuU inlCnW defects were observed in the trunnion whK::h originated during ilS 
manufacture these were oMen,ed to be small volumetric defects and showed no evidence 
of tJ(tension by fatigue. The sheaVl! wheel defect examined was found to Ilave originated 
during manufacture ofthc casting and ahhough containing CTIlCk·like discontinuities 
showed nn indication of eXlCnsion by fatigue. 

2. 'The mechanical properties of the trunnion and sheave were found to be consistent with 
properties expected of forged and cas! component.! from the period of manuf:lCture and 
component size and consistent with Other lift bndg~ components which have been 
ev:llualed. 

3. Estimates of the remaining service life of tho! trunnion examined based upon the 
observed defect sizes and e.ltension by fatigue o~er it.! service life suggestS tMt nddition:il 
crack growth corresponding to 15 to 20 years of service if the suess ronge is taken lIS 19.6 
ksi. or 33 to"7 yt:Il'$ iflhe stress ronge is Illken lIS 15 ksi. This would be applicable to the 
remaining IWO trunnions in scrvice assuming similar sized defects ellisl. This indicateli that 
crack growth can be monitored by perlodic in:;pections:me! will provide fuither U$Ur:U>C<!: 

of long tenn p<:rfonnancc. 

4. To d~u: no detectable cr!lck. growth ha$ been obser .... ed in the east sho!ave$. It.! fracture 
tOughness is only slightly lower th~n til<!: trunnion pin at the minimum anticipated service 
temperature. Comparubk performance shouW be expected with the shea .... e wheels. 

13 



TABLE I Sm.flvIARY OFTRUNI\'ION DEFECT I!'.'D1CATIO:-<S 

Defect Location Description Reference 
Indica tion ID Sketch 

lA Keyway@ lA Transverse surface crack Ul Sheet 16 
(East End) oil .. 'ay repair weld metal o.rr} 

IE Keyway@ IB Transverse surface crack in Sheet 17 
(West End) oilway repair weld metal (MT) 

3A Key ..... ay@3A T rafiSvcrsc surface crack in Sheet 18 
(East End) oilway repair weld mew o.m. 

Embedded Weld Metal 
Indications (I.JD 

1JT1 Trunnion Near Embedded Discontinuity (UT) Sheet 19 
Inner Bore ISS 
from East End 

UT" Trunnion N= Embedded Discontinuity (uT) Sheet 20 
1JT2, Inner Bore: 8.5" 

and 13.25" from 

"", EM 

1JT4 Trunnion N= Embedded Discontinuity (UT) Sheet 20 
Inner Bore: 15.25" 

from East End 

2A Keyway@2A Embedded Weld Metal Sheet 21 
(East End) Indications CUT) 

TABLE 2 SHEA VEfI"RUNNION MECHAN"ICAL PROPERTIES 

Sample Loca tion Yld. U. T.S. Elong. (2") R.A. 
(ksi) (ksi) (%) (%) 

Trunnion Outer Diameter 36.03 76.12 22.6 43.8 
r;. 37.88 79.70 18.3 23.8 

Innner Di3Jll<:ter 33.83 71.95 29.6 37.2 
34.78 72.37 30.0 35.2 

Shea"e Spoke (Sample "'3) 36.99 73.04 10.9 14.2 
Wheel 37.88 65.38 6.4 7.' 

SpokdRim (Sample *4) 38.15 75.58 21.3 43.7 
34.00 73.97 21.9 44.4 



TABLE 3 TR(Th'N]O;.J CHARPY V-;.JOTCH TEST RESULTS 

Outside Surface 

Temperature, f 

40 

71 

110 

150 

204 

275 

CYN Energv, fi·lbs 

4,5 
5.0 
5.0 

7.0 
7.5 
S.5 

17,0 
23,0 
15,0 

24,0 
35,0 
29,0 

38,5 
53,0 
48,5 

56.0 
65.5 
600 

, 

Inside Surface 

IemocralUre, E 

71 

110 

150 

204 

CVN Energy, fHbs 

3.0 
4.0 
3.5 

7.0 
8.0 
9.0 

15_0 
16,5 
11.5 

31.0 
25,0 
21.0 

"'.0 
4"ts 
41.0 

-53.0 
49.5 
55.0 



TABLE 4 SHEAVE WHEEL CHARPY V-NOTCH TEST RESULTS 

Sample #3 (Spoke Areal Sample #4 CRiru. Areal 

Temperature_ F CVN Energy. ft -lbs Temrerawre, F CYN Energv. ft-Ibs 

40 6.0 40 4.0 
5.0 6.5 
3.5 5.0 

71 6.5 71 9.0 
6.5 80 
8.0 6.0 

lJO 12.0 110 14.0 
12.0 13.5 
10.0 14.0 

150 20.0 150 20.0 
15.0 17.0 
16.0 33.0 

206 26.0 206 24.5 
25.0 38.0 
24.5 34.5 

275 39.0 275 46.0 
36.0 33.5 
33.0 51.5 



'rAULl: S SUMMARY OF FKACr URIi TOl/Gi INliSs'mSTS 

S~I«' Tf$! T""'jl, " W WI' 
" '" - K_ J . J_+J ....... K,. (JI.;)"J K,c,cvs"" 

(SE(CVNJ)III 

1°." 11 11.) (I II.) (Ills.) (1(.'\1.111 1111 (i ll-Ibsll ll l , (~.I II III) (lsi_jil in) 

'" IOF I ~) 2.',m 0.62.5 9.722 ~6.61 1U9,~ 51.1 '"" ,', 10 I· , lOll 2,9'}5 0.619 9,"" U82 111.6 51,8 (24 ft-Ibs) 

" j t)R I' 1100 2./)1)5 0.6&2 6,551 49. ~II 5111,0 ))L1 11.5 

", "'" , "" 2')1>1 0.W7 11.168 61H~ 292,(, 91.1 (411 fL Ihs) 

SI '" 1.282 2.996 0.618 8,556' ~6.16 I ~6 II "'.- 64.' 

Sl 6111- 1.254 2.999 0.609 8.994+ 58.73 205.6 18.5 (28 fl·lbs) 

SJ lUF 1,2R2 :UJ!)1 11,6 15 8,180 51.12 9J. J 52,8 47.4 

" IiJ Il 1.2H I 2.9'J~ O.6 1 ~ 7.682 4'),\11 1S.S 41,(1 (15 fL- Ib.,) 

I ' , Trullll lull 1'111 S ShCllVC Wh,:d 'Ist pOll III 



TABLE 6 SUMMARY OF CRACKS AT RADIUS OF TRUNNION "",,"ID FATIGUE LIFE 

Desigll S<~ s,~ 

s,~ CO)ncentratiO)Il Range Life 
Bridge (ksi) K ksi=kS Cvcles 

I. Valleyfield 
East SI. Louis. IL 13.5 1.70 47.0 900.000 

2. Caughmawaga 
St. Laurence Seawa 10.3 1.72 )5.4 600.000 

3. St. Lambert 
SI. Laurence Sen.wa 1),0 1.75 45.5 700.000 

4. Shippings POrt 
New Jersey 16.0 1.75 56.0 600.000 

5. Carleton 
Miline 17.0 2.18 74.0 450.000 

6. Hackensack Riwr Br. 
New Jersey 9.7 2.15 41.7 1.170.000 

7. Newark Bny Bridge 
New Jersey 9.7 2.\5 4\.7 1.170.000 ,. Duluth 
Minnesota 12.8 2.05 52.5 1.000.000 

9. 1-5 Columbi:t Riwr 9.' 2.20 43.0 155.000· 
0< 

(7.5) (33.0) 

• Estimated cydes up 10 1997 



Figure I - General Views of the Disassembled Trunnion As-Received at the ATLSS Laboratories_ 
(PhotOS Counesy of \VIE) 



Figure 2· Surface Discontinuity Detected by MT at Oilway Weld Repair Near Ke)'Way IA. 
(Photo CourtesyofWIEj 

Figure 3 . Surface Discontinuity Detected by l\IT at Oilway Weld Repair Near Ke}Way 3A. 
(Photo Courtesy of WIE) 



Figure 4 - Surface DisColltinuitr Detected by MT at Oilway Weld Repair /'.'ear Ke)Way LB. 
(Photo Courtesy ofWJE) 

Figure 5 - Typical Key Retainer Fillet Weld Crack Throat Crack (Keyway IB), 
(6199/2-3) 



Figure 6 - Sheave Wheel Core Sample #1. Note Surface Crack Indicated by Arrow. 
(4f99fI4·11) 

Figure 7 - Sheave Wheel Core Sample #2. 11Je Surface Crack Detected Was Ground to 
Gauge Crack Depth Prior to Coring. 

(4199114-8) 



Figure 8 - Layout for Saw-Culling the Trunnion to Remove the Defect Indication Areas. 
Top: East End (! 1/9811-6) Botlom: West End (11/98/1-4) 



• 

2A 

Figure 9· Etched Cross-Sections orlile Oil""ay Rep.lir Weld at Keyway 2A and 3A SIWlU'ing 
Muhip!': Weld Defc:cts. 
(1100'5-2.4199/16·2 ) 



Figure 10 - Enlarged View of the Weld Defects at the Termination of the Oilway Groove Weld 
Showing Slag Inclusions. Incomplete Fusion and Cracks. 

(4199/16-8) 



Figure II - Hydrogen Induced Crack Observed in the Weld HAZ at Keyway 3A 
[Mag. lOOXl 
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Figure 13 - Exposed Crack Surfaces of the Defeel Delected In !he Weld Repair 81 Keyway 1A. 
(fop: 619912- 10, 8oltom: 619912-11) 



~ '.'- ----

Fisure l4 - Exposed CllICk Surfaces ofli'C [)eJe<:t Detel.'ted in the Weld Repair It Keyway lB. 
CTop: 6I99n-s. Bottom: 6/99n-7) 



1A 

Figure 15 - Crack Surface From Keyway lA After Ultrasonic Cleaning of the Surface. 

• 

Evidence of Fatigue Crack Extension is Seen in Se,eral Areas. 
(6f99/B) 

1B 

Figure 16 - Crack Surface From Keyway IB After Ultrasonic Cleaning afllte Surface. 
Fatigue Crack Extension From an Initial Weld Defect ii Clearly Evident. 

(6199/3-1) 



Figure 17 - SEM Micrograph of the Crack Surface of Defect 1 B Showing the 
Initial WeW Defect and Fatigue Extension. [Mag. 7 AX] 

Figure 18 - High Magnification SEM Micrograph Showing Fatigue Striations in the 
Smooth Semi-elliptical Crack Growth Area (Area "a" in Figure 17).[Mag.3.320XJ 



------------_._----------

Figure 19 _ Crack Surface of Defect IB Obtained in the Initial Defect Region 
(Area '-'0" in Figure 17) Showing Solidification Structures Typical of 

Hot Cracking in Wekl Metal. [Mag. 157X & 496X) 

Figure 20 - Low Magnification SE~I Micrograph of the Crack Surface o{Defect IA. 
E\idente of Thumbnail Fatigue Cracks (Areas "a·") and Hot Cracking Were Observed (Area '1)'). 

[Mag. S.2X] 



-
UT#l 

(Pc.3A) 

Filure 2! • Interna! Trunnion Dcfei;1 Detected By Ultl'1l.S(lnic I nspcclion (UT I). 
(l2l99n·4) 

Key 

Pin 

Pc. In 

Figure 22· Cross-section of Cnl~ked Trunnion Key Retainer Fillet Weld (Ke)way 18). 
( l2J99n-2) 



Sample #1 

Figun! 23 - Cross-Se<::lion Through Sheaw Core Sample #1. A Large Shrinkage Cavily 
Is Secn at the !>lid· Thickness With Surrounding HOI Tears. 

(l2J99n-8) 

Figure 24 - Cross-Sectioll Through Sheave Core Sample #2. No Primary Defeci Was 
Remaining After Grinding the Surface. A Small Casting Void Is Seen Adjacent 

to the Ground Area. 
(I2199n -9) 



Figure 2S - Microstructure of the Trunnion. [Mag. 200X] 
Top) Near Outer Diameter BOllom) Near Inner Diameter 



Figure 26 - Microstructure of the Shea\'e. [Mag. 200Xl 
Top} Sample 13 Bottom) Sample N 
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Figure 29 - Load-Clip G3uge Displacement Plot for Test Specimen Pl (f =-1OF). 

Figure 30 - Fracture Surfaces orTes! Specimen PI. (6/0013 -4) 
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Figure 31 - Load-Clip Gauge Displacement Plot for Test Specimen P2 (T :o-IOF). 

Figure 32 - Fracture Surfaces of Test Specim.!n P2. (6rIOIY3-S ) 
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Figure 33 - Load·Clip Gauge Displacement Plo t for Test Specimen P3 (T =0 68F). 

"":~-. ..,.,., . , 
. . , , 

Figure 34 - Fracture Surfaces of Test Specimen P3. (6/00/2·10) 
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Figure 35 - Load·Clip Gauge Displacement Plol for Test Specimen P4 (T '" 68F;. 

Figure 36 - Fracture Surfaces of Test Specimen P4. (6/00/3-1) 
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Figure 37 - Load-Clip Gauge Displacement PIOI for Test Specimen Sl (f = 68F). 

Figure 38 - Fracture Surfaces ofTesl Specimen S I. (6IDOn-5) 
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Figure 41 - Load-Clip Gauge Displacement Plol for Test Specimen S3 (T ;o - IOf). 

Figure 42 - Fracture Surfaces of Test Specimen 
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Figure 43 - Load-Clip Gauge Displacement Piol for Tesl Specimen S4 (T = -1OF). 



-. " , 

10 -. 

10" 

, 
10'< 

~ 
0 , 

" , , • 
8 
o 
o 
o 
o 

"/,",. ",<,, 
c_ ... "" _" ... -

....' • or ' -..0 """ 
D " ,,-,0,:tO " .0 
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Figure 46 - Semi-elliptical fatigue crack ntension from m:iChined radius at trunnion shoulder 
(City of Duluth, MN Lift Bridge) 

(5197115·7) 
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P/~ORATORY 
----'-ITESnNG INC. 

'6'e.ii/'ied de.! ~ 

PO Box 249. 120 MiUSt., Dublin. PA 18917 
TE~ B00-627-3966 • FAXc215-249-9E56 

SOLD TO 
L~hlgh University 
Alumni Memorial Building 
27 Memorial Drive West 
Bethlehem, PA 1801s..-3039 

CUSTOMER P.O. 
22495 

LHUOOH!9·0S-09680 . 

SHIP TO 
Lehigh University 
A TlSS Engr. Research Cntr 
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... :lCS Test Pieces Sleei Icentified as , Sheave Web (#3) and Sheave RJrl (:<4), Item' 
Reference Actn! No. 297061 (AT 8 6), Expense Code 4060 

Four p'eces of the sut:mitted samples were analyzed In accordance wrth Customers Instructions witn the 
;ol;oWIn9 results 

ELEMENT ACTUAL ELEMENT ACTUAL 
C 039% C 0 .31% 
Me 048% M, 0.77% 
P 0_015% P 0,029% 
S O,02.!.% S 0,024% 
S 0.20% " 038% 
N O,().iO% N, 0.11% 
C, O_O~3% C, 0,055% 
Mo 0005% Mo 0.053% 
Co 0,037% C, 0.064% 

PIN-OD C 0,35% RIM #4 C 032% 
M, 0,51% M, 077% 
P 0,015% P 0.030% 
S O,C34% S 0,025% 
S, 0,21% s' 038% 
N; 0,032% N, 0.11% 
C, OCOS% C, 0,054% 
Mo O,OO.:!% Mo 0.053% 
C, 0,038% C, 0.064% 

The services pertormed aoove were dolltl m aeco'cance With L 11'5 Qua.ty Sfs:e", Program Man~a, Rev:s;on 13 oa:e~ 
3,:16,'SS These resu'ts relate only to the [ens tested and tn ls repOrt s"al~ not be reproducl!'l exce~t in full, Without t1e 
w~tten a:lproval of Laboratory Tes~ng, Inc L. T r ,5 accf"",:ed by A2'.A III me Cremlcsl. Mer,J-,a,>C<l 1iIIC Nonde5tl'\.Oct ve 
r,e'ds 0: Tesnng L'1. oS a=eclted ny NADCA? In \r,e Ma:ena:'s -es~ng and NOT M- PT, R- a~d VT. 





APPEC\'D!X C _ PROCEDlJR<:"FOR ULTRA50XIC £XA~'I~XflO", OF50t:TH TOWER 

TRUl";'i"IO;';5 



l:LTRASO:-IC EXA)IT:"ATIO:-" PROCEJ)L'RE FOR SOUTH T OWER TRU:-:-"IO:-S 
FOR THE 1-5 COLUMBP. RI VER llRiDGE 

Scope 

Thi, procedure proyide, for the ~xsmination of in-se!'> ice trunnions using ultrasonic methods. 
T e,;hniqu~s ar~ ~-Itabli,hed primarilv for dm'ction of di~ontinuilies that may propagate within 
cmical area, of the tru nnion. L ltrasomc wa .... are introduced for inspeclion via accessible end. and 
tenter bore hole surfaces. Se' eral transducer assembly d~s;gns and a,soc;ated scanning plans ar~ 
ddined for interrogation of critical ar~as of Ih~ tn.mnion. 

The prc><;~dur~ incl ud~> bolh gen~ral and specif" dirccti,e!. Tcst equipment and personnel 
qualif<cat;on requ irements appl~ \Q all inspection t.-chniques defmed herein. Instrument and 
transducer calibrations. S<:3n plans. and reponing procedures au uniquely specifIed for application 
wilh th~ trun nion oxamination. 

Propo'iC'd '-ariation, t<l the procedure shall ~ ,ubmin.d 10 the d..,ignal~d "OT Le, et III examiner 
for a;>pro, al prior to u!e for inspection_ Appro'-al for usc shall describe specifIC alterations ,,' 
equipmcnt. techn ique. associated cal ibrat ions. and detine appt ication in t~stmg of the trunnions 
\" arlation, may be impl~mented only" ith the signed approul of the designated Le, el!ll. Th 
signed appro'-at shall be mcluded with th~ r~port of trunnion ~""minatlon for" hien the , 'ariation 
appli." 

A. Inspection Personnel 

, 

, 

All personnel that perionn inspections according to IhcS(: procedur.., shU satisl) the 
requ,rem~nt. of S:--T-TC· IA for Le,elII In,pectors. and shall demonstrate !h~ abilot;. to 
perform the de>cri~d cal ibr3l ions. inspeclion scan!. related c~lculations. and to d ,seem 
spurious or non-reie' .nl indica, ions irom signifitanl discontinuities 

The designated Le, el m e~amine r responsi b t~ for ap pro'-at of procedure variations or 
re"jew oft~,t data must sat i,fy the requirements of II_A_I. and may also I"'rforrn 
in'pections of the lrunoions 

B. liltrasonic Equipment 

a The teSt instrument ,hall t>e a pulse echo type ultrasonic flaw detector de>ign~d 
for u,e with transducers that oscillate at freq uenc i~s indusi,·. of I through 10 
MHz. 

b. The instrument di,pla) shall ~ an"A scan" rtttified presentalion. using a 
c3lhodc ray tu~ (CRn. ~I~ctro-Iuminuunt (EL). or liquid c') Sial displa) 
{LCD). 

c The hOrLzontall tnearity of the teSt instrument shal t be accurate within twO 
percent o,er the full sound path disIJlI1cc to ~ uS(:d in te~ting. 



The les: in'lrumenl $h311 inolude inlemal $Iabilinlion oircllin;.' '" Ihal after "-arm 
up, no \arialion In $ignal re'pon§.e --. I dB" in OCour throughouJ Ihe operaling 
duration of the banel) oharge There shal! be an alarm or meier to indir;ate a drop 
in balle., ,-oltage prior 10 ;nwument shutoff due 10 batter} e~hauSlion. 

e The leSt, nStrumenl shall ha'-e calibrated gam control (anenwnor) adju~table in 
diS"'le I or 1 dB steps OVct a range of al leasl 60 dB The accuracy ofthe 
allenualor \etl1ng.l >hall be ,,'ithin _i. I dB. 

f. The dynamic range oflne in,!rumenl display shall be capable of discrele 
presentation of amplilude chan~es Ihat result wilh an alteralion of t dB in gain or 
anenu3tor senmgs. 

, Transducers 

a The size and shape of ulrraSOllic ,earoh units for ,"5pe01l0n ofth. trunnion shall 
be defined for the in'ended scan plan, as described in Sffiion III part A. 

b Transducers shall oj)Ora'e at a nominal f~uencj of~_~5 '1Hz. 

c. AI11rnmducers (" hile disengaged from .(mtnured or angled shoes. if applicable) 
shall be capable ofre",I.-ing lhe lhree refleclOrs in Ihe IIW block from position 
··F". sho"n '" Fig UT-1. 

d S~arch units shallb;: free of internal rdlectors that interfere with aCCurate 
mterpret:uion of data. 

e Search ~mtS for ,can, "SC-3 and SC-5'· (described in Section 111 pan C) shall 
demon,lra:e the capability 10 delect each of the ,en,iti.-i~ reference notches in 
lhe T runn ion Cal ibrat ion Standard (as defined in Section II-B·3-a) "ilhin the 
middle half of the ultra",n,c beam. 

3. Reference Standards 

a The custom-de"sned and fabricated Trunnio" Calibration Standard (TCS) 
depicted in Fig. UT·2 shall be u§.ed for calibration of ,nnrumenl hori20ntal 
linearity and .. ositi. i~· le'ets. The design of the TCS mcludes pro.ision. for 
calibrations of ullra",nie appar:l'us 10 be used ,,-i,h designated scan plan. 
established for use w;lh this procedure The tesl piece is fabricated from forged 
material that "as Cui from an idemical trunnion remo'-ed in 1997 from the l'o'orth 
To"er oflne bridge 

b. An 11\\' block is ...,quired only for resolution qualif,cation of ulnasonic 
nansducers. 

~. Couplant 

11. UT-X po"de...,d ulna",und eouplan!. produced by Sonotech. or suitable 
equiv31enl shall be u.>e:d for ~ltrasonic te$t ~ans. The selected couplan! shall be 
mixed or ,upplied at a high .iscosity (50-90 "eight oil equi,alent) and shall 
""h,bit characlerislics for mainlenance oi pulse lransmission at lhe transducer 
contacl in .. :face "hen utilized On 'enocal surfaces. 

, 



• 

b. The oouplant shall nOt ~ harmful to trunnion surfaoe,. Or ad'ersdy contamina:e 
lubrioant, that remain on the trunnion ~"ing, 

C. Calibrntion 

1 Initial Calibration - Inmumem calibration and sening, shall ~ in accordance" itn the 
provisions described in Section 1lI Pa" B for n::h ultrasonic scan plan. The cu,tom_ 
designe<:l Trunnion Calibrat ion Standard. described in Section II-B-3 shal l be used for 
calibrntion. of ul!rasonic apparatus a, applicable for .Iltes!, performed on the trunn ions. 
The test instrument and transducer; used in the calibration shall meet the pro, isions of 
Seclion II·B-I and 2 

Re-calibration . instrument re-calibration for sensitivity and horizomallinearity .hall ~ 
required at minimum interv"ls of mo hour; or folio" ing change, of tram;ducers Or iXl'-er 
source. 

Provisions for Limited Re-calibration Requirements - A single daily calibr.llion may ~ 
perm ined "ilh the following pro>isions.: 

a The test instrument shall utilize dIgItal circuitry to store the calibration senings ior 
the variou, >can plans and aSsa<.:iated nansducer assembliu. 

b. Subsmutes for transducer assemblies that" ere ini(iall> calibratt<.! for appli03ble teSt 
scans shall not be permitted. and couplan! shall ~ mamtamed atlransdu~er Ish"" 
interfaces. "hen applicabl~. 

c. Stability of the test instrument calib,alion must be established to demonstrate a 
ma."mum change tn venteallinea,it" equal to a va!lation of2 dB o,'er an e"tended 
period, The ultrnon;c instrument shall be monitored for calibration ,ariation in 
thre.: !rial periods of at least 8 hour; for qualificalion of this pro, ision. No aiteration 
of instrument talibrallon settings shall be perm itted during the trial period., A 
change of Dalttr,. shall OCcur in at 1east one of the trial period., With Ihe inslrument 
re"ened to initial calibration settings. a eh'n!!e of> e"ical linearit~ representing an 
exceSs of.2 dB. Or d i>cemible ,mallon in horizontallinea,it)' di,qualif,es Ihe 
provision, {It is intended that instrument stability qualification ~ eondu~(ed in the 
course of typical inspection a~ti, i~ Instrument calibratIon should be monnored at 
maxImum 2 hour tntervals throughout and at the oonelusion of the trial period,) 

d Verifltation of horizontal and, ertioal instrument lineari~' of ultrasonic test 
apparatus used for testtng of trunnions ,hall be conducted UStn,g !he Trunnion 
Calibration Standard within .2 hours follo\\ tng ~()nclusion of the days testing. 
Calibration ,CIting-' used for trunnion inspection shall e,hibil lineari\) reSiXlnse 
" ithin Ihe 'ari3lion pro> isions of Section I1 -C-3-c, 

5. Angle Hearn T ransciu","r Calibration· Longitudinal and shur "a, e angle ~am search 
unils muSt ~ tested for compliance "lIh the pro, isions of Section II_B_2 prior to inlllal 
ealibration for periodi~ testing of the trunnions, ?rocedures for angle ~alibration must 
~ conducted using the TeS as described In Section 1ll Pan B. 



D Testing 

1. Ultra><:lnic tcsting of the trunnions shall bt- at the dirccction of th. "Engineer in Charge" 
(HC). and "ith the supoel'ision of the designated ;\DT L.,eJ 111 (L·IlI). 

2. The interval .,nedule. le, el. and e.~tem of inspoe,tion snail bt- established by the ElC 
Full or limited in;;pection u defined in this procedurT applies to both ends oftne 
trunnion _ ;\0 alternate plans. additions. or omi~ions shall be implemented without 
"TOUen de>;:ription of the \arialion. approved by the designated L· IlL Interim 
inspecllon ho" ever. as deemed appropriate 10 mon'lCr specific indicauons may bt
implemerHed for a single end of a trunnion . 

•. Full inspection requ,res aCceSS to end and Center oore hole s",faces of the trunnion 
for impitmenlation of ~an plans designatw: 5C·1. 5C·2. SC·:;. 5C·~_ and 5C·5 

b. Limited insp«tion of the trunnion requires access 10 Ihe end surface for 
implementation of scans SC·I and SC-3 only. 

:; t;lullsonlc exam,nalion oi trunnions shall be conducted in accordance wuh speCIfic 
applicab le >cannlng panerns and transducer configumllons as desCtib-ed in $<:clioo Ill. 

~. Radial orientation for each trunnion end shall b-e desc"b-ed by uimuth. The location of 
Ihe former oil"ay pori sh.all bt- the designated zero point Clock" ise and 
countcrclocb, ise oriental ions are e,tablished rcc'pecti,-ely for Easl and We't trunnion 
ends and shall be indicated On mSp«tion forms de~ribed in Section II·E·]. 

5 Axial orientation sh~ll be: based on linear dlSt3nce measured from the trunnion end 
subjeclto inspeclion 

6. Orientation ofkey"ays are indicaled at end, of each trunnion ends by Ihr.e center 
punch imp"',sions nCJr the mouth of the center OOrT. at ea~h loc3lion. 

7 Sc~nn ,og cOntact ,urfaces shall bt- suffLciently c leaned and ,mooth to permit couplin,; 
"lIh the ultra><:lnic search unit Bor<: and end surflce conditions of Ihe TCS "'present 
appropriate surface preparalion for ultrason ic te,1 ;;cans. 

g Ultrasonic ><:lund couplant that satisfIes the pro, isi(>os of Section II·B-I shall be 
supplied at the transducer contacl interface for all calibralions and testing of trunnions. 

9. Ultrason ic .oupl3nt and any malerial, used in the inspecl ion of lrunn ions shall be 
remo,ed al the conclusion oft.,ting. :>10 permanent marks shall bt- made without pnor 
appro,.,,1 oflhe de,ignated Leve! II! and "Engonttr in Charge" 

E. EvalualLon of Trunnion Examination Test Data 

I Critical areas of the trunnion. indicated in Fig t;T -1·0 indud.: former oilway groo,.s: 
k.)~,ays; and major section changes located bet" •• n g 'I, in. and 17 in from the end 
and "ilhin Z in. ofth. oUlside diameter. 

Ultrasonic ~anS used for e\'31113lion of the lrunnions ,hall comply" ith the pro,-isions of 
Seclion III Part C of this proc~dure 



3. I"~p«tion ~eans SC-3 and'or SC-5 as descr;~d in Section III Part C ,hall be the 
primary SOurce data used in evaluation of tn. trunnions . 

.:. The attenuation 10>5 of ultrasonic energ~ is approximatel)' represented at 2 dB ptT incn 
of sound tn' el in the forged material. " ithin the crnical teSt area of the trunnuion 

5. Only reflectors generated" ithin the first leg of the s-ound path shall be used for primal")
.,'alullion of discontinuiti.s within critical ar.aS of th. lrunnion .. 

6. Inspection scans SC_1. SC-3. and SC-': may be used for supplemeniar) infDmlation. as 
".11 as additional definition Or chara~teriLltion oflhe indication 

7. With inmumettl g.lin ,enings al 10 dB 0' er reference I., el. indications dct«ted in 
critical artas of the trunnion resultmg m signalnace dei1ections" iln amplilllde equal or 
greater than achieved at ref.",nc. kvd shall ~ documented. 

8 Interpretation of indioations shall be based upon; 

n. Di>continuity location 

c. Indication magnitude 

d. Signal chara~teristies 

9 Disposition of the tnmnion shall b. e"ablish.d from documented ullfa>onic data and 
consideration of trunnion operation. geometne features. and pre-exlStmg dIScontinuities 

F Repon,ngofTrunnion E.\amm~licms 

R~por:s of ultra.onio ~,aminat;ons shlll ;ndud~ tne folio" ing: 

3. Trunnion idenlifi~ation, 

b. Date of tesling 

C. Procedu", used 

d, Scan performed 

e Name and profeSSIOnal affiliation of in, pee tor 

f Significant md,c3110ns detected induding' 

I) Indication bet 

~) Indication 10<:3:ion 

3) T ransdu~er s~3nntng 10<:3tion. ori~ntation. and incident beam angle 

, Disposition of e:Ich trunnion subjec1ed to e~~minalion shall be e.\p",ssed to ___ rinen Or 
tabular form, based on a summaI")-' of .ignificant ultrasonic indications. 

; 



3_ Trunnion insp«lion fonn' " __ nho"n in fig_ VT-3 shall ~ used forcolleotion oFdat~ 
From uln"sonic teSlS. 

~_ Use of ,ketche;; for pre;.entalion of indication location is optional. 

5. Inclusion of the lest in>!rument display presentation is optional. 

6. Repom ,hall dearly idemify extem ofte,ting a, full or limited as defmed in Section 11-
D-2. Interim leSlS if applicable. shall be so idemified. and shall also define the specific 
•. xtem and object of ,.·sts p¢tfonned_ 

]I! Specific provisions for ultrasonic eumination of in s.er.ice trunnions_ 

A. [Xsign of ultrason i, transducers for inspection of trunnions_ 

1. Straight beam (0 degree) transducer for axial. longitudinal SCan (designated A-I). 

s_ The ",braling element shall be round ,,;tn a nom mal d,illtleter of'l. in. to I in_ 

b_ Operating frequency shall be 2.25 ~IHz.(nominal) 

Angle beam (10 to 12 degree) transducer for a.";al.longitud,,,.1 angle beam scan 
(des ignated A --2). 

a. The, ibrat"'g element ,hall be round" ilh a nom inal diameter ofY. ;n_ 10 \ in_ or 
square with nommal dimensions of 'I, in. b} 'I, in_ 

b. Operating frequenc)-- sha II be 2.2 S .\ 1Hz (nominal) 

c A remo,able "edge shaped ·--,h",,--· ,hall be fabrieated from ac') tic plasuc or 
similar material 

d Wh~n coupled" itn the angled "edge. the transducer a,se:nbly shall ereat~ a 
longitudinal ".'-e h.,·ing an inCIdent angle ,,;thin the TCS of 10 to 12 degree,. 
inciusi'e 

e A med,um "eight lubrication grease or petroleum jelly shall be u",d for the 
transducer angle" edge interface 

3_ Suaight beam (O degree) tr.nsducer for radial. longitudinal SC.n from the temer bore 
(deSIgnate<! A-31_ 

a The, ibrating element shall tie round with a nom mal diameter of Y, in. to Y. in. 

b_ Operating frequent: shall be 2.25 ,,1 Hz (nommal)_ 

c. A remo,-able contoured ,h"" shall be fabri~ated flOm acr:-lic plaiti, or similar 
material 

d. The Conlao! face oFthe sh"" shalt be fLned 10 match the contour of the center bore 
surfaee. 

• 



~. Wh~n ,oupled "ilh Ih~ $hoe. a stra.ght b~am "a,e "ith orientation IO".rds lh~ 
outer radIUS of the trunnion shall be "eat~d 

[ The maximum thickne,. for the sound palh of the snoe shall nOl e~c«d )/,. inch. 

g. A medium "eighl lubrication g~ase or petroI~umj.ll) shall used for the 
transducer,-contoured shoe inlerface 

4. Angle beam shut" aVe lranKlucer for radiaI,'u,al oriented. cenler bore inspttlion 
(d~signated A-l). 

a. The vibraling element shall be round "'ttn a nominal diameter of'!, in. to '/, in. 

b. Opcratlng f~qu~ncy shall be 2.15 MHz (nominal). 

C. A remo"able contour~d angle "edg~ shall be fabricated from aCI)'Ii, pla,tic or 
similar matetl.L 

d The contact face of the shoe shall be fitted to match the ,0ntOur of the center bore 
$urface 

e. When coupled wilh the shoe. a .lIeu ".,'e shall be creat«! "ith radial! axial 
orientation na, ing a nominal incident angle of 45 degrees (~1 min ~7 ma",) "1tnin 
the TCS 

f, A medium "eighllubricauon grease or petroleumjell~' shall be used for Ihe 
lranKluc.r'contou~d and angled shoe interface 

g The.hoe Ihall ha\'< a width of I in, 10 I y, in .. and 3 length of, in,!O 3 'I, in, 

B, Catibration ofuttra50n;c apparalus for tesling. using the Trunnion Catibrallon Slandard (TCS) 
depicted in Fig.1, Fi"e unique ultrasonic Scan Plan s.t.up ammg~ments are employed for 
test;; of the trunnion which use mmKlucer<; des.::ribed in Section III Pan A Refer 10 Fig, ~ for 
TCS transducer position locations. 

1. Axial5lmigh! beam tranKlucer (A·I) for full-length scanning (SC-I) 

l. Establ ish hori:zomallinearit;> of the test mstrument with a calibrated range of 
10(1 in. present«! on tk in,lrumen! displa:-. 

b, Couple tranKlucer ,>,·1 at position ".-\." oftne TCS to use ultrasonic multiples of 
1~ in. (full length ofTCS) for di!!>.nee calibration. 

c Scanning ~fe~nce Ie'ei shall be based on 100 pc,,;ent signal trace amplitude irom 
the th ird ba;;k refleclion (n in,) or ~~ dB o,.r a 10(1 percent trace amplitude from 
Ihe f,tSt back reflection . 

2 Axial straight beam tran,ducer (A_I ) for near end :;.canning (SC-1). 

n E,tablish hoti:zonutllinurity oftne test instrument wilh a calibr31ed TIInge 0[10 in 
presented on Ihe in,trument djspla~. 



b C auple transdu~er A·I at position " B" <If the rcs t<l ~,e ultrawnio m~hiples of 
8 in. for distance calibmion. The transducer shall subsequently be coupled at 
po,ition "C"' for di'tct caliiJ'alion u,ing Ihe 18 in. reference di,tance near !he ~pper 
end of the caliiJrated range 

c. Scanning. rcference Ic' el ,halliJe based on 100 percent signal lrace amplitude from 
rene<.:t;on from the 1 Sin. refuence dislan<:e of the TCS. 

3 Axial longitudinal angle beam tran;;ducer (A':~) for near end axial, outside radius scan 
(SC-3). 

a. Perform calibra:ion wnh transduoer ",. 1 according to $e<.:tion 111· B·2·a and b 

b. Disconnect transducer A· I from the in'trument and connect transducer A·1. 

c Transducer "'·2 shall be pl3Ced al position .. "' .. of the rcs. " ilh Ihe beam angled 
toward th~ angle calibration hole. that is centered 15 'I, in. from the aXIa l SCan end 
surface \ Ia.ximiu Ihe signal amplitude at 81l percent of InStrumenl display heigh' 

d Adjust the InSlnlment delay control!O place the trace d.neOlion represenling Ih. 
angle calibralion hole at 15 _3 in. on the hori~onlal sca le of the inSlrument and to 
display (In thi5 configuration. ~d on an incident angle of II degr«s. dis.anct 
m~asurement to rel'ector is acCurate "-ithin appro.ximatel~- ". in. for transducers 
that conform to the requirements oiSec:ion m·A·2-.d.) 

e Referenoe le'el for scanning shall be d~lermin~d b} placing Ihe transducer at 
position "C M of the TCS." im the angle<! beam dir~cted to"ard the sensill,-ity 
notches. establi,h and r",ord the sensiti,-ity referente le'-el based On an 81l percent 
trace denection amplitude r~sulting "ilh the reflection from nOlch l"0.2_ 

f Scannmg le'Ol for testing shall be es:aiJlisned at refer<:nce Ie, eI "ith l-l dB added 
gam. 

Radi~1 straight beam transducer (A· 3) for SCan from Center bore hole (SC .... ). 

a ESlabl isn horizontal Imurity of the teSt Instrument wllh a calIbrated range of III In 
presented on the in.trument di>pla~ 

b. Couple transducer A·3 at positmn "D" of tile TCS to use direct referenct"landmss 
ror distance caliiJrlltion. T iJ achie' e accurate horizontal I inearit)" settings. the 
transducer muSt be centered at the index mar .. , that corre.pond "ill1 ~ in .. 5 in _, and 
6.5 in reference landing. as indlo~te<! in Fig_ UT-2. 

e Couple the transducer at posi tion '-E" of the TCS to establish scanning reference 
le,"1 at the g~in sening r<:quire<! to achie, e lOll percent signal amplitude from the 
maximum outside tnmnion radius. 

d. Scanning Ic,d for testing shall be established at ref.rencel"e] ,,-ith 12 dHadded 
gam. 

, 



). Radial angle ~am shur "ave tran,ducer (A--l ) for primary trunnion in!errogation scan 
from the Cemer bore hole (SC-S). 

a. Establish hori~ontal linearity of the lest instrument (set for shear mode) ,.ith a 
calibfllled range of 10 in. presented on the inmument di,play 

b. Couple transdut:tr A-" at position "G" of the TCS to use the 5 in. and 9 in. radius 
for dis!an'e calibration 

c Align the transducer "ith the inde~ point o f the 5 in. and 9 in. calibrat ion radius to 
de!ennine the sound entr" poin!. 

d. Rd.","!:e le,el for skating shall ~ detennmed ,,·;th the transducer coupled at 
position "'f"' of the TCS ,and dra.'l' a"iall~ along" ith bore holt surface to ach,e' e 
the maximum m". dene<:tion from the sen,;t;\,il) notch at shoulder 2. Enablish 
record the ,e~';li"ity reference bel based On an 80 percent amplitude seoing. 

e Scanning le,.1 for te:;ting shall eSlablish as reference I.,e! ",:h I~ dB of added 
gam. 

6. Longitudinal tran>ducer A -2 incident angle calibmtion 

a. ESlablish appar1ltus calibration according to Section llJ-B·j· •. b. and c_ 

b Couple transduce, A·2 at position "',\"' of the TCS. 

1:. With the ultrasonic beam directed 10" ard the transducer angle calibralion hole. 
ma~imi~~ the trac~ d~necl ion ~ i gnal8mptitude 

d. Align the sound ~n1ry point (cenler oftrMsdU<:~f) \\,to the scale ins.cribcd al ··A

On the "de face of the TCS 10 detennme Ihe sound beam IOc,dent angle witoin the 
test piece. 

Shear" aVe lransducer A·--l IOC ident angle calibration 

a. ESlablish apparatus calibration according to Section IlI-B·5-a and b. 

b. Couple the transducer at position "'F"' On the TCS. 

c With Ih. ultrasonic beam directed lo\\ .. d th. tran,ducer calibration hole. ma~;mize 
th~ trace detle'l;on signal amplitude 

d. Align the sound entry point of the Ir1In>ducer \\ ;th the scale inscribed al "F" on tne 
side face of tn. TCS to determine the sound beam incident angle "ithin the teSI 
p,ece. 

C. Implementation and applicalion of ultrasonic scan plans for inspection of to service trunnions. 

I. A~,"I stratght !>earn scan. using transducer A-I for full length lrunnlOn in'ptctlon 
(designated 5C-I). This SCan is intended to esltlblish general conttouirj- and 
approximate length orth. trunnion. Some non·metallic inclusion,. as well as major 
cracks or fracture, may also be detected 
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3. Couple tran,du,.r A 1 with the trunnion end .unac. using a suitable couplanl a1 
Ihe comlct imerf." •. 

b. General inspection from the end ,urface ,hall utilize a uniformly distributed ",m, 
point" plnem as shown in Fig. UT --l·A 

c Loss of back unection signal amplitude height e~ceeding 50 percent oflhe 
instrument di>pI3~ shall tie noted 

d. General proximity of ind ication, dele<:led within critical areas of the trunnion shall 
tie identified for funhe, in, .;;ligalion using more spec ific ,cans. 

, A.~ ia l snaight beam s;:an. using nanroucer A-I fo r near trunnion end inspection 
(designated SC-2). This S<:3n plan pro';eks a di,pla) range limited 10 20 In" permi!ling 
broad .pacing of potential indications through lhe crilical area of the trunnion. 

I. Couple tran><luee, A- \ ".-iln the end ,uriace oftne trunnion u.ing a suitable 
couplam.1 the comaci ,men.ce 

b A scanning panem shall be estabhshed w,ln ConCenlr>' circles as .hown in 
Fig. UT -loB. The innennost SCan circle shll follo" the mouth of the cemer bore 
"ith a distance spacing to the rim equal to the diameter of the transducer elemem 
The OutermOSt SCan c,rde shall immediate!> follow Ihe outside radius at the 
trunnion end. Two additional scan eire les shall be eSlabli,h.d "ith appro~imat.l;. 
uniform cOncentnc spacing beNeen the outer and innennost circles. 

c Indicauon, with trace deflection amplitude equal 10 50 percent of reference le,el 
shall be nOled. Indic.tions 6 dB I.ss S.'.r. thaI are d.I~"ed from :he oute"",m 
scan circle shall al'" be noted. 

,. A.xial longitudmal angle beam ;can. u,ing I",-n;;duce, A -1 for near end mspection of lh. 
outside radius (designated SC· 3). Access to crilical areas of Ihe lrunnion Ihal exceed Ihe 
pmctical insp«lion capabililj ofsu-aighl beam Iransducers IS accommodate-d ""h Ihe 
10,," incidenl angle beam inspection. \ 10>( eali~ cracking or dil~ontinulties siluated in 
Ihe "ieini,y of the outlide lrunnion radIus rna> be delected wllh thil ""an. Primal") 
emphasis of the scan shall be direcled 10" .. ds former o i I" ay groo, e local ions and 
keyways. 

a. Couple transducer A·2 "ilh the end sur;;". of the lrunnion using a suitable 
couplam althe comact interface. 

b The ultra""nie beam incident angle shall be maintained wLth onentalion 10" ard 
thc outside radiul oflhe trunnion. 

c. Wilh Ihe leading edge f'Ositioned within y, in. ofthc outside radius. Ihe tmnsducer 
Ihall be d"wn a di,L1nce of 3 in .. towards Ih. cente, bore hole. This scan, 
indicated In Fig. lJT -l_c. shail be repeated sequentiall) to in,peet the entire rad,us 
oflhe trunnion. The tmnsduce, shall be inde~ed half the lran,ducer width in each 
succenl". SCan. 
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d. Id~nlify indi~alion location b~ uimulh. di>lanc~ be"'~~n Ihe transducer index 
poinl and outside radius ofth~ lrunnion end. and cosine of lhe sound palh distance 
(a."'al distance 10 ~i1.clor). Actual sound palh di;;tance shall t... r~orded as ".11 , 

e lndi~alions Ihal require up to and meiu;'L,'e of 10 dB additional gain 10 a:;hie\'e a 
signallrace denection equal to Ihe amplitude generated at ~ference le,'ej from 
TCS ,ensit"'I~' not;;h No. 1 (or 8 dB less than the refe!l:nce level of nOlCh "':0. 2) 
shall be re.orded. 

f, Indications "ith a.xiallocaticn e~,eedjng the dislanc~ 10 shoulder NO.1 shall t... 
reccrded if trace deneelion amplitude is 10 dB Ie" ,." ere than the ~f~rence le\'d 
generated from 5ensit;"i~ notch No, 2 

~ RadIal straLghl beam Scan. for "'" wnh transducer A· 3 for determinaticn of radial 
distance from the cemer boll: surface. and inspection of former oilwa~ groo\'~ and 
keyway areas (de,;gnated SC_4). This "an may also t... us~ful for identification of 
",Ialive localion. for altem.to scanning I>cam angle. and for characlerization of 
indications 

a Couple If1Insducer A·) 10 Ihe Center bore surface of the Inmnion using a suitable 
coup Ian! al the conlact inlerface, 

b. Axial mO\CmeM oflhe transducer to"~,ds Ihe middle ponion orthe lrunnion sh~1t 
be emplo:ed to locale section changes. and 10 measure radial distance from :h~ 
bore hok 10 Ihe out, ide diameter suriac •. 

c, Radial moocment around the inside r~dius oftne bore hole shall be used 10 locale 
ke:ways or form .. oil"'3Y groo\e,. 

d. A combination of radial and 3,iallransducer mO,'emenl ma\ be employed for 
inspection and ch3f11ctuiLll!on of speCIfic mdical!om. 

e Axial distance 10 the lransducer cenler point shall be measured from the trunnion 
end al each change cf seclion 

f. Radial oritmation shall be idemifi«l by azimuth to "hieh the center oflhe 
ultrasonic beam" directed 

5. Cenler bore hole. angle beam shea, w"'e scan using lra"sducer A_~ for primary 
m5pection of cmical trunnion local ions. (dc,ignated SC--I). 

B. Couple lransducer A-Ilo th~ ,enlCr bore surface using a suitable coupl.nt 301 the 
contact mterfa,. 

b Ax,.l mO"emen! oflr.msduc .. A..! shall ;nil;ale allhe end of the standard diameler 
of the Center bore (immediately p3stlhe '-lip"of Ihe counler bore)and continue 
10" ard the middle of the trunnion as indicated in Fig. UT -I·D The tra\el distance 
oflh. scan shall e\ltnd be",een 2 '" In, and II in. (inclus;\'e) from the tTUnnion 
end. 

c. Radial mde.xing of hlfthe" idlh ortne aCl"'( element of transducer A-I shall 
accompan: suteo"i," axial scanning monment. 
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d_ Id~ntify indications by azimuth. a~ial distance from end to tr:an>ducer inde>; poLn! 
and sound patch di,tance _ 

e_ Rela';' e cros.->ectionallo<;ation of the indication shall be determined u,ing 
mathemaw:al calculallons or sket.he, t"'ith accurat. angle meUuremeniS and 
reI3li,-. dlStance)_ 

f Indications ";tn !lace deflectiOn! equal to 10 dB less so'ere than the amplitud~ at 
rderenee le"d from son,ili"i~ notch :-0_ 2 shall be recorded_ 
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