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FOREWORD 

The Structural Stability Research Council 
organized a day and a half conference 
concerned with vanous stability problems in 
ex.istin& metal structures which was held In 

Kansas City, Missouri on March 28 &:. 29. 
This conference rollo~ the 1993 Milwauktt 
formal as an expanSion of the half day theme 
session that had been a traditional pan of lhe 
annual meeting of the Structural Stability 
Research Council. The goal of the 
conference was to present information on the 
types of problems encountered. methods of 
assessment and types of rehabilitation that has 
been successful. In this respect the conference was a great success as shown by the 
quality of paper appeann& in these Proceedings. There were abool 70 persons who 
attended the conference. fq)resentlng several dirfcmlt countn~. 

The Iwrnty two papers In these Proceedings were presented In SIX KSSIOflS: one on 
occurrence &:. cause, three 00 eva.iuallon . one repair &:. SlmI&lhcmn& and one devoted 
specifically lO $Cumlc problems. Special recognitIon is deservln, to the keynote 
speakm for these sessionS: Don Sherman, David Wisch , Jim Malley, Fred Moses. Pete 

8ukemoe and Avanti Schroff. Recognition and !hanks is also due to the: other 
contributing authors and coauthors for their efforts in prepanng papers and making 

presentalions al the conference. 

At noon on Wednesday there was conference luncheon . The speaker at the luncheon 
was Dr. Urs Meier from the: Swiss Federal Laboratories. who shared very Interesting 
Information on uSing advance composite mal~rials 10 rcp.ur d~t~rioralc=d rm=ta.I 
structures. Thanks to Dr. M~i~r for his lime and ~ffort . 

A special note of thanks is due to the sponsors who contributed 

financially to support !h~ conf~rence. 

Amencan Institute of Sleel Construction 
Exxon Production Research Company 

Federal Highway Administration 
National Cent~r for Earthquake Engineering Research 

Unoca.I Corporation 



There were many people Involved behind the: sttncJ both before and dunn, the: 
conference to mne It I. $OCCCSSful even!. I thank the: active panlC'ipanlJ of the: 
ScientifiC' Commlltoe for their suggestions rqarchn, tOPICS and speakers: ClamIce 
""Ilc:r who ctwred the: Plannln, Commlltee. Kathy Almand. Lynn Boedle. Reldar 
BjOI'tIovde, Pete B.rkenlOc:. Jackson Durkee. John Fisher. Ted GaJambos. Jell)' HaaiJc:T 
(who is no Ion,c:r With us). Jim Rides, Charles Smith, NICk: Zettlemoyer and Abdul 
z.uJ'l"ICk:. The SSRC staJr put fonh ronsjderable extra effort In ptanmn, and arran,ln, 
for thiS conrerc:nce. In addition to the requlremenlJ for the: pm:e<hn& SRC moeun&. 
For thiS "'e rtCOInitt; Jim Rides, Du'tttor; wlel,h Fcdc:rinic, Administrative 
Secretary and Diana Walsh , Secretarial Assistant . Also thanks to the studenlJ from the: 
UniverSity of Kansas for their assistance dunna the confc:rtnce. 

HOpefully these Proceedings will become an important part of structural engmeering 
literature: . They contam some excellent information on o\'c:rall stability problems in the 
exiwn, Inrrastructure and methods of addressina them . Careful readme will also 
reveal alternate ways of considering the topiC and some areas of contro\ .. ersy or 

quc:sllon . These '" III undoubtedly become future topICS of conSIc:kr.l.tlon by the: 
Structural Stability Research Council. 

Milwaukee, Wisconsin 

June 1995 

" 

Donald R Sherman 
ChOlinnan 
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STABll..lTY RELATED DETERIORATION OF STRUCTURES 

ABSTRACT 

Donald R Shennan 
Uruveniry of Wisconsm-Mllwaukee 

The definition of structural deterioration can be expanded to Include any problems that occur in 
exlSllna Structures as opposed to new designs With thiS definltton, detenontlon ~llted to 
stabil ity includes not only the common conception of physkal damage and corrosion, but also 
problems resuillng from code changes and even errors m design or constructIOn. The causes of 
damage and environmental deterioration can be divided Into categories of everyday usage and 
catastrophic events that impact to various degrees, buildings, bridges, offshore structures and 
hfeline structures. Methodologies for assessment are In developmental stages and consderably 
more research IS still required for evolving reliable methods for assessment and rthabllitation 

As an example of research directed toward understandmg the detil is of deterioration, the 
sigrurnnt role that local bocklina or dents play in cauSing catastrophIC fracture under cyclIC 
loads LS Illustrated by the results of a pliO( tesC program USing rectangular lUbes subjeCt to uial 
loads Although axL81 dlsplacemem range, mean displacement and load rale may all hive an 
mfluence on the rumber of cycles to fracture, the smgle factor that separates members that hI"e 
hundreds of cycles to fl1tClu~ from those that fracrure In fewer than 40 cycles 1$ the presence 
of a Ioca.I budJe The formatIOn of local kJckJes reqUires higher axial dlsplacemtru for tubes 
With lo .... er width/thlCk.nes5 ratios. Therefore, retem code changes that specify more restrICtive 
width/thICkness ratIOS for braces In SCISlllIC design Will enhance the perfonna.ncc of tubular 
mem .... 

LYfROPUCTION 
Numerous articles have appeared in publIC and techmcal llierature describma the magrutude of 
the natIOn's deterIOrating Infrastructure problem The most common problems mentioned are 
the high percentage of bridge structures With cnuca.l or moderate need for rehabliltatlon and 
buildln&s that have sustained damage during an earthquake or are no longer In comphance With 
modem seISmIC cnleria StruCtural engineers are aware or many more specinc examples of 
different types of structures m need of rehabilitat ion for a Wide variety of reasons 

Dunng the 50th Anm ... ersary Conference or the Structural StaMIlY Research Council In 1994, 
the~ was a workshop on Deteriorated Structures Par1lcipams from .... rious parts of the world 
discussed a broad range or problems associated WIth detenoratlon 1be first pan of thiS paper 
that deals With the broad aspects of deterioration is based on Ideas presented In the workshop 
1be secODJ pan of the paper presents the conclUSIOns of a pilot test program to detenmne the 
cause of fractures found 10 hollow Structural section (HSS) braces 10 the Northridge Earthquake 
and the faclors that may Innuence the behavtor of HSS braces 

TYPES AND CAUSES OF PIITERIORA TIQN 
In the ~'orbhop dISCUSSion oonc:emlO,g the types of delerlOratlOn that can occur 10 structures, It 
was concluded Wt mo~ than Just physical damage should be considered The: topIC should be 
broadened m scope 10 lJ'IClude the considerattOn or any stability problem WI can occur m 



eXUlIIIJ structures u oppoKd to new designs WUh till extended defimt)()n. the roliowllll rypcs 
of dc:te.noralJOfl that mfluencc SlIMilY can be ldenlifwed 

DAMAGE Local dentilll or oul-of-Slralghtness thai prod\US I conclltK)n thai members 
or the structure are no lonaer wuhan anginal construc:t)()n tolerances 

ENVIRONMENTAL · ConclltlOl\S that lead to loss or cross seclion an members or 
literal ions or JOint characteristics that change the boundary conditions or members 

LEGAL Changes In applicable codes or In the funcl)()n or the S1NClUrt WI produce 
different la.ds or deJlgn cnteria 

ERRORS - Either design or consUUClion errors that are not delected until Irter the 
SlJUCtuTe IS "'1111 

Seven.l causes or dama~ or envlronmeruJ rypes or de1enonttOn can be Kk",lf~ These arc: 
dIvided mto cate,Onet or everyday Ulagt: and catastroptllc events 

EVERYDAY USAGE 
REPETITIVE LOADS - nus 1OC1ude:s cyclic loads rrom C'QI,lIpmtnt . random load 
VlnltlORS or other repeullve IoId.s thai can produce rlupe COndll)()ns Tbe 
ruullllll crxb may mfluence the sectIOn or boundary propertlC-S to the eltent 
thai stability IS dearaded an I member or In I "NCturt U I whole 

CORROSION - Envlrorwrntal conditIOns can kad to loss or SCCOOn or 
detenOrallon of JOI015 

LACK OF MA1NTENANCE - This could lead to COfT05lon. build up of matenal 
an JOints or structural misahgrunenu doe to use of C'Qulpment (e I cranes) 

CATASTROPlflC 
1MPACT - lmpac\ damage otC\In from movma vth)C\es or falhna obJCCU that 
locally dent andlor pennanemly bend a member 

SINGLE OVERLOAD - Humcanes. tornados or unU5WlJ vehICle or C'Qulpment 
10IdJ thai produce permantm local or ,enenl member butkhna 

SElSM1C EVENT · Severe honzontal cychc 10IdJ on !he IUUCture that product: 
buc.khna or fl'lCturt In membtrs 

FIRE - TWI tl"l or bcnd1l1l of members beyond constructK)n tolertnCeS but not 
to lhe dearec where replKemem IS obvK)USly reqUired 

BLAST - ExplosIOns that otC\Ir ellher from mduslnal acx:tdc:nu or uUntlOlllJ 
bombllll that produce: pc:nnIlIItnt distortions In the strUCNrt 



Det.enontlOfl m vanous forms cook! ocxur m many types of ,(ttl SU\al.:l\lm Ho-..evcr, the 
frequency of types or ClUses of damage IS mort prtvalent In dlffertnt structurt cate,oncs 

BUILDINGS Exposed cotumn5 In mdustnal bluk!m,1 and parktna structures are 
frequently subJCCt to \-ehlde unpact and are pocencaally subjeCt 10 en\<LTOnmcrul 
dc:tenonllon Industrial bulldinas art also subjeCt to mamtenaoce, overload or C)'chc 
load problems Any type of bI.uldulg can upencncc fire:. blw or seIsmIC dama,e 
SeIsmIC dama,e LS the: most pre .... lent and mosc commonly affeelS bnICCS and )OnUs In 

steel bI..11ldmgs 

BRIDGES - VehICle Impact frequently occurs In mc:mbers of bndgcs CorrosIOn and 
maintenance: problems art also frequently eocountertd Other source of damage onen 
affect bndge suppons and foundatIOns . bul these art not wllJun the scope of stabIlity of 
meuJ suuc .... 

OFFSIIORE STRUCTURES· Work. platrorms art subJCCI to any of the types or causes 
of ~ that have been identified 

UFEUNE STRUCTURES · SeismIC cvenu can damaac plpehnes and towers Pipelines 
art also subjC'C1 to COtTOSlOn or acddental Impacl from moVln' equipment As uposed 
SlNCNres, \Owen are sub)CiCI to envIronmental damaac 

Any type of .steel SUUCNrt cook! reqUlrt evaluatIOn due to enors or chanacs In load1nas and 
apphcable codes ThIS LS a pat1lCUlar prob~ Vl'lth older bnd,e tnIC1Ures and bl.ukhna In 

seismIC rt&M>TIS 

BndJCS wert commonJy desl&ned ror 30 to SO year h\-e5 Bndle loadmas hne Incrtased 
considerably over thLS penod and many eXISlUl& bndaes are o\'cr 50 yeaTS old As In the: case 
or bullduliS . many of thex older 5tructurtS have survwed and continue 10 ruocllon With loadmgs 
well beyond their OTlallta! deslan loads because of very conservallve desl,n practICeS 

Stanu" 50 years a,o, offshort uucrures wert orlllnally desl,ned for a 30 year lire and to 
Withstand a 2j year wave Now thert IS an mterest in utendlllllhe life of older plalfonns and 
the desl,n CTltena IS a 100 year wave WIth modem analysIs methods and refined cmena. older 
struCtUres can frequently be shown 10 stili be adequate 

, 
Once It has been detmmncd that I member or structure 1$ In a de&cnoratcd condlllOO. a dccl5tOn 

must be m.ade on selecting one of three optiOns 

leave It as LS smet: II can perform Its fwnJon In a satlSractory manner 

2 Rehabilitate 10 Improve Its condlllon so It will perfonn Sltlsfactonly 

.3 Replace the member, subassemblagc or cnllrt SUUCfUJ't 



, 

Although analYSIJ for re-ratma bndges has ~n common pncncc for many yean, Jenera! 
mcthodo1oa»c:s for ~ mel'll are stili In formative suges A draft of • IeClIOn of API RP2A 
(Offshore Platforms) tw been prepared lhat p~nts • general stratelY Similar srudltS for 
crxks Ul bndae W\KCUrei are also underway . Esse0l1l..lly the stratc,y COMI lJ of • sequence 
of class.ratlons of the sc\lcnty of deterionnon and Its consequences Each scale IJIcreucs In 

compkxlty If the results are SlIISflClOry In any SlaiC, the deteriorauon IS dl.smlssed If nac , 
proceed to the next stale TIle sages Ire 

Gather <!ala to documem the: !evenly of deterioration 

2 Screen thc: mformat.on and make an experience Jud,ement 1.5 10 whether the 
detenorallon ml,hl be sc\'cre cnooah to hmn the funchon of the slruccure 

J Consider the effecu at \1r'ork1lll SlrCS!I kvds 

4 Perfonn.n Ullnnllc Slrenglh analystS Simple and conservauve ana1y~ are U5td fim 
and Increasingly complCll analyses are used if necc.ssa.ry to demonstrate I margm .,amst 
failure , C I 

a) Elasuc .nall'S!s Without s • .rely factors and USing mean ylCkS strengths 

b) Detailed local analySIS If few membtrs are Involved 

c) Global analysIS (ea pushover in the: case: of offshore plalfonns) 

5 Design lhc reqUired rehablillauon or replaccmcm 

At any stage lhc economICS of proceedlna must be considered It may be Ie expensive to 
rehabilitate or replace than to proceed with lhc assessmem 

Pa~ters 10 be considered In lhc evaluation and assessmem are lhc location of lhc detenol1lllOn 
m a member and In the structure. seventy. structural type (ea degree of redundancy). 
consequences of failure Included m the latter are consKkratlOIU of whether the SlJUI,;lure IS 
occupted. pos ible e"-.;uatlon of personnel With adequate storm wamm&. poteRlial 
envtJ'ODlDCruJ polluuon and economIC Imporunce of the SlJUCture 

Although knowledge of the reserve strenath of an indi"Kiual member IS Imponant. primary 
c;:onsJden.tlon must be liven to Its effect on the total structure Therefore. mformallon on Its 
.Itered stiffness must be known for an ellSllC analYSIS and nonJinear c;:hal'fK:tenst~ .re reqUII'Cd 
for an uitllnate ~natb analysu If there.rt many sources of out-of·tokrara In the SUUCture. 
they can add up 10 potentially danaeroos situauon in an uilimale SU'tnath .nalysls. there IS the 
possibility of a complex .nalyslS to detemune • beta or reh.blhty factor for the structure 
Although thiS IS In opelon for enalJllXnng deciSiOns . reference 10 reh.bllity or probability of 
survival should be .volded when dc.lillj with the pubhc;:; the publIC wlnlS a cle.r stltc:mem that 
the UNq)llred or rehabilitated structUre IS rthabk 



, 

JnspectK>ll IS an Imporunt part of the assessmem p~ espectally when deterioration IS caused 
by everyday events In any assessment It IS lI1lportant to detcmulle the rOOl cause of 
detenorauon so lhat simple repair d~ not kad 10 • recurnna probkm As an exampk not 
dlr"C!Ctly rela(ed to stability, a cract caused by overload dunng Installation can be rewelded, but 
fatigue cracb should 00( be simply rewelded 

REHAB[LITATION 

Tubular membel'l tlave been rehabilitated with Internal grouting and external sleeves or clamps 
to encase the damaged secuon With grolll Fiber-reinforced concrete and Shotcrclc have been 
used to encase buckled web members In open-web JOISts to obtain stable hysteresis loops The 
ob)tClive of grouting is 10 stabilize local buckles or dents so they do not grow under subsequent 
5lItiC or cyehc loads 1I0,,"c'o'er. research has shown that there IS a limiting dent depth and OUt 
of-slI1.lghlness beyond which the onginal strength of the member cann()( be regained Groot has 
also been used to reinforce connections 

In bndges, rehabilitatIOn frequently Involves increasing capacities and Widths In addition to 
repair of physal dttenorallon Several strategies to ehmlnlllte stablllly problems from both 
bndle and offshore expertences can be mentK)ned These Include schemes to u'lCrease trength 
or reduce loads 

Replace members With higher ~ngth ,(ttl 
Add addllK)rlIl b~ 10 compression members 
Post-tenslOnu" schemes 
Internal or ex.temalafOOt 
Insen piles In rubular members with grouled aMular space 
IntentIOnally nood submerged rubular members to reduce extemal pressure 
Reduce load by removing unnecessary appendages that Cltch drag fortes 

NF£DED R&5EARCH 
1be whok area of dealing With detenorated strucrures IS stlil m lhe early 5tages of developmem, 
and conslderable restarth IS needed for economICal and effiCient Issessment and rehabilitation 

EXPERIMENTAL - Tests art reqUIred to determll1e the behavK)r and rese ..... e capacity 
of various types of deterioration for different types of members These teSts are needed 
to proVide I baseline for analytical predictors Tests are also required to provide 
IOformatlon on innovative methods for repalnng deterIOration 

ANALYTICAL- Funher research is needed to develop rehable, effICient and econormcal 
analytal methods to dttermlne rese ..... e capacltJeS and behavior of damaged members of 
varlOUS cross sectIOns 1be complete nonlinear behavior of members, Includmg lhe 
descendmg branch, must be known m order to conduct collapse analyses of the emlre 
SlfUCI1U< 

PRACflCE - InfonnauoD i.s needed to classify whw:h dents (sc\'crny and locatIOn) or 
other types of deterlorauon can be accepted General methodologJeS must be de\'eloped 
for assessmg older structures A good exchange of mformatlon IS reqUired 50 that 



, 

successful methods of asseutnem and ~hablhlation .~ widely known 

!iss BRACE UNDER CXCI. IC AXIAL LOAD 
As an uample of research directed toward detc:nnmlng the causes of catastrophic damage, the 
results of I pilot leslS program on rectangular hollow structural SC!CIIOns (!-ISS) are presented . 
nus lest program was moelvated by the observation of a fracture in I IO·xIO-x)/S- HSS bracing 
member With a nat width 10 thKkness rano (bll) of 23 In the NonhrK1ge Eanhquake of January 
1994. TOe lest program COnsisted of tesung IWO thicknesses of S·x2" HSS under &Xlal 
displacement With ends pumcd for column buckhng about the: weak axis. 1be propenteS of the 
test specunens are summarized In Table I 

TABLE 1 HSS TF.'lT SPECIMEN PRQPERTlF.'l -
SIZE bit KU, 

Slt2xI/S- 36 835 

Sx2x3J I6- 2J 86' 

TIle size. bIt and column slenderness (KUr) 
Irt: based on nomlOal dunensK)RS The Yield 
suns (F,) and the measured stub column 
strc.ngth (P -> were obtained In static. lests 
while !:he y;eld load (P ,) IS calculated from 
the stallC Yield stress and the: aclUal HSS 
dunensions The fact that the stub column 
t(SlS an: higher than the yield k»d rencclS 
enhanced yield properties m the comers of 
the HSS and IndICate that local buckling 
occurred In the strain hardemng range. 

The AISC Specification defines a thin-walled 
HSS under umform compression a5 havmg a 
bit that exceed 238/v'F,. or in thiS case 35 
for the thm HSS The recrnt AJSC Seismk: 
ProViSMmS limit bit to 1l0/.JF, or about IS 
for both of the two sizes Therefore. the 
thK:ker of the test sptClnlens is Similar to the 
HSS obscrvt<! after the: eanhqua.k:e and would 
have been acceptable urder the older code 
proVISIOns. but nc:lthe:r HSS woukl be 
accept.abk under the nc:v.er proviSIOns 

Both tube sizes were IMaily t(Slt<! as 

F, P, poO 

ks, kips kips 

46.1 71.0 Tl.7 

57.0 127.2 161 

FIG. 1 - AX I AL LOAD -DISPLACEMENT 

columns under very slow monoconK: axial loading The resultIng load vs axw displacement 



curves are shown In FI, J SlIlCC W column sJenderness 15 aJITIOSt kScnuc:a1 for W IWO SlUS, 

O\'enll column buckhna occun at esscnually w u,me axial dl5place:ment Subsequent local 
buck.lcs, howcver, de\'elop al less dlsplaccmeru In the thinner HSS In the cyclic lest proaram, 
u:J&I dlSplacemena hmlts were at 0200" where only the lhtn HSS formed a local buckle and at 
o 400" .here both HSS hid local buckhna 

The: vanablcs In w cyclic test PfOIBm were the axial dISplacement ranae, the mean axial 
dlSplaoemena and the rate of IOe(hna u dettnmned In lhc: penod for a cyck: A SImilar pllltm 
of behaVtOf wu observed In most of the cyclIC tests Column buc.kJm, LJ followed by a loc:a.I 
buc:tk whICh leaves "homs" al the comers. Aner several cycle with lension ucunlOnS. 
crac.o imtlate at the flSS corners on both horns and propagate throoah the thICkness and away 
from the comen In subsequent cycles As secllon IS lost at the cracks resullm, In an ec:centnc 
Jo.d. the lateral deflccuon reverses dunng the tension pan of the cycle but return to the onall .... 1 
dU'tCIIOt'l dunoa COmpresslOR. produc:ma a 5JlIp-throu&h behavIOr Eventually the crack pops 
ICrOU the local buctk . rcsulu"I In lIK:reased latenl denccoon that creates a larae enou&h 
ecc:cnlnclly to re ... erse the dll'CC:tlon of column buc:lchna In the subsequent compresSion Table 
2 presents the displacement ranae, the test KknllflCauon number. the cycle perIOd and the 
rannber of cycles for a full fracture across the width of the: secuon 

l'be mo5t sl,ruflCl.nl contlu JOIl from the: tc:sU 15 (hat Test 14. whKh buckled as a column but 
did not form a local buc.k.k . SUstaIned over SOO cyclcs of Ioadllll wilhout devclop'"l a crack 
All other ItSIJ where local buckhna did occur faded In 4 J or fev.:et cycles 

TABLE 2 • CYCLES TO FRACTURE 

DISPLACEMENT THICK nUN 

(in ) TEST PERIOD CYCLES TEST PERIOD CYCLES 
(s) (s) 

- 200. + 200 7 480 12 

4 16 500+ 8 16 32 

-.300, +.300 10 2 27 

- 400. + 200 2 40 31 

S S J4 

4. S " PRELOAD 

3 2 40 I 9 I 2 18 

AllhouJ,h the: mfluence of local buckling LS the: most 1I1mftCUII conelwton In these lC:SIS. Itveral 
teCOIldary condusaon may be made by companna vanous tests Some of lheK are UllUl(IYe. bul 
they ha\C betn quanllfltd III these tests 

Tesu 13 &. 9 - hllh bll leads 10 lower fracture life for the: aame displacement range and 
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Tests n ,8 & 9 • higher dISplacement range leads 10 lower hfe. 

Test 110 &. 9 - mean displacement may have an effect However. Test '10 was an 
exception 10 the aeneral behavior 111 that a te\'crsal In buckliog dU'ecllon occu~ after 
the cnc.ks miuatcd bul before the pop across the face A local buck.le then formed on 
the other side:. followed by crack. mitiation, pop and another direction ~versal. Cycling 
on both (aces may accOUnt for the longer life than Test 19, which had the same range 
Test #10 was the only lest with full tension yield . 

Tests '4. &. .5 - precycling may be bcneftCial Test 14a was I continuation of Test '4, 
but with higher displac:emem range thai corresponded to Test' .5 In both displacement 
range and period 

Tests n &. 8 - varialKlns In loading rates It penods greater than 16 seconds have no 
innuence on fracture life. 

Tests n.s &. 3 - low periods have a benefICial influence on fracture life 

These pIlot tests demoM:ln.tt that lhr: onJy impotUnt pan.meter In dctc:nnlnlfll, whether HSS 
brxes will survIVe. 5elsnuc event IS the fonnation of local buck.les. 1be column tests can serve 
as benchmarb for analytical SrudlCS 10 detennme the axial displacements al whICh local buckles 
form as 1 funcuon of bIt, KUr Ind the Yield strength 

CONCL USIONS 
Several conclUSIOns tan be made from the ow:rall dlSCusston In this paper 

Wllh an extended defiOlllon 10 Include stability oonsKkrauons In eXlslln& structures, 
-deterioraUon- can take many fonns in addition 10 damage and corrOSion . 

2. There are I variety of everyday and catastrophic causes of deterioration that affecl 
different types of structures to a greater or lesser extent . 

3. A.s.ses.sment procedures are In various stages of dew:lopment in Industries concerned With 
different types of structures 

4. Rehabilitation methods require ingenuity and research. 

5 Detailed research on behavior IS reqUired 10 develop guKkhnes to deterioratIOn awes, 
assessment procedures and rthabllllallon schemes 

6. 1bert lS • crillcal need fOf' dlssemulation of Informallon by practitioners who have had 
success In assessment and rehabilitatIOn melhod5 
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Ocpanmcnl of 0\1,1 and F.nvlfOnmcnlll EIISlnealng. leh.,h Unlvef'JlI), 

ABSTRACT 

, 

1M fUII/U of sr"I'ml curr~"1 rUf'arch programs ,daltd 10 II" INhtJI'ior (If dtn/ttl mill COrroSliIII-dtlrllll /f,d 
tubular bract' I1ItmMrr 0IId ,11"" (('po" IS prtstnud hl\'CSll8tlfIQl1S ""ur (OfulllCInJ ,"I'OII'/nK larRt"S("(J/(' 
lutlnl ONJ _IHlctil stud/u. 1M (UItJ/ytlcai SrudlU ,nvo/ly:d asSUS11f/f ,n, IJbtluy of s,wral dif/I'uflt 

Mt'hodJ of _lySu. 1IIC1udlflr s,mpI,. ~glllunng coklllotlOlV 0IId mou wphut,nl,rd nonlllll'Df finite 
,.kntOll QIIOhslJ. 10 prNicl dama~ wtd "ptJlud Mtmlxr bthtmo,., The 'I'sults of ,Jw tnt pmgranu 
w:lJt:(Jud ,Ito, ., sIgrujic(UIJ omt)Wll III Mtmbtr M'tnoroll()fJ could occur dul' 10 ,.,t~,. dtlll or rorros,OfI 
damage TM "X/I'PlI of 1M alHllty of (J "piJ" 10 ,,.wlat,. (I dantagM _~r 10 lIs orlltlflOl dts/If" strrfl/f,h 
'r>wfound 10 d,.~rtd OfIIM f'f/"n' of 1M dtJmagt', 11It' DCl'UnK'l' and rt'ilalHilfy (If 'ht' (1IKIi\'fu'ai "'l'Iholl1 t(l 

pudiC' dDmaft'd mt:~r btht",wr(J" lill4.1tratt'd 

INTROOlCTIO~ 

PrekntJ)'. there ~ 010V '500 map off~ fixed plal:fonru Ioca&cd m U.S waten 1"h6t 
structuru t'-"st m I hazardous environment. being c:onstand)' SUJCqllIble 10 coIh~loo y,.lth man~ VCilC'b 

.00 dropptd objeCts III.hlCh can cause damage cons.sClnl of dent damagt'- of -xpth d4 and out-o(.~tnu,llInt'oS 
6, (see Fi,_ I), Sun-e),a have reported' lhaIa S.grllrtcanl number of fixed off~hore plalforms .n the U S hl\c 

.... -
'The I1'\II'Int enVlroomcnl 1110 cxpolC'S lhese platforms to COI'roSK'In. I'«I\lInnl the Ute of 

coon(n'Xt.ve COfT05K'1n mt'tiU~, lOCh IS cathodIC procecllOn sySlt:ms and proIecllvt'- coo.tm,s ~rllt'

these measure , wre II't IlUmmJUl CUtS reponed of platfonn memben ..... hKh ha\"C IUffem.l COR'Dl'ItOn 

dama&c' I Shown .n Fig_ 2 IS a \Che'maHc of a corroded bnIcc mcmbtr ..... htch had been remo\'td from I 
Gulf of MU lco platform. A survey of IhlS member by Ostapcnko et ai ' lIl(h~att'-d that the: n'lt'-mher hlld 
slgmrlCanl C~lon, consisting of some umform. but mostly patch-typt'- Con'O'i lOO 'The latler t}pt'- of 
CQC'TOS,OO causes I non-unlfonn rrduct.oo of the cross·sectlOO'. wlll tJIICknt'- ~ Te(lIng of th l , IS well IS 
another SImIlar mcmbtr. re\Ulted m I Capaclly reduclloo of )S4\ and ~. It: pKllvt'-ly, compared 10 II 
correspondm, non-«<rocIed tubu lar The loss In c:apatlly IS altnbutcd 10 I ~malure local buo;kle III.hlCh 
formed In lhe most severely corroded area of lhe IWO 5peC1mt'ns 

Improvemt'nts In 011 t'fIC()vt'-ry melhod$ and econornKIJ JusllflCDIlOOS ha\'e re~u lted III many 
offshore platforms remamlng In Kn'1Ce beyond Wlr ongillal design ltve The cffec t~ of COITO'iICln Ind dent 
damage on lhe Wel)' oftht'-st U ..... "f:1I as newer .strucIU~ h.u btt-omc a IfO"'IIlJ concern Knowledgc' of the 
residual 5lJftlp and fq)iUrabthl} of Iknt-diuNged and corroded mt'~ 1\ h,RhI)' rek\-atll to lhe' .... fet~, 
IS well u tht'- repllrabtht)' and requ~hfkluon of all platforms 

The stmlP of mt'-mbcn III. Ilh denlS. both with and ...... "hool OUt-o(·\ll"IIghtnt • h.u ~ I ~ubJe<:1 
of eJltt'-ns,'It'- teKarch \ It/Ce!he late 1970's&- MOSI of the pn:'IIOUS cxpenmental worl hou Involvtd \rroll 
scak ~pKlmt'ns. ..... here !he dl&melt'-f D 11 less lhan 76 rnm and !he cknt-depth d. ~ t!wl 0,2D Even fewer 
SlUdteS hive been conduc1ed on tht bduroVIOf of repaired I:ncm, meJTlb(n WIth dmt damap" " V,rtuall)' 
00 prKW rrsearch. ,,--,et'-pt for IhaI by Ostapenko el aI • hal beoen conduc1t'-d on W ubJOCI of W 'ffcct of 
cono!lOn 00 SUUCluni performanot 
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The need 10 KqWI'C rn(ft t-Icd&e MIout me resMiuallfm'lp Md rq>aIr 0( ckm damIeed Md 

comlded offshoft tubular members It'd 10 tht ~h rqlOr't ~UI The ob:JectlVU 0( thac ttudla' • 

wue 10 ,n'·tst'~ the IxhavlOf of ~ and comxkd tubular Incm, mtmbers In ordtr 10 U$CSS reQdua.I 
11l'Cngch. and 10 enluale IMlr I'q)Ilr by tither Internal grout!", or arou1td llee~'es. TheIe lludlCS lnvolvtd 
both cxpenmmtaJ and analyucal InYfill,I"ons, .... heR: the: fonner ullhud l~scale Idt pccunen. 1be 
anaIyttcaI UlY'tSClpltonllnciudcd pc:rfomun, pIBmttOC 5Ndars to IS5CIS the effecu 0( vanous ~ 
and mMmaI ~a on mtI1'Ibn" bthI\'KJr 

RESTOU L STR ENGTII AND REPAIR OF DENTED 8RAONG 

'The expenmentll Mud)' U$OClated wuh the residual §I rcnglh and rep.ur of denl-darnlccd Incln' 
tnvol ... ed te5IU1llhe 27 latae-sclle ipCCltnc:ns suml1W'lzed In Tabk: I The rallJe In nonllnal dent-dtpth d. 
wu (rom ()'I; (110 deftl ciIuNF) 10 ~ of the pa::ltnm', dwnetrr 0 and the OUI-of-IlJaI&hlnu.t 5, \-med 
from about OOOIL to OOIL (where L IS !he 'f)«lJnetl" toeaIltnp) N~. dent-<iatn..,.:t. and 
pool rrpilrcd dcnI-damaFd specImens haVln' nomlfl~J d.tamdtf·lo-ttu~knua rattOl of Dit. \4 5, 46. Md 
64 wt:te 1e5Ied. In some CakS sp«lrnms With I 011 • 69 were It.ItCd 1ft htu of those with on • 64 'The 
Iq)a1rcd spetuntfIJ W'C'te ,,,!her pooled 1"!emalI), or o.temally, the latter Invoh'ln, the plllU.Jnent of IfOUI 

between the member and • steel sleeve .... hteh .... u po5lboncd around the member In the dott-damqed 
reJIO'I All JpKlmen~ had. nomJrW dwnctff 0 0(219 mm. and In ovmtll kn&th L that rMJrd from 4542 
mm 10 4585 nun In ordu 10 manulJI • s~ 1'111.0 kllr of ~Imatc:ly 60. Meuurtd values for 

• dJD. 0, l, and 6, for eKh p«lrnm m ,,~ '" Table I. The I$ln, of !he cpec:lmtnI 1ft the test 1NU1.l 
CNIIb&ed. dll't'Ct compwuon 10 be ma between the sumatht of (I) J10Ul rqt.lIred Md I'IOft-I'qNUI'ed 
ckrud members, and In JOmecata (2) ~ Iftd 1'IOft-~ dmIcd mcmbm .• we.111.I (JI non

dimap and '""" rqtIJrtd members 

The dented sp«:nnms Wtte daJNged under controlled condiOons U51n, • blunl huded Iittl Vot«Ip 
land • ~ tesI nw:hl-. ".,hen: the former was llowly dupbecd InIO lhe ,Ide of lhe lube II; mKbpan 10 
obtam !he WJd deplh 0( lhe Induced dent-daml&c In order 10 mlnlmlz,c !he development of ,Iobal oolo(lr, 
Itf"llJhlneN dunn,the dentlnJ process. the member was conlmuowly MlrPO"ed WIlli a bed or hydrwlone 
pIxed alona. knalh 01'609 mm on both sNics of midspan The ool-of-q""hlneu 6~ rol~'ln, dentin, was 
leu than O,OIL ror the mo5t teve«ly dented specunens (d •• 030), The matenal properues for each 
5peClmen, cOOllShn, or 5teel ItnStle yteld 5tl'l:"nglh 0, land pout com~IYe stJenglh r, (for I'I:"J"urtd 
5p«m-.ens) were meMured by 51,ndaro methodi- n. II and IlI'I:" I'I:"JlOf1ed In Table I All spt<:lmens wt:re 
(abncaled from AS3 Type B tubular slel'!. whICh we:re annealed 10 obtam I'I:"pmenlattve proIOIype )'teld 
SlmlctN FoIlowlna dmllftJ. each qleClmeft was theft tc:stcd In !he Itlr.reacltn, 2224 kN ~ rrwnc shown 
1ft Fil 3 ~I~e lcedln, ..... apphed to a ~Imen WIJIJ a plJr of h)dralht hoIloYw-core JaCks. e.:h 
1en!lOftln, a rod that reacted iplMI a !oed beam at one end of !he specunen The tat frame: featured 
rncuonlcu IJlhencaI beannp at eao.:h end. .... ,htth held a lpecunen m pIKe and provded ptn-cnded 
'P«lmen boundar)' condmOM F..::h apeclmm _ fully IftlCnlmmtc:d 10 rnr..ure a.ual ~ IIJ'aIIlJ, 

1f'O"''th mdcnc-depth. ut.al Jhon,en'ftJ....d oul4·plane &Jobaj dlsp&.::emmu dunna the laC EKh CUI_ 
Inllafly conducted under kMtd conlrol up 10 peak specuT'left eapat:lty. aflef whICh dl.splacemcnt control was 
used 10 capture !he JIO'I-ultlllUlr!e behavIor of lhe specImen SpecImens were ItSlCd under monotonICally 
applied uaf k.t .... IUI an end ecttntnt:lty of either e • 0.20 or e • 0.00 (concemnc: Ulal kIId). 

The lIormahzed uw loItd-utai shonefll", response of speclmtnl haVlnl Oft • 64 and .. 
cc:eencncaUy apphed IJIW kMd 15 shown In Fil. 4 It IS ICItJI 1ft Ihl. ftJUre thai a denc-depth of 0 10 
(SpecImen Cl) can reduce !he merrftr"'. ultllnate apac:lty 10 appr'OAllnalely 71" of me ItIength of a 
conaponiIlnl non-darnapd spetlmtn (SpecImen 0>. A funhtr companIOn of non-repIlrtd $p«lmen 
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restdua! IU'Cnp p .. to the non~ capllCuy Po IS qjmmanzed In Tilbic 2 .00 Ihown In Fig. S 'The 
resullS (rom Specimen CI are acluded from all of the dlSCUSSIOll herrm 1nt'C 'u Ie5l data IS su poel The 
more deeply dolled spKlTNeflS are shown In Fil_ 5 to suffer 1 lou ofCllJ*lI)' 10 as ~h IS 26' (Spcc:untn 
ca, OIl- M, d •• 0.30) of !he non-damapd member's sump PO'" The non-damap.t ~lly P .... -.s 
based on the SoucturaJ Stablilly ReKafCh Council'.- ColulM Curve I (Of tno.c compansoos In Vohk:h • 
non .. da/J~ member was not tCited 

Bach the !Olemall), IfOUll'C'palf (Spocllnm ell and grouted sleeve repair (Specimen Coal are shown 
In Fig 4 10 hIve reinstated the 51rtngth or. damaged member having I dent-depth of 0 10 to beyond the 
capacity of • non-damap.t mc:mbeT, A comparuon of the repaired Wt'08th p. with the non-l'C'pDllro 
rulduaJ 5Crenath p., as ~11 u with the undamaged strength PD' rOf III c~ml ~pcclmc:n5I)(the test 
matnx 1111VCl1 In Table 3. The relallonshlp between norma/Iud denl.depth dJD and the rrpalred cap'IClly
desllfl w-ength rllIO P.JP 0 (or the test SpC!CuneoJ IS shown In HI_ 6, Fig 6 and Table 3 both H\(helle that 
the pout repIJf of members with dent-depth of 0, ID and UVIn' I d,ffC'l'C'nl D/1 raliO ..... hlth mdude 
Spocll11Cru C) and C4 15 well as Specllnen5 A3 and B3, n:sullod In an Increase In their stm'lJ1h above the 
non-~pllred st~nJth p .. 1lte repair ~lnSlated each of these specnncnJ to I itlt:nglh crcater than their full 
non-damapl capacity P v 'The non-rqwred specimens were obsn'vcd 10 devdop a IImfKarlt Inward dent 
powth, .,..h.ch was accompanlOd by an ovahzatloo of the dented Cross-sectIOn 80th the InlemaJ pool and a 
pou~ sl~ve ~pAIr mhlblted I JroWlh In the dent-dcpth, the former by OOsllUCunJ the dent from &roWin, 
Inward and the IaIter by fHtn.Inlnl the derlled Cross-JCd.1OI1 from ovahZlnJ. 

Inlema! pautlllJ alone, how'Cver, IS evidently unsuccessful In ~lnSlallni a IllC'mber "",Ih a man: 
seven: dcnc-darN&e (d. - 030 and 6. _ 0006L to OOIL) to 115 full ncJD-damaeed clpllClly p. II shown In 
FI,. 6 This fiJUI'C ImpltcS that Inlana! JrOUIlnI 'I IUCCU5ful If the ool"W dcnt-deptb d. IS leu than Of 

equal to approAITnl'lely OISO 10 020. For a deeper dcnt-dcpth, a J1Ulcr reductIon In the CfOQ-ICCIlOO'S 
moment of Incn. .. II 'WCII 15 • IarJCf amount of out-of-iUaljhtnus 6/L occurs. thus maktna II more 
JUX:eptlbk to an overall column-type C~1On fllhue. For the values of OUt-of-W1IJhtnal of the 
specllllC'ns Ie led. thc~ appcar1 to be a dJD raltO between IS .. and 30'\ beyond whd tntcma/poutmgls 
I)CJC a vllbk ~pa1f method to ~ore the member's strength Further studIeS of mtemal grout ~p3lr of 
members havlna dJD In the range 0 IS to 0.30 are cum:ntly be.ng conducted to ~fine the hmlt of 
rqwrablhlY by Inccma! JrOUtml 

Several dlffe~nt methods of analysIS were used to predict the capacIty of the non-~paJrcd and 
Internal grout repaired 'pecunens having dent damage n.esc methods Included (I) beam-column anaJY5lJ; 
(2) momtnt-mNil-curvllure (M-P,,) based Integrauoo analYSIS; and, (3) the non-linear finite clement 
method (FEM). Measured matenal proptnlcs, OUt-of-5tnughtncss, and JeOmClnC dlmenS)()n1 of exh 
specimen 'WCI'C UKd In each method of analy"s 

For the non--repalred specimens, the beam-corumn analyJoCS tnvol~nt two formulatKln5, namely (I) 
UC-OENT, and (2) umty check cq\W.IOlU The UC-DENr Ipproach"" uscs beam-column theory to obtam 
the qu.hbc: CJl:prfi$tOn $hewn below from "'h.ch the uitunlte uiaJ 10M! P _ of a dcnl-darNFd lubular 
brace CM be obtaI.ne:d 

(1) 
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'The anaJ)"I~ .:rounlJ (or end «ttntnclty. e, and Ind. .... out-ohttl.lchtnc:u. 6. hllu~ of the dent 

dama&cd rnembtof " IiMUmcd 10 OI.;CW _hen the ImSS m !he den!: .-oe oIlhr mcrriler ..... hn Its yadd 
~ 0,. IlOl 1XJN.Idm", .rty Increar m member .stre:nJdI beyond fint )lCki fo.qn II) I thcrd'orc 
con tdertd 10 pro .... 1de I con~.,ve aClfnaf(: (Of. tknttd mcrnlx':r', ruKlwlJ \Irm"h Mf'ft ckcaJb about 
thIS anal)",. method un be found '1'1 Rides ct aI "" If 'The unity ct.c..:k ~I ... nl· com'\I 01 momr:ntiUW 
Ia.I mterKhon C_('ft»)('If\1 1IIohKh ~ baed on 5trmgtb and stability hrrul \tale$. re'prctfully . .... heR (or 
strength 

(20) 

and for stablht)' 

I::. +(~)"" _l'e 
M ll-tr'" 

(2b) 

Eqns. (21) and UbI rrovm In atlmlle of. dented member',lUduaJ 'Itmt,m b)' lellln, QCh In«nctJOn 

cqualJOI110 10 Ie. UC.I 0). nt wnna (Of the uhJ.male ax"" !old P Eqn (2aJ lind (Ib) wue each 

caJ,bnIcd from lnIiIy .. ~ membm _hole dmI:«pdIs do ~ FftCBIly kss than ~ oilhc membcf 

~~I:!;b~:~~OU:;I!'=- than O.Oll of the IOQJ member tenJlh MOfI! ddAJl oflhc UJe 0( 

Fer the bellTKOlumn anal)' 1\ of the rqIIllred "JlC'Cunml, the (onnulauon of ParYneJld I Wb used 

10 prtdlCllhe capa ... l), p .. of a repaired specllnen, where 

0.> 

(lb) 

Eqn (lbl I t.sed on beam-c~umn lhrory, \101m transfonn«t sectlOll J'fOPMIn for the undenied Cf'OIS

section (A.>. denied CfOQ·.e\:11On (A.~), cl~IK KChon modulus (S.). and V.hKh k<:ountJ (or member Inlua! 

OUt-of-wa.ch~ effects, More <lewis can be round m ParAnejad J 

In the momen!·lhru" curvature based (M-P",> 1IJIPIO«ft. the member wu dlKrellzal Into 

JqJnenls, .. IiI~raIed In "II 7. For the analySIS 0( non.rcpatred mrmhm. rmrancal M· p ... rtblKmlups 
ror cknccd' and WIdrnIed lments- ao 'Iit'Je wed ut c:onJuntUm WIth nurntrl\:al IntrpMlfl" 10 account ror 
JOCOnd Otdrf rJfect , and to ddrnmne the mtmber's ',lUai lo.d-drronnahOfl rtlauonlhlp The M-P", 
rtlallon~llIp ror a drntrd. I'Innrcpatred §elrncnt IS $hown In FII_ 8, "'h"h IS that by Duan rc Ill' Nccc thai 
thiS rrWKJMhlp can be u)('(i to predICt the Ioadut, and un'olChn, brano.::h 01 Iht tu.d-drJormatlOfl brhlvlOr 
ola dml-dalNlgcd membrt Duan's M-P'" rdlltOl'lshlp IS ~ on III ISSeUmentlIld rrll't"UJOn analysIs 
of dau rrom over 150 e~pmmrntal tests of drnt-darnagled sptclmeM, and rqn5Cnt5 an e:mpmcal 
e:xJftSStm ror a de:n~ tubular's momrnt~~:Ie: under a llYn! u..,,11oMt P The: de:nt4e:plh 
and out4·SU1Isbtncu valua of !he: tat 5pOCirntnI m !he: databue: "'~ In the: ran .. or up 10 0.20 and 
0,011 .. I't'IpOCtlvcly. A rew!aU hid d,_ 0.230 and 6, be:twcen o.olL and OO'lL., re:'lpcctlvtly_ Duan's 
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emp.ncal CAJftSSIOCI for the M-P.., rel.ahonsiup Ii very convenlenl. (or dunng tnc mlegrallon IUUIJ)'I~ the 

curnluI'C. can be obwned du'eclly based on the current moment M land IUlal load " 

In the aN.1),slS of the rq»1~ specimens the member 11 aho ducnllztd mlO \C.'JJnl:nu, how('VI!(. the 
M·P" rcIIUOru,tIlP of I IfOUled lube SClmc:nl has to be complied by ~rnte anal)''id of 1'\ cros~-~11OI'l 
11M: compuwKXllnvolv« ~Inl data pomb rorrespondmglO lhe momrnl<Uf\'llurc (M,,) J'e5ponst of 
the denied and undenu~d 5«11005 or the ptlUled member for a specified IIltlal force P The (I'O$S·~llon of 
the JfOUlod tube IS firsz dlJenliud U110 fiben, each fiber rc~nhng ('lUlu 51«1 or 1fOU1. ba.IoCd on the
fiber's locatIOn The nutcnaJ propn1teS art defined for ~ecl and grout fibe" COI'Tt pondtn8 10 their wen· 
stram CIINts A dolta POint cOt1\"Spoolbng 10 the M.P .. relallonshlp 15 eslllbh~hed by II('rnllon, mvolvmgll'ot 
Iocatln, of the POSilion of the neUlrallUlS wlthm the f;f()S.5-5CC1i0fl (Of. spKlfk: CUl"',ature • and IUla] load 
P Assurnpuons In the analySIS mdude plane sectionS remammg plane and full bond (I,e. compallb,hlY) 
betwet:n the slee'l lind pout An cumrlc of the M·P" relallonshlp for I dented, grouted CKM-~hon 11 

UIown In Fig. 9 Funher detilis of the momenl-thruSI<urvatu~ M-P", blsed mleirallon ~hod of anal)m 
for non-rcpalred and mtemll grout repaired members can found In Fan" and Mmlhew el al .. 

The non-linear fimte element method (FEM) IS Considered the ~ Id~anced apfIfOIk:h I-or thl~ 

purpose, the comll'lltrclAlly aVa./11ib1e fimle element propam ABAQl:S'- \Io~ used The finite element 

analySiS .... as hued on III updated Lagrangwl fcnnulaltOn to capture the effow of lalJC dl rlxc':menl~, and 
Qrem', Strlm and second !>JoIa-Klrchoff \treS5 to model the moderale Stram 1e\'eI\ ItId the cOlTt'~pon(hnll: 
5U\" conJupte The von MtseS yield cnla"K'ln .... Ith ISCIU'ClpIC strain !wt:knmg ...... ' u~ In U)flJUnLIM~ "',th 
elp node hell elemmts 10 model the seor! tube In both the non-I'q)llred and repal~ pet:lmen 1lIUI1)'~IS A 
typiC&l meJh (or the finite elemenl model of a non-repaired spetllnen 1\ \oo .... n In Fli 1()(lj Taklnll: 

Id\ ... 0( symmdt)' In bountI..ry condlliOM. the fiolle element model (or lht non'replned ~Imen) 
conslSled of422elghl-node 1hc1l eiell'lltn!s, 1831 nodes, and approltlrn:uely lo.mdeglttJ off~ 

The non·linear finltc elemenl mesh u~ (or anaJynnglntemllly &fOUl repaired memben Ii ~hown 
In Fig I()(b), where also one-quarter o( the member was modeled by IlIklni 1Id~lnta~ of \ymmdl'}'. A 
combtlWton of eliN node hell ekmenl.l and clam node and SIll: node sohd elemenlS "''ere u\Cd to model I 

s«t1on or the damaged Il'IItmber from the denl 10 a IongltudmaJ dlstnnce of thlft diameters aWlly The 
remamm, pan of the member was modeled usmg beam-column elemenu The w ild elei1le"t~ ~re u\Cd 10 
model the mlema! 1.fOUI, .... hereas the shell elements were used 10 model the Sl«1 tube. hI! bond transfer 
was assumed betw«n the shell aoo the solid elements. The beam-colullVl elemenu were /I\sIgned .\.«1100 

propertlCS related 10 lhole or • composite grout filled beam-column COI1Stnllnl equations wt:/'t u~ 10 
ensure compatibility between the beam-column and the ,hell clements II lhelr Interface . The groul \ioU 

modeled USIOIthe confined concrete with tenSion stlffenlnl opllon a~allablt: 10 the ABAQUS hbr.try for 
matenal model TaklOlld~antage or symmetr)', the FEM model cOOSISled of a !(leal or about ~ elemenl~ 

and IpJIfOlI:lmalely 8300 degrees of rreedom. 

The finite elcmrnc anal)"I\ of. dented. non-repalred member Involved rour seage Imllar 10 thoK 
of the upmmmu, namely: (I) supSX)r"nl the member 10 pre\'('l"ll Imp<"iml uce 1\'e gk>bal OUI-o(· 

stnuahtnes.s dan\age. and the Ioadl"g or a knife edge Indemor 10 create the de"l-dan~; (2) unloadlOl or 
the Indentot, IJ) .... moval of the Indentor and auocJated suppM from thr model. I) well b ~IrylOglhe 

plO-endcd boundary condition!, and (4) applymg the ulal to.d and utlhzlftl the modified RIKS liI ';()tullon 

kheme 10 IOIve for the _-linear r~onnalton reiJ'Ofl~ or the me~ The Internal &fOUl rq'IIlIred 
specimens Involu:d an mtermecJiale lUge of anaI),51S betwCCfl 5lJ3CS (J) and (4). In order 10 "'corporate the 
soIKJ bnd, groul elemenu IOto the model foUowml dentlna. and thereby Simulate I &fOUl rep;ur or • 

-~""'" A companson of the upmmental resldlW 5lJCnp P _ With lhat rmllt;led by anaIY'I , P _ for 

the non-re~rod IpC'Clmens IS shown 10 FII II and hSlCd In Tabk 4 In r.1 II. lhe companson of lhe 
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dfectJvene5I 0{ the vanou. anaI)'IKaI methods IS IfIIde by ploclln, !he nonnaIruxt dent«pth dJD apnsl 
tht PuJP_"1O ~Vff poewb6t, addibOnal spcclmcM IeSted by omm\' " • weft .... yud and 

u.::ludcd In ordtr 10 exJ*ld the ."d.able dIUbue ills JeCn m hl_ Iltb) lhat the tIC· DENT rOlTl'RlbtJOfl 
provtda • "'Wet bound pftdll.:tlOll 10 lhe Upenmental ~ues. .... hue the mean and codflCleflI of 
VIIfllllOCl tCOV) (Of the rauoofP.JP_1S I.5SJ Ind 0118. respectlvcly For a deeper dml-depth. lfUter 
dear« of consc~1I m HI IS In esllmatH'l, member strength. 15 c"Kkniln Fi, I I(b), On the average. the 
um'y check ~II J'fO"Idc. aood predICtIOn but IarJrr JCat1ef IS sem 1II FI, Il(d) .... htn the dJD nIllO 
uceed! I~%. The mean and coy (Of the ratIO of P..JP _' v.hen P_ IS ba5t<I on Lon', uni ty ched., IS 
1081 and 0 12J, rt5pKtlvtly The FEM IS shown in Fig. 11(1) to provKtc the best correlation betwcal 
CApenmental and J'ft'dK:lcd Capao:ll)CI for , II ranacs of dJD rMl05 .... here the P wIP _ Iw I mean of I 018 
IU1d coy of 0 088. TIle M -p .. approach also provides. reasonable prediction or member carmel')' where 
tnt mean and COY (or the P-",_",,)O IS 1,027 and 0 120, respectively. HO"''evcr.' data potnllMOC:latcd 
"'lIh • mcmbcr d,"mcter·to-thlCknels ratIO or Oh • 69 and d •• 0 .30 (Specmltn CSl hu I P.JP _ ratio 
cquaJ 10 I ~, ... ~u I pecunc:n of 51mlW denl-dqMh but with 0.'1: _ 14 j ISpt\:I~ AI) has a P..JP_ 
"'10 equal 10 1.02 The ~lloIIbIh1y ofOuan's M-P .. emplncal expR'SS1On to predICt dented membercapecuy 
(or CMeJ with ~ptr dmt-depchl and IarJe Dfl ratlOl (0.'1::> 46) deIerva further tcltdy 

Thc CompanIOn bet....etn the expenmental caplCltleS Ind prcdKttd c&paella u Inl Panane}&d's 

mtthod. M-P" baled InteJrallOn. 1Ind fEM, respectively, for IDlCmaI pout repaired 'PC'lmmJ IS shown In 

FI,I 12 as a funcoon of nonnahlled dent-depdl d/D. lind IS abo luled tJI TMlk ~ AddlttonaJ arW)'lIS of 
iptClmt'1b tnIed by Ofhen 1" IS alJO Included In Fi, 12(a) and (b) The meatt (Of the ratIO of P..fP_ 
rOf PlBanepd" IlJ'J"RWh and the M-P" ba.'iCd method IS Ll86 and 1 075, ~lIvcl)' The comJ*UOft 
shov.l1 In MI_ 12 ,ndKat« that '" ~nt:raI, P'arsant:Jad's appn;ach IS COMeMiIlYe and that the M-P" 
JIflt"n*h pro\1Cb a better pn:dJCIIOn oftht IqlrilIrcd membercaplCll)' A Ilply IMJer ~ter becVoJUn!.he 
prtdl<:led and 6J'1C'nmenlll CapacitIeS IS Jem m both of the approec-hes com~ 10 the UC-OENT and M
p .. Hlteanllon anal)'SI' methods (Of non-repaIred !p«mw:ns. \Iohere the COY 15 022 and 016 for 

Parsant:~" and the MP .. hued anal)~Is. ~ltvt:ly Table 5 mdKates tbM the M·P" anaJysn oflhe 
repaired ,pccllnens o( deeper dent-depth (d. _ O,ISO and 0 JOO) and 0.'1: • 69 ",mfieanlly oyer ~ICIS 

~ capIC'lty 1llls O'lff predlCtlOR 15 also secn In Parsanejad'. method. and I. attnbuted 10 the Plxsson 
effect \Iohere the lUbe', duuneter IncreaseS under an a,\lal compresSlYe 1oId, Caus'"l the tube', \loan to 
xpatale from the JfOUt The corucque~ of thl' sepantlon IS • reduction of the member's ShfTnt:H ,,"Ith 
respec110 out-o(-pl:ute mo\ement due to second order effects, nils phmomena IS noc ICCOUnted for In the 
(01111ullll00 rOf ParuntJld's and M-P" based analY515 methods. and \108.1 ~ ..... ed In the expmmental 
IntmllO be more rronunent In the ql«'lInms WIth. hIgher 0.'1: ,auo The fitlllC demrnt scudtel wue .bk: 
10 more KCUnllely pn:d1C1 the repaired capKlty of 'If)CClmmJ wllh 0/'1-69. and had the overall best 
.,.-cement betWttn rrcd,,1ld (P-> and elpenmmw (P-J Specl~ Clf*Clly, as rdl«tcd In fI, l2(c) 
Fow- the fiOllt! dement an&I)' ,taUllS. the mcM and coy for the rat~ of P,./I' _ was 097 and 009, 
~tlvely 

Autttkal r lOW""" Study 

The M,P"lIf"P"*:h ISCompulJl~ly eff"tc.ent ~ to the n~t _ and hal been &how7I above 
10 protide a aood predICtion rOf. member's capacity, parllcularty when the 0.'1: ratiO IS less than 46 'The M

p .. apprnkh WIlo therefore used 10 condua • parametn.: srudy In onkr 10 In'rC:lllpe the tnterkhOtl of 
Jk>bal out-ol-Stnllptne 6/1.. and dent-depth djD on • member', r"e3.Kfu.1 and repalrtd capacIty, 

rnpectl~ly Thc re\ul! (or the "ltdy havml Dfl '" 34 are shown In Fil 1 '\(1) wh"h reprnmu a riot 
tt.'-:Inlthe v~ 5,{L and dJO 10 member ultunlle capKlty P _ In Fi, I \(a) the ihadcd surface IS 

lSIOCiated With non-repaU'ed re~khW strength and the umhadcd surface the tt.pIlrat stren,th wlIh tntt:nW 
arnutmJ, It II IftfI In thiS ripe ttwt. pUttt rcductJon III ClplClty, both damaFd and repIned .. takes place 



whtn the IWO effects or oul-of'-stJaighlneu and denI-depth are both considered Simultaneously Similar 
raulll ~ round rOf anaIYIU Wim, ochef" vaJucs of Dh. 

The repa.rtd suenJlh surface and the value rOf the undamI&ed strr:n,m 0(. member With 01"1 • 34 
(the laller ~Icd •• nal SUffICe) areJhown supenmposed In Fi .. 13(b). The non-damqed member had In 

oul-or·SUti&htnea.s or ~ •• OOOIL, hued on the API·RP2A limit rOf oul·or· trllghlness- The hne 
~pondmg 10 lhe mlenectlOll betW\"nl lhe repilI~ 5Ifeng1h and non-damaged capacIty SUrflCeS 

IndlCa&C:$ lhe cffecc of global OUt-of'-5tmghtrlCSS and dcnt-depth on replllrabdl1Y, ~ establishes a bound 
beyond wh.ch the full undamaacd we:np cannot be obtained by Inlt:ma1 pout fl:paLr Few Oil. • 34 thiS 
bound can be dOlCly approXLn'llted by 

For me:mbe:n wllh 011 • 46, 

d 
,whe:re~~O]] 

d 
• where if:s; 0_36 

(4a) 

( .. ) 
(4<) 

FOf • &lYen dJD and 011 ratIO, Intemal grout repair IS a Viable repair tcchmque to restore: a 
member'l ClpilClty to IU undamaged Slmlg1h, If the 6/L and dJD ratios AII~fy the aboyc mequahtles As 
Imphed by Eqn (411), a member With 01"1.].4 haVIn' a dcnHkpth whICh v:cee:ds 0.))0 cannot have III full 
nDfHiama&ed strenJlb re:.uuwcd by mternal grout re:pa!r, relardlcs.s 01 how small 115 OUt.of'-SU1ll&hlnCSl 
may be: The same IS true If d,cxceedsO.36 and 0.4OfOf me:mbe:n wllh a 01"1 or 46 and 64, respecuvely 

RESIDUAL S'fRI-:NGTII AND RIWAIR 0 1-' CORROD~D 'JlJS ULA RS 

Experimental Pnw[lm 

n.c expenmentaJ study I550Clatcd Wllh assessing lhe resJduaJ SImlJ1h and l'epllr or corroded 
tubulan rOCU5td on the kxaJ buckling suength. A compkte dcscnpt.oo of boIh the eJlptnmental and 
analyt.caJ program II found In Hebor and Ibcles" As noted prevlou!ly, In the Slooy by Ostapenko lee aJ I II 
_ round tha! the palCh With the Il'lOSI severe corrosIOn controls the locaJ buckhn, or a tubulI!" me:mbI:r 
n.c StUdy by the authon .... hdl 1$ presented ~ Involved an InVCSllpbOO L/1CO the affccu the eoometrY 
01 a Imp p*h or COfTOIW)n had on the Jocal bucklin, ~ngth, v.-here the pakh was de.ahud u 1ft ellipse 
eue. of muJILpk: J*chet of COfrofX)r) In a CmI5-$ed1Ofl are 10 e....tuated In lulUit' SJUo:brs Unlike wllfonn 
corrosion. patch Iypc COIT05lon caU5eJ the cenltOld or the crou-secl1on 10 shIft In a dU"CICl1on away from 
the. patch. resultln, In lar,er compn'-Ul~e strus to deYclop al !he ~\lCcd wall Ihk;kne:SS due to lhe 
combll1ed effecu or comprcsl1vc ulAl r~ and fleXUIt' KIln, on the cmu aectlOtl 

As shown In Fi, 1-4, the. parameters needed 10 describe the. pometry or. COITOIlon parch 
Include (I) the knllh ofthc mI)Orc and rnmor- h Des of the. ellipse ( ..... here: C-03oe, In whtch e and 0 
are equaJ 10 the anile around the clrcumrcrencc whICh II lubtende:d by the patth, and the OUtsIde 
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dlamelCT of the CfOI.S-tcCtlon. respetlm:Jy, and h " ~u.tIIO the height of the conoslon. &5 measured 
akin, the loaglludlnal UI5 of the rubular); (2) reduccd-Io-oogmal wall Ihld,r\e5s f1IlIO (1/1). and, (1) 
member dlafl'lelCf-to-lhldmcu f1IlIO OIl. There are numerous profiles of the ..... all thickness wlthm the 
CQITOIiton pakh that could be dclCnbed by the parameters c and t/l. as sho .... n In Fl" IS. Me.uunn, 
KCUf1Ite!y the Ihld,nei5 profile of. corrosion patch IS difficult In the fltld due to InSpecilon Itmllallons 
and tdVtne environmental COC\dlllons. ConteqUlently. the expenmenlaJ lest proaram In~ol ... cd It'lIun, 10 
pKlmens ~"'Inl different sets of values for DIt. t/l. and e, .,.llh Ilhl<,;L.neS5 profile In the Pilch thai was 

Imllar 10 thai how" In Fig_ !S(b). which w,1I be rde~ to as the "upenmenllll" profile 'The .ffect of 
IhlCkl'lbS profile on I member', local buckhn,5treng1h was assuscd anaI)'lIcllI)' by c.ammm, I "step" 
and MCOSII'Ie" thld.ne. profile shown In Fig. lS(a) and (c:). which would represent IWO utreme.s. The 
~ulu from thiS p.mu1'l(lnc ~tudy w,ll be discussed laler. A panlmelnc iludy was also conducted which 
dclenmned Ihal the member') 10CiI buclhng strength was Independent of the height h of the patch, as 
long as h was equal to or greater than 0,50 In all testspecmlCns a value ofO,~O wa used for the heIght 
of the cOtl"03olon pat(h 

'The malnx of 10 te5t spotlmens IS shown In Table 6, where DIt ratlOi of 34, 46, and 64 were 
InvculJated 'The nomencllture used 10 Identify each specimen In the test program COOSISled of the IYt 
ralto, t/l rallO, and 9. as shovr~ In column I of Table 6, Hence, SpecImen 34·3]·58 WI. I tubullr 
member ha\In' OIt_34, tJt _ 0.33, and e .. 58 degrees SpecmlCnJ ]4·100.0, 46-1()()..0, and 64·100.0 

'fo'Cf'C non~ lubulan whk;h WOCI'e used as control 'peelmens. Speelmen 46-0().9~ had an clhptlCl' 
shapN hole. 51mulattn,1 Cbe of Cott05JOf1 ",hM:h had progressed completely through the wall thl\:l..ness 
AU ~peclmen ,except for the ncm<OrTOdr:d OMS, had I length or 1...-1409.1 mm and II slendcmcu raliO 
ofUr _ 18j The ntln<orroded peC'nnens ""-ere actually Slub c~umns hlvIn,lle:ngth equal 10 ,~ tnnes 
their dlameler All pKlmens wcre flbotated from ERW A5] Type B lleel lubullt'S, Ekh specImen of I 
panl.:ulu Oft rallo W&Ii CUI rrom the same rubular In order 10 obtain malenal propcrtleJ rt~ntahve of 
In-SIIU offshore rubulan. lhe Iteellubulan ""llh DIt .. ]4 and 46 ",,'ere annealed 'The I\'erage 'tl'I' yiCld 
ItJeS$ a. and uilimale mess a. are rtponed In Table 6, and were determined by conducllnl standard 

ASTM-' tensile: coupon te5U 'The resulu (ora. COInCKied closely wllh th:u delernllned from Itub-column 

tests The stub-column tests were done In occon1ance With standard proceduru- Stub-<:olumn stress· 
Slnlln cu""" mdKaled lhat the anncllied lubulan had ... Irtuilly no rt KJual lruses The specimens 
fabrU:-lted from lhe rubulan of Dhz64 ""-ere round to ha\e I hnear SIres -Sirain curve up 10 It least 90 
percent of the compresSI ... e Yield strtS5. IndlCalln, that there were no sIgnificant reSidual ~trtue, prtscnt 
In the~ ~pcclmens lIeocc. the experimental rtliulu rtported hertln do nO( mciuJe the effecu of 
rabn~ltiOO resldual 5trtUe • howcver. In Inalytlcal study of re IdUll stre: scs" showed Ihat they had hllie 
effe<:t and In lOme CISC actually Incrtased the reSIdual strtngth of palch corroded tubular members. The 
Il'WIlmum dlffertnce In member capacity when IICcounltng (or rtlildual Slreucs was found to be 2111 

Corroli;lon danlllge 10 tnc Jpeclmcns was IImulllted by reducln8 lhe Will thlclness by 
medwuclllly rtiTlOVIn, matenlll With the tI5e of I hand-hekJ elcclnc powered JOur nus 'Imulilion 
melhod was determIned to be aoequllte, since COfTOSIOO IS known 1101 to cause Iny matenlll propeny 
chanJ(:\ 10 tubulus ha. ... tn'l ylekl ~trength I~s than 690 MPa. As noted prevIously. lhe contour of each 
'J'C"ImetI ""lIh C~JOfI had an waltzed profile. conslillng of zero ~Iope lithe mosc redlk.ed ~I and at 
the edges of the COfTOSIOO pilch (c·I al the cenler and Inc Naes or the ellipse or c0IT05lon) nus 
cootour Wb W'lc:cled on the basiS of idealized contoun from me ure:mcnu of actUIIJ corroded 
'JICCimenlo' Dunn, the ,"ndln, proces.s. tneIISurements wert performed to ensure that the COrTe<:! 

reduced w-all IhlCkne_ WI) obta.uw:d These mt'IISuremenu of tnc corroded area ""ere ptrionned uSing I 
template of the COffO'ton profi~ and liso ""lIh UltrasonIC methods. UltrasonIC.: tbM:kl'lb measurements 
for Specll'ncns ]4..]]-~8 and ]4...]1·95 are shown In Ftl· 16 U III unfolded surface o\'cr I lon,ltudmaJ 
length of 0,50 lluclncu redu.;tJOfl "'IIUeJ I, for each Jpeclmen are ,I ... en In Table 6, whert they h.avc 
been normalized by the on,InaI measured ..... 11 thICkness I The dIameter, O. Ind wall thM,;kne s. I, of 
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ach q:JeCunen wtre abo measured. with IVCrapd vall1e1 Included also In T.bMe 6 A$ noced above:, the 
hclshl h of ach Corrosion patch .... UequalIOO.5 0 (110 mm), 

Each specunen was tested In a 2670 kN Salce overhead ICSlm& machine, as shown IChcmahcally Fi, 17. The InstrumentAllon plan IS also shown In M!_ 17, and conSISted of. load «11 10 measure the 
apphcd Dial 1ofId, tnnsduccn to monItor specImen uial honnnna. rad •• 1 mo\lcmtnt or the Corrosion 
~,h due 10 local bucklinl. w,lh iongltudm.J Slram measured USIA, Slnlln P&CJ Each spccm.en was 
also while wlUhed In order 10 observe the development of yleld hne patterns 

'The 161ma of each spec:mlen commenced wllh load apphed under displacement control II a nile 
of 0.15 mm/mlnute. The loadm, was Slopped and the ~ dIsplacement held constant I' llllrufiCAnt 
(\ftnu, such u 1!'Ie onset of locil buckling and maxImum load, In onkr 10 obtam SialiC 10-0' 
measurements 1bc 1t.S1 was termmaled when cuher the specImen capacity had dtaraded 10 80 percent of 
.he peak ax,al load. or the spccllnen'. UI.] shoncnmg reached approJl'ffillely 13 mm In the post.ultlmate 
I~ range 

TypICal re pome of I corroded specimen began With III)ear elwiC beha\'IOf, Ind umfonn 
lonlltu(hnal strain throughout the spetllnen Al the Dial shartemn, was If)creued, the 0111 1* Ilso 
mcreased IJld the lon,ltudlnll It,,"ra In the corroded cross secllon became non·umfOfm. While the 
'Utins In the cross-section at 0 . .5 D away from the corroded ClOSS section remllned umfonn y,ddml 
was otKt:rved to first occur m the corrosion pa~h With I SUbseql.1nll pronounced local budde fonnmlll 
the ceatcr of the corroded patch The ulllnwe Ia.d of lhe 5pCCur~n wu InaJncd three to fi~e percent 
above the load It .,.hi<:h the local buckk first formed. For all spCICm"ICiU, u«pt Specimen l4--J]·.58, the 
local buckle mode "'31 an outward movement and resembled In ~clephant-foot" mode, Inllllllnl at the 
center of lhc COJTOdtd area and propagating around the CIrcumference. The local buckhna In Specimen 
34-33-58 caused an Inward movement 1bc Inward Of outward mode of bud.hnl was deptndnlt on the 
aspect ratIO (c/h) of the paI(h of COfT05lon The corTOIlon pakh for Specllncn 14·'33·58 had an aspect 
ratiO very c1oM: 10 10. rclultlnl m lhe mwan! local buelle becomlnl the cnllcal mode All ()(her 
spccm"ICns bad a COfTOSlon patch With an aspect nallo ranging from 1.61 to .5.47, resultln, In the outward 
local buckling mode 8()(h modes of local buckling are shown In Fla. 18 

As the Dial deformation "'IS continued. the buckhna became n'lOfe pronounced IS II rro9'glted 
around the Circumference of the cross secllon In addlUon, YlCldlng became more eJlten Ive m the 
corroded crou 5C(;tlOn and also propagated around the Circumference. The consequence of the Yleldln, 
and local buckhng WIS I loss of capacity, as shown m the Blt ll lload·dcformll tiOn response of Spec1T~n 
46-33·95 given In Flg_ 19 

A summary of the eJlpenmenw 0111 load capacity p .... of each specimen IS "ven In Tllble 1. 
where they hive been normalized by the full 1U111 Yie ld capacity P,. The c.~pcnmental Cllp..c,ly of the 
non--corrodcd specimens (34-I~, 46-100-0. 64-100(0) were all equal to lOP •. The IUIlI load· 
dcformauoa re ponte of Specimen 46-1~ I' compared wuh that of Specimen 46-1]·95 In f'I' 19 • 
.,.here illS e\ldent that local buoI:khna caused a 51gnlrlClflt loIS of capacity In the corroded Speclmc.tl A 
companson of the ratiO of P -/P. of the corroded and corresponding non--corrodcd specimens In column 
3 of Tlble 111Khcates that the lou of 5trength In corroded specimens With D1t_J4 ranged from 8 percent 
10)2 pettc.nt. where a puter lou occurred (Of 5peclmens With deeper corrosion (e, Imiller 1/1 values) 
and wtdcr COffOiloa ~tchcl leg_ larger e values)_ An e.llmlll3.lIon of corroded pC!Cllncnl having 
00-46 and 9-95 desmcs !hoy..s I redocliOfl In capaclly of 8 percenl 10 over 21 percent compared 10 
their correspondm, non--corrodcd capaclty_ Specimen 46-)3-9.5 IS shown 10 hive suffered I 19 percent 
rcdtac:tlon In strength due to COfTOSion Ii compansOO With Specimen )4· )J·95, whKh has I lower 00 
rallO but .,.,th the wne eXlent of CorrosiOfl and a 11..5 percent capaclly rcducuon, IOdiCalCl that corroded 
Spetllncns """h larger Ott ratiOS have a ,lightly larger capac"Y reduction doc to the COfT05IOf1 patch The 
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Innucnce of the abo~e patamelCf'l on tbe CapKlly of. corroded member will be dlSICuucd more under 
the results of the anal)'lIcal paramc:tnc 51udy 

The eJlpenmenlal propm to siudy the repair of palch corroded memben also 1I'Iduded the 
lestln, of two ~palled sptCllnens The IWO repaired specimens .. ere Inn,,-ted Wllh the same Corrosion as 
Spctllnen 46-00-95 so (hat I direct Compan5OR of repaired and norH'cpalred Ipccnnen C:llpk11.e1 could 
be made Wl!h respect 10 each other, the two repalrtd spet:lRlens were ldenllcal exccpc for the grout used 
to fill the annuluJ between the sleeve and the damaged tubular One of the repaired spctuntns used. 
cemenl·bl~ lrout (Specmlen 46-00-95-C), while the Clner used an epo.-.y. based poot (Specllnen 41> 
00-9S-E). The ' .... 0 repaired 5pecIRlenS and non-repaired Specllnen 46-00-95 are shown In Fli 20 
8ec:ause the purpose of lest'"l was to mvesugale I concept ratner Ihan I specIfic repair, the sleeve wu 
not desIgned III " would be In prlICtlCC. for the sleeve WIS nOl spht 10'0 IwO halves nor were lhere any 
damping brackets. The steel sleeve used for the repaIr had an inSIde dUlITlCler of 2!17 mm, II Willi 
Ihlckness of 9.5 mm. and I length of 267 mm 'These sleeve Ind lubular dllnenSIons produced In Illnulus 
bdweco:n the tubular Ind the: sleeve of 19 mm To prepare the Will surflCe of lhe tubular fOf the rep'1f 
sleeve:. as well as provide I conSIslent . umform surface rotIghneSl, the &fOUl cootlCt UrflCeJ of the 
mbular Ind the sleeve were sandbll.lited 10 I conSIStent rou,hness of approlUnalely ) mils. Based 00 
malenll tUts", I' WIS dc:tenTIll'led thai the: epoxy·based ,rout had I bond itrength IIld compruslYe 
Ilmtph IppI'OXImaltl)' 7 .61nd I .8 limes greller, ~pec:llVeIY,lhan that of thecemenl-bued &rout 

'Jbe leSt SClup, Ind InSlfU~wlon were the: same as 1n.1 fOf the non· repllred specunens. IS 
shown previously In Fig. 17. wllh the: Iddillon of elghl longitudinal stl'lun pgt'S around the 
cIf'Cumference of the outsKie surface of lhe rtpilr sleeve II mld.helght. Ifld eight more lonaluKill'laJ ilraln 
11gt'S Ilonllhe IenJih of the sleeve 00 the: 0 Ifld ISO degree sKIes 

'Jbe non. repalred specimen (Specimen 46-00-95) had I StallC. residual Sirenl'h of O.783P" 
rc:prc:senhng I Clpaclly reduclloo of 21.7 pcrcent c:omparc:d 10 an undamaged tubular 'Jbe normalized 
vaal 1000-shortemna re~ponse of IhlS specunc:n IS plotted In Fil 21 ... here I' IS compared 10 thai of the 
repaired, as well as the: non-corrodc:d (46-100-00) tests II IS appannt from the normalized ~

deformation plots In Fil_ 21 that boIh repalfed Spetm'ICns. 46-00-95-C (Cement-based lrout) Ifld 46-00-
95-E (Epoxy-bucd &fOUl). were: succc:5!ful In re:mslatmg the: capacity to that of the undaml,ed member 
For both of the: replilred specmlt'ns the sleeve was slIff enough 10 provide propcr hoop restramt 10 
confine lhe cross secllon from buckhng outward 80th repair' cd specimens filled by gross Yleldlnl of 
Chelf cross lettlon outside the: sleeve repalf 

While the ulhmlte load WIS not Iff«ted. Ihere IS a defimte Influence of grout bond strength on 
the behaVior of the repair The 10lllocr strenglh cement-based ,rout resulted 11'1 I more non-umform stram 
dlSlnbution. yKkhn,. and an e\'entual Inward locil bockhna of the corroded cross J«hon. IS well as an 
overall exceul\'e Ilt('ral def1ecllon of lhe specunen. 1bt"se undesirable effeell were caused by lhe lower 
bond (I I MPa) strength of !he cement·bast"d IfOUt which could not preserve rull complillblhlY betweco:n 
lhe tubular and the: skeve. Tbese effects Ibo account for the -1O(t('ntn,- Ind nonhnt:arlty of the load
deformallon pice JUSI pnor to the ullimale 1<*1 (see AI. 21(a». 1ne damaged cross ICCUOO sull 
possused In tntemal ec:centnclty and reduced pass SCClion. k:Mhn8 to I reduced reSIStance 10 local 
bockhn,; however, the effects of these problemJ was mmlmlud by lhe confillC'ment of the slecvc In 
contrail, (he: ('poIlY' based &rout had I bond capacity (838 MPa) hip ('nough to ~rve the 
compltlbillty between the: tubular and the Ilee\'e, whK:h prevented Yleldln,1fld locil bucklin, of the 
cOf'l'Odc:d cross SCClioo 1ne normahzed klId-dc:fonnatlon plottn Rg. 21(b) II linear up 10 the ultmwe 
load. It was found thai. the: stnJn dutnbulJon was ~ uniform throughout lhe: epoIlY'buc:d repllr and 
JalC:ral deflecbonS were reduced by ovcr~. 

Other ])Ollti\'e ISPC:CU about the use of epoxy-based &fOUt Include the curln, lime: and the 
Inertness of the ('poxy. Tbe epoxy,based &fOUl rexhod 80 to 90 pen:enl of full Ilrcn,lh In twenty· (our 
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houn (q»W.)'-bued poul cubes c.>lcccdcd .. compm.IJve 1tmI,u. of 55.2 MPa 10 24 hours). and ruched 
full su~nJlh ,n .ViL'n day. In contrast. CCmml-bued pout ~M only mllllmaJ mcnp after twency
fow houn and needs II 10 28 cbYI 10 reach full ImnJlb Furthcnnorc. the qxu:)'-bucd &fOUl II not 

Innuenced by contact ""'Ih water, and can be used 10 dl~ "'atcr ""thout drtnmrnta.l cffccu In 
contrast. the ImnJlh of lbe cemmt-based gout IS h1pl)' dependml Oft lhe ...... Iff 10 cement rallO 

'TheR:(OR, the quafllY of tl'lc ccmcnt-bued' JrnUI un be more .«ected by (OKln, I' to dlspt.ce water 
dunn,. repair 

Aoabljra' I'mporn 

1be co~n:,a1 finlle clemenl propam A,8AQUS" wu used 10 pe:rfonn .. finite tlement 
anaIYSI. of each or the non-rep.ned COff05IOfl specnnefls Malenal propt:n1t'S from the tenSile t~11 and 
I'IOI1\InaI dllnea tons of eath specnnen wen: used In the (iolce dement moOtJ. 'The II.Il'Ie Cisht node shell 
demcnl, the malenal madella, (Of the stee:l lube. and the iOluuon scheme lhal 'Nib used (or the tnal)'ll. 
oflhe denl-darnli,ed specimens W1IJ utilized In the analYlu of the conodtd pc!I.Imcn 

Tabo, ad'·~ of J)'mtndry aboul mld-he"hl and the crou 1IK11On. and by !lIIn, lhe 
appropnatc boundary ConditION, only one q~ of each $p«llnC:n W 10 be modckd (as hown In Fi, 
22) The finIte ekmtnl meih wu refined lD the amI"'~ COfTOIKln Hilled Ie I ncar mid.hclpt 01 the 
sp«unms). A typK.&1 mcIiI h.t ~SO stacll ekmmu. and 7000 dcJR!C* 01 freedom 1lIc miucuoII 01 the 
wall th~tneM due 10 the COITO&tOlI was rnodckd. as ihown In F" n. by ","1II1 eao;.b clCITICM n In 
the c:onvdcd area ",th an auoclMCd rcduocd m..c:kne:u I, and UI UIOCIUcd mid·twf~ offJCt. "The nud
Alrface offJCt .. as Crhled by 1SJI'Iuni coonhnalet 10 thit clement nodd corre pondUl' 10 the 
appropnate OffKt Modehnl the COfTOCtOfI UI thiS manner anemptcd to ah", the UI ide f-=e of each 
element .. hile stage:nnlthc ouuidc face:, In Ofdet 10 ,Imulale a thlckncu rN\k;lIon occumnl from the 
OUlStde ",.11 .utf ... e 

Sc"~ m,lIa! anaJyses wrre condlK'tcd to ISSHJ lhe Strum"'lly of the capkl11 of the tubu1v 
member 10 the clemenl mcJh. panx:ularly In the COlT'06lon patch arca. It .... u found INiI aood I&feCrnenl 
.. tth upenmenw ruulu .... u obullned .. hen considenn, lhc. thKknes. red\Kllon 10 occur ovv • 
rectanJUlar area of helJht h In the SflC:Clmm'.IooJllu<hnal dJl'eC't1on .... htch ...... cqullo or peale.- than. 
cnt)CaI value h_ of ,ppolllrY\atdy OjD The distance h_ IJ IlHOClaled .... llb the mimmum cOfrodcd 
dlJtanee (01 .... hKh the local buckle wave can form In lhe Ionlltudln.1 dll'eCllon of the 5p«II1lt:n 1111' 
,..eatly IImphrK'd the .nalyn., for only the elements .... IIhln ttlt I'K"lanaular arc. or .... idth c-o.509 and 

tte:lcht h_ needed to h .... e. reduced thlCimeu As noted pre ... lously, the upemnenl.1 IIudy concenlnlcd 
on COfTOJlon patches "'Ith hellht h JreaLef Ihan or equal 10 h_ and therefore. the hclaht of the CorrosIOn 
pak.h was not con IdcrN as • paramclCl" For patCh corroded tubular rnembcn "'Ith h In. than h ..... the 
UlUmpbOn of h equal 10 h .... ould produce • conservallve estimate of the reitdualltmlJlh 

A comparison of the pRdJCled specunen capac:lly P..- by the finite eleman anaIyKJ "lib the 
upenrnenw !'HUlt p ... IJ ~nled In columa 4 01 Table 7. The ~rnent I hown 10 be JOOd. _Ith 
the ratIO of P..-/p ... ranlln, from om 10 10 . .... IIh • mean of 0 980 and a codfK:K'nl o( vanUIOn 
(COV) of 0 .024 The fC-JultJ (or the fimte element analYSIS and ~penrnentalliudy ate allO plotted In Fi, 
2A(') v.nt:rc ,000 aaRlCment between the two II also evident. 

A .lmpl1fied eluh<.: analYSIS (01 prech<.:un, the capKlly of each non rcpau'ed spec-linen ..... also 
perfonncd The ccntnMd shll\, e. the tcdlOft modulus. Sr and Inc arca, A,. of the COCTOI.IOI'I--damapd 

CfOI,I IKhM ...... cakul.1.Od by dlSCreuzm, II Into 100 seammu and aummln, the fiBt and second 
momenu for each ItJ.lTltnt about the aeometnc: center of the CfOU fleCtion 1be flfC-JKJ from dll'tICt &a.laI 
Iotw:h. flc,uu~ due 10 the ccnUOtdaJ Ihlft. and fi~cd md momenu. M_ were then wpc-nmpQted and 
equated to tnc y.ckl .Iren or the specImen .. foUo ..... 
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IS, 

The load, p., 10 cause the 11ft lithe center of the corrosion pal,h to rta.;h yteld "'" then tJelennn'lCil 
11Iu lead was uxd as die l'St11lUle. P..-, of rhe capacity of the spot1fflrJl 'J"M fi~~ end momrnl$, M, .... 
Wtfe ooenruned from anal)' IS. and found 10 cause no I1l(ft than • J perc:enl Increue In ttlc prcdt<:ttd 
la.d, P _' 'The Yldd Ims a, wu used In Eqn (5) In heu of • IhKntKaI local bud.ll", Sirt I 0.,. 
because alilne specllncns were obsc:rwd to dewlap Yleldmlln the (triter of the corrosion palch pnor to 
when loul bucklin, In the palch had occurred 11l1s IImrhrted clallK: analy\1S pnxtu..:ed rtuooable 
mullS, WhKh are listed In column S of Table 7 and Sho"'l1 In I correlallOtl scatter pille "'lIh the 
u;penmentll results In Fl,. 2.4(b) 'The agreement between the predl~led capKlue and the 6pcnmentl' 
fUullS IS good. wl lh .... Iuet of the nlllO P..-fP __ ranging from 0.849 to 1,04 (I« Table 7), and haVing II 
met.n of 0.977 and coy orOOSI 

PaAmrlrie S ty d ! 

Seven] paramelnc analytICal studIeS were petfonned In ortkr 10 5e$S the affoct of the 
JeQmd.ncal parameters ""hk:h deknbe the COfTO:$lon patch and tube. namely 1ft. e. and DI1 Abo 
IDIoludcd In Itae lUdIC was the &((«1 of the profile .... lIhin tM: COlT'OJlon palCh Three profile. 'IIVt':~ 

1tUd1Cd, .. hlCh Md betn ~fcrnd to tarhcr (1ft Fie. IS), namely la) "51CP", (b) Me..pnlmmtal"; and, Ic) 
"cosme" "The "co~me" and " tcp" profile. ~nt tbe upper.nd IOWf:r bound, ~pcclI~dy. IlUOClat~ 

WIth the membtr'. local buckhnl (mlllh fOf a Jlvcn lei of ~llues for tM: panmelt:n 9 and 1/1 'Ole 
PUrpoK of InvUUJI""1 profik; cfftcts Wb to IHCD the dlffettnCe becYoftn thc:sc 'wo OOuncU. liKe In 

pl"lCtlCe IllS lakely lhal the thKkneu profile cannot Ix rnc.aswed IlXUrMely In the fJeld. and tomequeMly 
II may be deil:rtIbk 10 u~ the Mstep" profile I( II I' rIO!: ovniy con~¥c 

Shown m FI'_ 2S are Klected re ult. asSOCiated With the "upenmenlill" profile and where 
hooQ.5D Each Kt of mulls rrHCnled In Fie 25(a), (b). and Ic) rt:J'l'6CnlJ a knes of analy n whert: two 

of the three puametcn 1/1. e, and DIt were held constant. and the third uned The cnsum, relation hlJ)) 

mwecn the normahzed member capacity P JP, and the mdcpendmt pan.melCf that wu vlJ"l('(i, cuber 1/1. 
9. Of Ott. are ckh known u coordmate functions. Fig 2S IndlCatt'S thai cach of these coonhnale 
(Unctions IS hneM Furthennott. lhe membtt local buckJml capaclly P /p, IS shown 10 be Il"lrll.:lnlly 
ICMlhve 10 lhe parametcr e (lee Fil 2.~a» and tit (sec Fil. 2S(b)). v.hneu II IS rIO!: U ICn,Illve to lhe 

member's DIt rallO (ICC FII. 15(c)) 

A dall hue was developed by conducunl 29 analyse.s. m whICh the parameters t/l. 9. and DIt 
we~ sySllmilllCaily vaned In the analYSIS models Included In Ibex anillysa were models of the 
v:penmm~ (t,JI pownen! 1be linear coontm.u functJ()ru Wt1! JU~1 combmtd u~mla mulll
Vllnable relR-"Ion analYll1 10 obtaI.n a cloled (onn cxpreueoa fOf P /p, .. a fUnl:uon of the paramclcn 

t/l. e. and 0It. ..... here 

, .. , 
,61>, 

A compansoo of (he uptnmenlal specimen capclcy p ... and cite predICted value P -. by Eqn (61) ku 
the rauo of P J __ ran,ln, rrom 0_894 to 1_02. ICC Table 7. lItith a mean of 0977 and COY of 0 044. 
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IntJlClunllAat &ood agreement UtSIS bcl~'een the predicted and cxpernnrntal capac Illes A. compamon 
bdwccn the u.pcnmcnllJ and ~lres5lOn anaIY515 capacity fl'"tdICIIOIIS IS d)Own In FI' 24(1) 'The 
companSOfl bet"'ttn the finite clement analysIs ~ults for member Clpklty P..- and p ...... In ""hlCh the 
former was used 10 create the database for tbe regresSion lraJ),.!" IS II~cn In FI, 24«(:). The aareemc:nl 
bdwecn P..- and P ~ for the 29 analYSIS casa 1$ ~nenlty lood. "'here the ratiO p.~ P oJOO v..-.es 
from 0.92510 I 115, and has. mean of 1,001 and COY 0(0034 

The ,ffect of the thl..:k"nelil profile within [he CCMTOSIOfI patch on member local budhnllu~n,th 
P /p. IS 5hown In Fil. 26. where the coorthnate functions m plotted for member s trength .... Ith 9, 1/1. and 
Dh .s the Independent variables. respectively, for the "slep" lind "colme" profiles. hi 26(d) IhoWI the 
affect of thc normalized palch height hiD on P jP~. where the upcnmenlil data has b«n supenmpolC(l 
'The resulu In Fig. 26(d) m(heale that (or both the "su~p" and "coslIle" profiles thai the decrease In 
strenath P /P, IS constant fOf a patch helJ.ht h greater than Of equllto O_~O 1lIe maximum dIScrepancy 
In P /p, IS 14" between the ruuhs based on the upper Ind Io~r boundl computed uSlnlthe "step" and 
~cM,ne" profile 1lIe eltpenmentll ditl II wlth.n 7 .. of the two bounds 1lle remalnm, coordmate 
funcilons (FiV. 24(a), (b), and (c)) are shown 10 yary linearly fOf bach profiles, With the d'fference 
becwccn lhe two beconun,larser u the corrosion patch Width (8) and depth (tN Il'ICreue (I« F,,_ 26(a) 
and (b». 

1be d,screpancy In the f'l"e<ilcilon fOf P /P, usml lhe ~C05,ne" and "Itep" rrofiles II 10'1. and 
141. fOf e-6O' and 100", rcspecll\"tly, and IncreMeS 10 45" fOf 9-320" (Ke FiS 26(a)) 1lIe Iitler cue, 
.. here D-J2<t and 1/1 -0.33, IS ConSidered to be I slgrllficantly corroded case_ 1be d,screpancy IS much 
less when Yarylns 1/1 ' where the pmhcted suength P /p, based on lhe "lIep" and "cosme" profiles IS 
Within 7 .. and 12 .. of each ocht:r when t/I is equal to 0.66 and OJ), rcspecll~l)' (see M,. 26(b» The 
dlScrepanc)' In the pR<iJCled vall.Je fOf P /P, usm, the two ~SkP" and Mcos,ne" profiles remains rlJrly 
COMlanI as the Ot'! f1IIlIO Increues. be.ns about 13'1> (see FiS. 26fc». In all Casel, the upenmen~ data .s 
bounded by the 'Slep" and "cosme" profiles, and .s Within 7'1- of thest bounds 

Althou,h there II some d'fference In the predICted 51renllhl us,na the "cosme" and "lIep" 
profiles, actual COfTt)!I'on patch profiles w,lI fall In between these profiles and the pre<hcted llrenllhs 
from them w.1I bound the actull Clpaclly. An ilSscnment of the resulu presented In F'I_ 26 ,nd'Cates thlt 
the d,fference In the result! for P /p, based on the two bounds IS at most \4% when 8 15 less than 120", 
where the patch w.dth c IS one-third the member Circumference (e·I·, c-o.330), and anticipated to be 
26'1> when 92180- (co~ponchn, 10 D'O_50). Cons.denn, the uncenamlleJ ISsoclated With the analySIS 
of an offshore structure, Includml Wlye load estlmallon IJ well as slNClUral modehnJ of members Ind 
the fOUndation, and the d.fficulty In KCUf1IItely measunng I COCTOS.on profile, II Ippean to be prktlCalto 
conseo"llI~l)' \I.Je the "51~p" profile III 1SSl':5Slng the local bocklln, 'trenJlh 

SUMMARY AND CONCLUSIONS 

1be ruullS of an apenmenlal and analytICal study show a sl,mflcant decrease In the ultunate lual 
load capac-,tK'S of IUbular members haYing denl-damage 1be non·hnear fimle element and moment-thrust
curvature based analYSIS methods are both able to predICt reasonably wc.1I the behavtOr of the non·repa.red 
'JIOClinens w.th dentS The M·P ... approach IS able to also reasonably and efflCJeIltly predICt the bchavtOr of 
repautd 5pCClmens blYlnJ Oft ratIOS of 46 Of leu. Parametnc studtes IndlCale that the IntulCtlOft of dent
depch and oot--o(-,U1lI&fttness can have I 5lgr'llrlCaf'll effect on I member'. ultlmale Clf*'lt),. An mttmal 
JfOUt Jql6lr ...... ."..,. e..:pmment.aUy to be able to reUlSl.*: I member to 'll. onpnal RrenSlh .f the oot-o(
JUalPltneu.and dent-depth ~ kss than Ipprtmnwely 0.002L and 0150, respectlvtly. AnalytJCa.lly II 
..... found tMl ,mema1 smutlng I) W\JI.ICC:tSSful III re:Slonng the capElly 0( members "',Ih Ot'!-l4 and 
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MYtnJ I dcnl-depch 0( 0 110 Of ~ .nd no OUI-o(-stmptnesl Sinular raullJ NlYC been found (Of 

mtmben MYln, ~ .46.61, and 69 

The rautu 01 anupcnmmtal and aaalyucal study on the ruMlual Amttth 0( OwIr1lteellUbulan 
wllh Ide.hue! F*,h CGn'OIitOn AlbJ«1ed 10 concrntnt •. uallC*t Indtcatcd that II ."ur!Cant tedUCtlOll 10 
capaclt)' occun due (0 the In1IIIhCVI 0( local bock.hn, In the corrot:lOft pilch This Ioal bud:"n, )I 
.Unbul~ 10 the effect 0( • reduced wall thd:n6I, combmtd ~Ith UI amphflCatKlft of stn:u at the 
corroded Ul'1 due 10. shin In the centroid of the cross section. Nonhnear finite ckn'll!nt llUIl)'1I1 5howed 
the corroded spe(:une:n capacity 10 hayC linear cooethnale function with rapect to the COITO$lon 
parromctert 1/1. e, and DIt ~ shape of the wall thickness profile wUhln the COfTOIlon patch has an 
affect on the local buddin, llrength, but was foond no( 10 be IS sIgnIficant u the I1«d 10 use accurate 
v.11KS (or the p .... meters e and 1/1 1lIe local buddmg .trenath In Ihe COfTO~IOfI palch I' Independent of 
the he.p, of the pakh h, proYlded chat the COlTOJlon Mllhl IS equal 10 Of lruler tMin 0 ~D A multl
vanabk: relfl"S'IOfI aNI)' 'S ~uhcd In • 5eml~mplOcal UpresSIOft for pnd.clln, the nl.1 10id capKlly 
0( ~hon. patch-convdod steel tubulan 1be use of I Simplified dl.Jtlc IIIa1YIII 1110 pro .. tded I'usonabk: 
IJIPfOlIllTllllons 0( the residual stmlcth 1be alenor IfOUled s~V'e I'q)IJr .... u found 10 IUCC6Sfully 
relMwe the full (:aplC.lly 01 I COfTO$tOn d.arnI&cd tubulu mtmbu Confinement of the corroded cross
section IS the pnnwy mecbanl'm for I IUCCeUful reparr. 1M low bond Slrt:nJlh IfO'Its may be used for 
lkeve type repaiR Howe .. cr. rpollY'bued JfOUlS Ire more capable or rteftflunl ylt-ldlnllM buckhna 
or the damaJed cmu section beuuse 0( tMlr high bond urength Hllh bond lIfen"h pout should be 
UJCd. panlCUluty .... hen tM pM IblhlY or mward buckllnl or the Corrosion pIIr..h ClII~ 

ACKNOWLEDG'fENTS 

FinancIAl suppon ror lhe raean:h reponed hneln was JII'OY"kd by Nattanal Sc:.mce FoundMIOn (Gran!: No 
MSS 91·.519.59 PYI and MSS 9\-96120 PVI). Anss Enl1nomna Rc:tean:h Center LwtOft Proarwn • 
Leluah UnlvenilY. Chevron 011 Field Research eomp.ny. UnlOO Od Comp.ny 01 C.hfon,.. (UNOCAi. 
76). Callron'" Slate landi Comml 10ft. P1Usburgh SuptrcomPUttnl Ct:ntrr (Grant No Cl'S930012P 1M 
MSS940021 p). Nlnonll Sea Grant Colk:&e Program. National OccIllIC and Atmo6phern; Admlnlstrahon 
(NOAA). United Statu Dtrwtmtflt or Commc:rcc through the Califon,.. Sea GTllIII Colleir. and Callform, 
SIIIe Re5OUl"OeI A.-ncy The IUI'J)OI1 of all the sponsors II .... Idully appreciated The <>pInions upruscd 
htreln Ire those of tM .uthors. and do not necessary refloc:l the "IeWI of Illy oflhe spon'Clr1 

REFERENCES 

Dunn. f P (1981), ~Offlhore Jl'lMfonn InspectKJn-. Procccdiftp. J"urPtO/lI1ftlJl S,wtpOS11UPl 01"1 ,'" RiN 
tt( Dallf', Iqp«JlO/fl Md R«IwtdoItcy III ManM StrwcftlJ'al RdIOblJ"." ManlW; Board. NItIUnlI 
Re:se:arch Council. NltlORll Ac8dtmlC Press. 

2. Cole, M W , MIf'UCCI, T F and Tan. DG, (1987) -MODU Mannr S.fely. StAAtuB.ll" peellon and 
Reac:hneu Survey.: J(Ij,IfMf of Pllro/IW," TulutololY. Soc.ety or Petroleum Enllnecr • Novcmbtr 
1987 

) 05taprnko. A , Wood. 8. Cho""dhury." and Hebar. M (1991). "Residual StrtnJlh or o.mapd 
and Dctenorated Tubular Membtrs In Offshore Struclures", ATLSS Rtpon No. 9J'()J. Letuah 
UnlvcnillY. ikthlehem. ~nn ylvlllia. 

" Duan. L. Chm. W f and Loh. J T (1993), -Momrnt QU'vllure RellilonS.Upf ror Dented Tubulu 
Secltons~. Jowrnol o/Suwlwral &,I1IU"",. ASCE. Vol 119, No 1 

Landet. E and Lotsbur .. I (1992), "Uboratory Testml or Uhunate Capacity or Dtnted Tubular 
Members", JOI4rnof o/S'''''NraJ &'lIIunfl,. ASCE. Vol 118. No." 



" 
6 Loh. J T (1991). -Ultunllc Stf'tncth of Dented Tubular Steel Membm-, Procud./II" t'l/tlw TJurd 

J,lltr'Pttl1fOttld 06.,-, flNIl'oIar btg/IlUnII, COft,/'"ltCr, Slnppore 

7 MalCIMyr't:. J (1991), -An Anal)'bCal Srudy oflNnl&ed lUbul. Member Ikhl"KIUt·, Pb 0 Them.. 
Un/vetSd)' of Tonlftto. Toronto, Canada.. 

8 Smllh. C. S • Kirkwood. W • and Swan. J W ( 1979), M8oclhn, S~ath and PoII-C'olll(* Ikha .. KW 
of Tubullf Brae'ft, Members (ndoom, Damage Effecu," BOSS '79, Impt'nal CollcJ(:. London, 
En ...... 

9 Smith. C. S .• Somerville, J W . and SWln, J. W (1981). "Rcsldual Stl't'-ngth .nd Stiffness of 
o.m.,ed Sioel 8rklnl Mcmbcn", Proceed,",s of tit, Offshorr T«lu!ololY Ct1I1/. ore PlIpt'-r 3981, 
Houston. Texu 

10 Taby, J (1986), "Rt:StduaJ Slmlcth of Damaged Tubular'S. Final Report ," NTNF ProJramme (<< 

Manne Strue:turu, SII'ff£F Rq10rf No. 6. /0, Trondhcun. Norway 

II hduta. fA and OIcape:nko. A. ( 1989) "AlI.aI 8e:hlVlOf of J>amaaed lUbular Columns.- Fnt: 
Ut,'Mu""lAboralOry Rrporf No jOI! II 

12 8OIwell. L. F and O'MrJlo, C A (1988). "Residual and FiliP SItt.nlth of GrouIFdled DamaJed 
Tubular Membm", OTH.t9 114. Offsbott TcchnolosY Rt'pOft. U K. Depc 0( r~1Y 

13 Parsanc".t. S (1987). ""Sirenp 0( GrouI:·Filkd o.m.pt Tubulw Membm", JOtInt4l fI/ Strvc",ro/ 
E1f,utUnll,. ASCE. Vol 113. No. J 

14 Parsane".t.. S , Qu,hch. P (1m) H8chaVlOJ of Panlilly Grout Filled Dunapd Tubular Membtts · 
JOf,jt7VJ1 D/Slruc:'"rPl fn,IMUlIII. ASCE. Vol liB, No_ II . PP ,\()~~-J066 

I~ . Bllhn&ton, CJ. Harwood. RO .. and Tebben, I.E., "Grouted Repalrl to Steel OCfshOfC Structures
H 

OTH IU 202, 00 hore: T«hnology Report, Wlmpey UbontOfle. Limited. London, Unlled 
KJ.ngdom, 1984 

16 FM, C H (1994), HAilwmenc and PredICtIon of the 8e:havlOf 0( Ikrn·Damqed and lnlemaJly Grout 
RepaIred Tubul., Slot.l Brxl"l Uim, Moment CwvaNre·Baxd 1nteptOn Methotb", MS The51S, 

Dqaanment orClvll Enlllw:cn"" Lehigh University, Bcthkhcm. Pcnru:ylvlnl.l 

17 Bruin. W M (199<1), "Residual StrenJlh and Rcopalr or S'lnlrteantly [knied OOlhore ", .. form 
Brx,nl". M S Thull, Le:hlp University, Department of Civil En,u'lC'Cnna. Be:thkhcm, 
Pennsylvanta (In prepanllon) 

18 Rld«, J ,G,lIum. T and Lamport. W (1994). ''Grout Repair of [knted Offshore Tubular Brxln,
EApconlnC'ntll IkhaVlor", Jl*t7VJI cfStruc:tllrPJ fn,IMtrtll,. ASCE. Vol 120, No 7 

19 Hdxlr, M ,and RldC'J. J (1994) "Rcstdual StmI&th and Repair ofCorrodcd Manne: Sled Tubulars.· 
ATLSS Rtpon No 94·10, ATI.SS Enl Research Centff, Lehlcft Unl~en'ty, Ikthk:hcom. 
PennsylViniA 

20 GalamboI. T V (1988), ClliIU 10 StabdllY DtSl,II CnltntJjor-M~ Strw:'''"J, Fourth £:.dIllon, Wlk:),
InlC'nC1mCC' PubltaiitOn, NC'w yort, New York 



24 

21 '"Test Mdhods (or Tml'''' CoupcMI Tetlin," (1991), ASTM Sp«lOi T«lI#u(:td P'0i1rQtlOft EA·9J. 
ASTM. Ptllildelrh ... ~nsylvanla. 

22. "'Tell Methods (or Compreulve SIrt:nrth of Hydnlluhc: ~menl Monan" (1992), Asr,., $p«ud 
Ttd"ucrJ/ Publica/lOn CI09'()2, ASTM, Ptu]adelphla. Pennsylvania 

2J ~,w F and Uan, 0 1. (1985), TubulDr Mr,ltbm ofOffsltorr SlnKtum, Pitman, London, En&land 

24 Sohl.I, I. S. and Chen, W F (1988). ~Local and Posc-Bud:hDJ BekavlOI' of Tubular Beam
Column,", JOfjntfl/ ofSt~. En,IMUIJI,. ASCE. Vol. 114. No. ~ 

2!i Newmark, N M (1942), ~Numeneal Procedure For Comru11n1 Dcl1ocuons, Moment and BUt:kllnJ 
Loads-, TranS(fcIIOII. AS E. ~1Iy 

26 Mathew, J, RKles, I. Bruin. W and Soot, T K. (1993), -Momcnt-Curvature AnaIY.I. of Denied 
TubQl., Bum Columns-, NSF Reseatch Expenence (or UndtfJfMhw (REU) Re:poJ1 
(unpubhshed), An.sS Ett,mccnnl R.aeatth Calter. LchlJh Un,~m'ty. Bethlehem, hnn.ylvan .... 

27 . ABAQUS Ur,,.'s MtUII.al (VWWl'l 5.1) (1993). Ccpynpt H,bbtrc. KArlNoOn and Som\loItn. Inc: • 100 
Medway Street. Providence, Rhode Island. 02906. 

28 Rib. E ( 1979) • An Incremen,a1 Approech 10 the Solution or SnapJlln, &. 8ucklln, ProblerN,· Inur 
J044nWfor Soluh attiJ StnICrwru, Vol U 

29 AmcncatI ~troleum Institute (1993), WR.ecommended f!'ratllCe fc;w Plannln,. Dtsl,nln, and CONtr 
Fixed Offshore P\atfomu. L.c;.d ResIStance and F8CtOf Desl"''', RPlA-LAFD. 20th &lllIon 

Tlble 1 Denied Specunen Expt:nmenlll Test MatnJl 

81 NO'H'eral~ 
C I NOfI-rtpall'ed 

Internal Crout Rtptir 
Intm\al Groul Rtpur 



" 
Table 1 (conl'd). Denied Specimen Expenmental Test Matn" 

Table 2 Companson of Non-rtpall'ed Residual 
St~&th With Non-danvop S~lmcn Capacuy 

.~-
Spec:unm 1"'1 '.!Po 

AI 627 068 
81 440 06.5 
C1~ J78 061 
A2 <OS 0 .59 
82 231 OSO 
C2 20' 0.71 

A6 623 061 
B6 400 0 .. 
C6 276 OSO 
817 31. 046 
A' 276 027 
C8 ,,7 026 

Table J Comp.mon of Repal~ with Non
rcpaU'\!d and Non-damap:t Spec:untn CapllClly 

• 
Spccllnrn ,:, P,/P. P,/P. 

A3 'SO 210 123 
83 520 2.25 113 
C3 543 265 188 
C, 329 1.61 1 I. 
A7 108 1 1.74 108 
87 939 2.33 1 15 

B7 -. 903 2.25 111 
87 ·b 81, 2.03 100 

C7 '94 1.79 090 
A9 618 2.24 059 
C9 356 2.42 064 

Tabk 4 Companson iktWI:UI Expcnmental and Predicted TIbk S Compal1lon Ikcween ExpenmentaJ and PmtKled 
Capklly (or Non-Repa.!m:J SpecllneM CapKlIY for Inttcmal Grout RCplJrtd Spec:llnenl 

',..IP_ 
s,., '- "' ... N_ UC·1lENT -[kNJ 

,_ a..k 
F .. :fl 

AI 62' 101 096 '" 097 ., 4<0 .92 100 '" 100 

p .. -*"'-
s,., '- .... N-.oo1 "'-'"' 

[kNJ "*..-
Cl·. '" '96 106 1<1 In AJ • .0 112 101 117 
A2 ." 10' .96 '" , .. ., , .. 012 .91 .96 
82 nl .90 ... 119 "' C1 '" .96 ... .91 
C2 ." ''1l ... 121 '" A' "'" .92 .97 019 
A6 62' , .. 097 1'>< "" 

., 
'" 090 09' on 

B6 ... 102 .97 112 0.9' 81-. 90' 097 016 Oil 
C6 276 II,. 12' '" 127 81·" '1< 102 090 .16 
817 ,,. 

"" 109 '''' "' C7 ... 106 • .>< 0« 

A' 276 101 102 211 097 A9 611 09] 107 096 
a 14' "" 1.16 "' ... '" 

,,. 101 07) 067 
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Table 6 Corroded Specimen Expenmenlll Test Matnx 

0 • oft 9 , h a, a, 
Sp« Imml Imml 1",.1 (mmJ [mm] 1M.,., IMPlJ 

34-100-0 218.j: 6.4 1.0 0 0 109' 2551 400.0 
)4..33-.58 218.4 6' 0.33 ,,, 111.2 109' 2!i!l1 400.0 
34-33-95 218.7 6' 0.]3 95.7 182.6 109.5 "" 4000 
34-50-311 218.4 64 0.51 311 592.8 109.5 2.S,s. I 4000 
.... 100-0 218.1 48 1.0 0 0 109.!5 26B 413.7 
46<)0.9' 218.2 48 0.0 95.7 182.1 109' 265.5 413.7 
46--)3-95 218.2 4.8 0.36 95.7 182.1 109.5 26!i.'s 413.7 

46-67-95 217.9 0.67 95.7 181.9 109.5 265.,5 413.7 

64-100-0 218.9 34 10 0 0 109.5 268.9 420.6 

64-60-95 218.9 34 0.59 95.7 182.8 109.5 268.9 420.6 

Table 7 COtTOded Specm'ICn Axial Load Capacity and Companson with AnalytlCa' Results 

" p 
p ..... 

p p 

"'" IkNl ~ ~ ... ~ .. 
p p p p 
y . ,", ~ ... ~ ... 

"-"',. 1065 10 I.. 0.997 \ .017 

34-33-51 "'" 0.916 0.969 0.971 0961 
j4.JJ.9S 107' 0.'" ..,. n991 0994 
)4.»311 "'5' 0 ... 0966 0.&49 0 ... ...... "" 10 10 0997 1005 
4601>95 ." 0.7&3 0.922 om 0199 
46-3)-~ '" 0809 097) 101 0999 
46-61-~ 16' 092' 0'" 0 .... 0992 
~- IOO-{l 6" 1.0 10 0.997 0.912 
M-60-95 ". O.SS6 10 '04 102 
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OFFSHORE STRUCfURES - APPROACH TO GENERAL ASSESSMENT 

David J . Wi.sc:h 
Central Offsbore LaginHriog - Tn:aco Group, Inc. 

Abstrut 

The &$SCS$merll of UltIma offshore SU\lctuteJ (Of adequacy is esscnllilly • global stabihty delenninallon 
A multl·IC'lel cntena evaluallon process has been developed for Gulf of Mexico oil platforms The lmpacl 
of cn,memos preference, \OanlllOn In load developments. sensItIVity of IOIId vananc:e and resistance 
variance and relationship of eomponml 10 system ruisunce van.anc:e are reviewed The QVcl'lIli stabihty, 
and hence rehabllity. of ~ highly redundam space frame $t1U(rures rypical of offshore platforms .s 
shown to be most sensItive 10 the load side of the issue, both load acnen.IIOfl and inherenl Ylnlbllity. rather 
than the local and component stability issues. 

Introduction 

The offshore oil tndustry IS neann"u golden annIversary before the end of the century Dunna the filll 
N'cnty )cars. facilitIes were designed. construc:lcd and opet'Iled In I new frontier wllh nch facility bema 
• unique undertaking Wilt. f'lpld advancements in the pnclicc Hurricanes Hilda Ind Betsy In the tlrly 
1960', provided an Impetus (Of the industry 10 collectively review Icssom learned and develop the first 
offshore desllf! SWIdatd., the 1st ed,t)QQ of API RP 2A lULled 10 1967. The enSUlnl rvocnty years focused 
on the rermcment of desip practtCC In the (hlir of MeJUco .... .;·h thousands of plalforms belnilnstillcd 
By the late 1910s., over 1,500 plalforms had been Instilled III the GulfofMexic:o. 

Other offJhore oil and pi prnducina areas around the world were liso developml dUrlnl the 1970. and 
1910.. By the lale 19101, With over 7.000 plltforms worldwide, mlny had surpassed their on,Hal 
dcsllJI life WlmllCS and many more were approachlD8. As With other Civil 5tnlC:tures. there was a need 
10 rct.Iln many of these a,mlSlrUCtures in JC'rvlCe for additional penods ofume 

For nearly 50 yurs. the Industry had focused on Information and techniques for desl8nml new faellilles 
Now the time hid lITived 10 take I more detai led view of the adequacy of eXISl101 structures and the 

methods to usess the adequacy 

The dallenac conlinues 10 be undersundinl the performance obJeCllVes and then balancinlthe de'llls 10 

SltlSfy the obJK1lves. Offihort structures are gcocrally h1ably redundant space frames but Simplistically 
function u a cantilevered beam.column UK of historical obscrvlllOfl and enl",«rlnl dati muSI be 
evaluated roultnely 10 aVOid le"lOg blu creep into the system thaI distorts the economiC and lechnical 
viability 

Process Oevtlopmtnt 

An IndUstry effort was stlr1ed to develop guidance fOf as5essmenl of eJ,.l$Ilnl structures Similar to the 
elTon some 25 yurs W'llCf to develop dcsiln guidance The process has been developed for Gulf of 
MexK:O praCllce, however the process was developed In I generIC cOOlext and IS now beml broadened 10 
address the IntemallOf\ll community needs 

The auessment proce:u was developed USIOI I top clown approKh Top down In the context that 
fundamental quesl)QQs "'ere tim u .. ed and then processes and quanutallve values developed 'The key 
questIOns first addressed were 
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I . Whll WU lhe process expected 10 yield1 

2. What are me constraints 10 lhc process? 

Once answers Wtte denved. the (oUowln, ~ \evel objectivcs were developed: 

Use of consequence based criteria would be utilized 
Multi·level criteria based on consequence would be utilized. From hisloricai perspectives, three 
major cluSet (With reference 10 life safety) of facilities could be observed 

Manned dunn, the desll" conditions 
Normally manned, but unmanned during design conditions (manned during normal 

opennions. but demanned prior 10 hurricanes· the deSI&" (ondillon) 
Unmanned 

Prolection of the environment was also addreSJed. but in somewhat different manner by 
requirements of downhole u(ety valves, limitation of hydrocarbon release potenulls, etc 
The focus ~kt be life safety consequences. 
The process and acceptance cnlena would be consistenl With prcsenllOCIeul pncltee 
EconomICS would be prlmanly the owner's responsiblliry, noI one o(the standard developer. The 
slnICturll standard would not utilize economics as I key faclor. thou", II is an Impon&nllssue for 
an Operlllor managing usclS. 
Mitiption of wnscquencu would be an ac«plable process to move a fadlil)' 10 a lower criteria 
catelOt)' . 

An addilional directive, capturin, both the business rulil)' and the IndUStry capability, was pili forth; 
The pmceu should ullhze the mlnlmUm amount of resources to assure ldequacy 

This dim:llve wu driven from !he v)tw that with over 3,100 platform, In the Gulf of Mexico, there is 
insllfficient eI'Isineerin, capacll)' 
10 perform detailed IIllImale Concept 
capacil)' checkJ on each 
structure. Independent of the 
industry capadl)'. historical 
informalion did not ,uppon such 

a requirement Therefore, a three "Screening" 
level analysiYuscssmenl procesl 
.... u developed and is dePICted In 

Figure. The tnangle on the left Design Check 
side illustrates the amount of 
engineerins and field inspection Ultimate Strength 
effort (cost) while the nlht 
manlk illustrates the decree of 
conservallsm lllhere"t In the 
process. When utlliZlns the 
ulumate stn:nJlh check, the mlent IS 10 eliminate inherent blu In both the load and reJistance to 
determine the "true" collapse behavior of the fKilil)'. 

In IIlilizln,1 concept of thiS nature, one of the necessary vllldatlOflS IS to ulure that a structure pusln, I 
"leu riSOfOUS" check would Ilways pus the "more n8()f'OOJ" dlec.b The !Uk IfOUP spent conside .... ble 
time vllidltln, thl' requirement Vta hlaorical review and trials. 
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WithUl the pall tcVCBI yan, eoru;tdcnble wort has been ~":I.y "-Imlll the off)borc mdUJUy ill 
deYtlopltll both daUI Oft damqcd componmb U Mil u methods 10 ~u lhc wcnp of UlstU1, 
stNet\IIU A nwnber of .lolll! uwtustry proJeCu have been (ocUJln, on dctcnnlnln, strcnJth of ibmaacd 
Nbulan, pnmanly In the bent or (0fT'0ckd conditJOn. AckhtlOnll wort has al.lO bmI performed on the 
Itn:np of Nbul., JOIDU and the fOWMiatiOO caplClty MOIl of the ......n has been foc\lJC'd on the 
resistance values of componmu. but very recently more attentIOn IS beln, piNt co the s)'~J and )oads , ..... 
In the ofTlhore cnvltOM1ent. the}oads lSSua have aJWII)'1lttractcd considerable attenttOn Ho"'~tr.1hc 
component resistances have sc-emed to attract the mosl ,"eollO/\ nus 1.$ poulbly due to the naNre of 
components Icndina to bema defined. tuted and ",lluve casy to quantity comp./'td to wive load •. 
Componcnu can be modeled numcncally u well as tested and then the numencal models calibrated. 
Perfonnlft, ~ twin, and cahbratlOll 10 lhe same level of confidence IS «den of mlannudc more 
complex and COItI)' Hence, lher"e has always been more of an KC'plAn« of the loads side Ihan the 
resistance III many analyJUldullf\e:rs VIew'S II is pOl5ibly • by product thll mOtiI analyslJ and des'IMrs 
are stNCtW'IJ mlinecn and not hydtodynam.cisU, the1'tby belnl more KCtptlnl o(thc ao.dJ side 

llIc abovt can be easll), iIIUJtmcd by Ioolunl at the cotfflCttnt of v.muon (COV) used In the recent 
LRFD code cahbrauon Componcllt COVs wen: roullnely 15·20'>'. ,..hlle the kMd coy .... 'U 15"- and 

........ 
With the 1992 Hu.mcanc Andrew experxnce and the benef undtrstMdtnl of S)'JItmS reliability, • 
number of srudlCS ha .. e m:cntly illustrated the impKl of the !oedlnl and I),wtms on reliability WbI1e 
the Industry has dwmc\cd much money and effort tnlO component resistanCes. the pnmvy unpKtS 
come from Io.d and systems mo6els. 

Ch.nt ltrisdts 
Offshore 'INtturtS h ... e • very simple stNCtUnl obJecllve u Ihown They can be .. .e .... ed u rel.t, .. el)' 
~squat~ c:antllC\'er beam-columns ..... lth the m.jority of the bend Ina loads Ipplled ncar the end (the zone of 
the .... a .. e Itllvlty near the sea surface) and the axial k»d due 10 the wlilini and productIOn equipment. 
Man), of the jKkec .lNCture. are taptml ~beam-columM~ .... Ith ImJthoto-dcpth ( ..... Ief dtpth 10 lei 
spK'ln,) ratIOS 1ft Ute ranI'! ofJ-S 10 I. 

Wh,1e the purpose and essential beha .. K:ir can be viewed 1ft termS 

of. canu1cva, the suuc:twu thetnsclvn are hiJht)' redundant 
tubular 59Itf' frames They typICal have Reserve StmlaUt RatlOl 
(RSRs)of2.4 .... llh RSR belnl defined as the n.tio ofk»d caullnl 
collapsc 10 the dcs'pllo.d While the SlNCtures ha\e. mynad or 
1IIb-U$Cmbhes and details (t I, tubular JOInts, hlah capacIty 
axially kMMled PileS. ..... e ih.eidll'l& ClC .). the proces. must be 
developed 10 ba1anc:e the Inform.uOfl reqUired 10 the le .. eI of 
sophlshC&hon desired to determine the simplistIC adequacy 
stnKNn.1 system acllnl U • IImplc beam<olumn 

Oalcntr's P rtrocltlve 

To The Buics 

AI !tOted earher, man)' deslprs auume die v.lichty of the ~ .... h.\c focus'"l on finc tun.nl the 
fUllUnc:c' _ In one sense, the offshore Indusuy was fort\.ln.te 10 have much Inform.tlOl"l IVllllble from 
the pcrfonnanc:e of ItNCtwu durin, Hwncanc Anclrtw .. hen It wu developlnl the pnxeu and cnlCnl 
for dctcnnlnlnl adequacy of VUII"'I fXlhues. 
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Following the ISsuance or the draft JUKkhnc:s for usessmml., one of the }Oint IndUStry PJOJe<:b Involved 
• benclunartr: study_ Inlmslcd parties were ptO\'Kkd with the avidclines and the en,inemn, details of. 
liven structure. The parties .... ere provided structural draWings. basIC material spcclflauOM and the 
draft luiddines. To provide I consistent benchmark, .11 parties received COPICS of questions and 
subseq~1 danflCahons There were I) parties perforrnin, bclKhmark anllyses. 

Each patty was asked to provide design level load, Wive 
heiatll selected acconiina to the luidelil .,. ;., ultimate: 
capacity of the 5ttucturc, load level when the first tubular 
member enlen ,"'0 the non·Jine., re,JOII and !be 
detennination IS to whether the structure was fit for 
purpose. 

An elevllion VICW of the structure i. shown at ri&ht. lbe 
structure wu an actual foor leg/pile facility with K· 
brxina on all faces. It was located in IS7 feel ofwaler 
wllh all dimensions, locations. elC\'ations, etc. defined. It 
could be considered a ",<ell dcfiMd StNc:tu~ With a \\,ell 
defined set of loadin, conditions. This lC\'eJ of defimtion 
could be considered analojous 10 tellinl a deJil"er 10 
dcsilJl a .. "en facility 10 local buildlnj codes. 

The objectives of the benchmark werc multiple: 
I Oetennine the vanation in uKSSmcnl pnlCtK:es 

centered on the analysis component. 
2. Validate the premise thlll stnICture would noc pass. coarser Slcp .... hllc rl,Jin,11nOR detailed or 

refined step. 
l . Utiliu feedbacl 10 devdop the process With rnOf"e clarity 

'The objectins were definitely met. but It the same time, one somewhat unanticipated find In, became 
clear. 

The largest impacu on the enail'ltering assessments arc in the definition of the Ioadin. model and 
designer prerogatiVes. not in the detmninalion of component resIstances. 

The technical area thlt the most effort has becn 
spent In the past sevenl yell'S, thai being the 
definiliod of member reSIStance, WII dwvfed by BaM S/IMf 

other ptrU\eten when reviewinl the results .. 
'The resulu from 13 parttCipants illustrate the 
wide Vllll.tlOft lit the process. Some diSCUSSion of 
resullS should be made. Values illustrated are for 
two c)'tles of reporunl. The ar-Y plus black bars 
repreKnt the original range of results for 13 
respondents. The black bats rqwe:sent the vllues 

'" 

,~, 

" 
after correc:tM)ftJ by se"eral parttClpanU. The "mical "tlcU- represent the mean vllue reponed In the 
orilinal c)'tle The correctIonS resulted from incorrect transfer of VI lues 10 reportlnl forms, adjustments 
10 values used In wa"e hel&ht selection due to this-interpretatIOn and .several other facton: 

The mean Vlluu are reported as arc the COYs for both the ftrSt and second cycles It is somewhat 
disconcenlna 10 note the '4% COY on delcnninluon of base shear after Interpretation adjustments and 

"" ' ... 

.. ,," 
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efT'OrS were addressed by the mponcicnts. A COY of 7·1% would acncnJly be expected 10 account (or 
cialper InterprdlllOl'lS 

The COY. for the ao.d.1 the lint noD-linear member event and the ulllmale capacity would be expected 
10 be h,per than the base shear u was the 'Iru.IIOfI. Apln. howe,,", the maIJlltude IS • QUse for 

-'"' 
The vari.uon in uillmate capacity of the strucrun u reponed by SIX of the respondents 15 illustnted 
Only lut Ire sho~lI here for clarity with the other seven respondent. f.ll1nl Inside the eXlremeJ. II may 
be noted th.1 softwan YI1;lIion .Ione docs not 
account for the differtnccs Some eight 
different soRw.re pachgc:s were: utilized and 
some signltic.nt van.uons were observed 

Designer's Prerogative? 

bet\l.een some: rcspondcnlJ uSing the same 
software pacbge . ' , 
~m.1 observation. can be made with the 
mults. 

~ 
¥ ' 

I. The Ulitlal stiffness patterns Indicated 
ate likely due 10 the differences in 
foundallOll trutmcnl. Some software 
req\Hru the us« to utilize an equivalent 
hnar sprinl foundatIOn .... hlle other 
software allows for exphclt non·11tIUf 

" .. 
0, 

, ... . .., .... 
2. 
1. 

behavior patterns_ Nevertheless. thttt U Cl'OU-OYeT in the uillmate Itrrnp dCtCl1IlInlilion. 
There II no c1eal correl.ltOtI be",,'een the load II first member non-hncanry and ulum.le s!renp 
Wlule !he software pacbsu have varyl1lS levels of sophisllcatlOn. the larae~ valublhty IS due to 
the UKfllbility and interpretations. 

A review of these select results presents the follow ins question that need 10 be addressed; 
·Should more lime and effort be spent on identlfyins proc.edures for the designer to use when 
developln,loads and computer models?" 

No (annal (ollow-up has been attempted to ascertain the euet reasons (or the vanation. In(onnal 
dlscuuion Iw ~ to • number o( reasoned hrpotheses that arc believed to be somewhal IOlerdepcndenl 
1bese Incl~e 

AttentIOn IS IW)C necessarily paWl 10 the details o( I process IS designers/analysts routmely rely on 
pasl expcncnce even I( II is not recommended In a process nus Ippcan to be especially tr\IC '" 

the ,eMBtlOn o(the environmental loads. 
Engineers by tralnlO, arc conservative and regularly take I conser"<'atlve approKh lcadlnglo I 

ripple effect. 
Widely varyln, assumptions arc made in lhe computer modelinl This mlY be representative o( 
pcnonal preference and practICe over the yean Without benchmarklO,aplnn others 
Processes thlt arc somewhat vigue or Iqve considerable leewlY to interpretatIon WIll Yield widely 
vary In, results. 
New processes will yield hiJhcr variability than mature processcs, "The wl'e lOIding recipe is nlll 
beln, adopted by many eveft though It was released two )'ears 110 The IUdsment procc.u. as 
noted. lS belns finalized 
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Systems &: Compoat au Eumplt 
The second example ,IIUSb'Ites the Importance of systems understandi", In both 0n,tRaI MsIP and In 
evaluation of vUltlnl f.clhtlu The drtft _ssment process was developed with leu inherent 
conservatIsm as the degrees of soplllSlltatlOfl increases as illustnted earlier 

Offshcn inJp«lIOftJ can be very expensive when usina d,ven and dean,", mcmbcn and joinu to 
detemunc Ihc -""1'· coftchuon If necessary (Of the ultimate strength an.IYSls It IS oRen ne<:euaty 10 
ckan the tubular JOints of manne growth and perform visual and NOT IClllnllo dctennme any advcBC 
conditions of the jOint thai would effect the strength. Understanding the system behavior can have I 

large Impact on the atnoonl and types of inspecttons necessary to have confidence in the finll computed 
ans .. m Detailed measurements of dents, benl members, comxIed sectIOnS, tiC .• Iso Increase IOSpe<:hOft 

costS drnnllicalty_ In addition to the systems behavior, a thorough understand'"a of the senslIIvlry to the 
software and .~J)'sil assumptions ..... iII help brina value to the process. Without this knowledge. I' is 
difficult or impossible to devise. cost effective inspection program thlt provides .dequ.fe ~u-is~ 
condition of stnICture compalible With the analysis to be employed. 

An clcv.llon yiew of. structure Installed In 1976 is provided Immediately II naht. The c:nt}C.tlloadlna 
direction for this structure is Wives approachina from the right to the leA plklna .11 the dliaon.1 brllcina 
In compression nils braema 
concept IS very typICal of 
suuctum: built In the 1970's. 
The (ar nghl fi,ure is III 
elevillon view of the Slme 
structure Ifter reatT'lllaUlg the 
braelnl In • plnem more 
rqwe:smtatlve of I common 
pracllce In the 1990's The 
(rillung on the left was analyzed 
(or determination of adequacy 
and III ultlmale stren!¢llllal)'llJ 
was performed For Illustradon 

/ 
, 

purposes In ultlm.te strength _ _ 

IS$CSsment was performed (or the structure illustrated on lhe tight. even though il is not • rell structure 
The refnmed structure was Investigated to iIIustn.k the impact on framutl and inherent senllUYlty of 
components. The sensitivity of components translates directly 10 level of effOl"! and expeMC for 
inspecuon. 

II should be noled Ihl! no redeSign was performed. Member sizes were retained as is, Just reoriented to 
yleld the liven franuna pattern 



nw capacltyfdliplaccmcnt bchlv)()f il shown at 
nabc. Inllll.l non-lwear bchav)()f occun at the 
same k3ed )eve! u would be upccte:d. 
H~. die behlv)()f dev\l.tCl from thu point. 
In die c:ompttSSlOII only bncln .. the ItNCtI.IfeS 

IIIIm«hatcly statu 10 WUlp. whereas die other 
IlNCNre edublU IiddltN)M1 Itm'IP due 10 
mhstnbullOft. 80th IU'\ICtW'u were usumed to 
hlv. no "pflCant dam ... thai ~kt effect 
capacity 

The key ISSues illustrated here are ROC the 
dIfference In uillma!. 'lRnJlh, OM haYlnl only 
!he elastIC In'el stmIp ,.hile 1M OCher has 
IIplflC&ftt ratrv •• but tlM lUua rewlfIl 10 
lIupeC:hOI'l costs and undenwMllnl of the 
complele ptOCCU: 

Understanding ImpacUBehavior 

' .... r------------..., 
t .... ..... 

, 
OlsplaC«nent 

fOf the comPfU'K)I'I only ItNCture. the buckliolltralJtb ofthc members $I c"tlCal to the e&pac:lfY 
of the IU\lCture In thiS cue, extn expenditure on cktemllnlftl the CondltKM't o( the members is 
wUTIIIled due to the Immediate unZlpplna once the lowest C&paClIy member fills. 

2 For the X·bnIccd IlNCtUre, Increased Inspection COIU are DOt ju..llfted linc. tcdlSlrlbUl1Ol'l IS 

prescnt. Sufficient capacity can be maintained even I( III isolated member or two hu somewhat 
depaded Clpi'Clty provided 1M depadation i, not alobal in natur • . 

1. Mean streap o(thc COInpreSJ)()n members is the key factor. As noted earlier. the Ioadlft' COV 
shll donllnalcs the reliability n'leuura of the systems relative 10 the resistance COY 

COGCIUliOlls 

I. The rtCtTltly 6evdoped muh.-\e-wtl A.PI proc:css fOf dttemnnlJll adequKy of UIM,\ft1 structures 
provida a consistent and r.tM)I'IAI appr'OK .... 

2. The inherent vanabillty III the )o.d model domlAAta the UftCClUlnry 
] "-'luIe lidditlOflll won needs to COfIllnuc on ISSC'SSInl the ItlUP of damaled or detmonted 

members. the ~el should be bllanced With the unc:enalftues 1ft the system, i e., the loads II)d 

dellpet' uncertalntlCJ 
• 1be doftllnaM WlCerulnty In the whole process is the Cft,lneef, noc the kNId or reJlaance tkmtTIlJ 

s. It is cnttcal 10 understand tht obJC'CllYCJ and then tlilor the pI'OCcu and the detalll to mtd the 
obJecuvcs. ~ IJC, mcoRIlICtnt ~Iu Will be obtaUlCd and the"* tff"1C1CN:1CJ rteCI:INr)' Will ............... 

Aeb."Iedj_ulJ 

1be USistance of Dan Dolan and SNaI1 PIWWY of PM'B En,lrIemnl In pcrfonnlnl the Clpeelry analyses 
on the stNCture Illullnted II areatly appreciated 
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STRENCTII OF DAMAGED CYLINDRICAL MEMBERS UNDER 
COMB INED AXIAL LOAD AND BENDING 

W. F. Chen 
Professor of StructuraJ Enginoc:rin& 
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West Lafayeuc, IN 47901 

ABSTRACT 

.. 

Cylindrical tubular members are used widely in offshore structur'CJ. For members in the 
Wive rone, they arc of len experienced localized damage caused mainly by supply worlcboat 
collisions or dropped object impacts. The a.ssessmcnt of the residual strcn&th of these denied 
members is necessary for repairing aged offshore platfonns. This paper describes. practical 
method for the analysis and design of denied cylindrical lubular beam.columns as wed in 
offshore structures. To this end. I computer progrun. BCDEJ'IIT. was developed, whose 
capability includes analYSIS of single- or multi«nt lubular members subjected to uial 
compression, end moments, and distribuled or concentrated lileral 100ds. Thc validity and 
K'CUnKy of the computer model was verified by comparing analytical predictions with the 
available 151 test resuhs. Against the background of this information. design inlCf1lCtion 
equalJOnS are derived and developed. The proposed melhod i.I prKttc:a1 and is Ihcn:fore 
recommended for ceneral use. 

Ir-rmODUcnON 

In !he laM two decades. expcrimcnlal and analytical "*areh on 5ttuCtura1 tubes has made 
sl,niflclnt propes.s an establishing rertncd criteria for the desi&n of undamagcd cylindrical tubular 
members in offshOt"C plalforms (Marshall, 1970; Shennan, 1976; Chen and Ross. 1977: Toma and 
Chen, 1979: Shennan, 1982; Chen and Han, 198.5; Loh, 1990). However. available deslsn 
specifications (API-RP-2A, 1989; API·Rp·2A·LRFD, 1989; AlSC-LRFO. 1993. AISC·LRFO, 
1989) give no specific infonnation on how localized damagc affeclS the behavior and strength 
of dented cylindriCal members under rleld service conditions. To assess the rtlneSS of lhe.sc 
offshore .structures in service. IOChnical infonnation is needed for these dented mcmbers in tenns 
of both their behavior and ultimate strength. 

Damaged cylindrical tubular members were lirst studied experimentally by Smith, 
Kirkwood and Sway (1979). During the SO's. a considerable amount of experimcntal and 
theoretical re..search about the effecu of damage on the strength and behavior of these member! 
has been conducted (Smith and Dow. 1981 : Smith. Somerville and Swan, 1981 ; E1linas. 1984; 
Ueda and Ruhed, 1985; Richards and Andronieous. 1985: Yao, Taby and Moan. 1986; Taby and 
Moan. 1985 and 1987). Recent. Macintyre and Birkemoe (1989) used • nonlinear liMe. dement 
shell analysis (ABAQUS) to investigate the denting and subsequent axial compression of dented 
tubular members. This is the most rigorous procedure among all existing analysis. but it requires 
a coruideraMe computin, effon.. 

RCJeJ,n:.h reponed an the open lileralUre has, in the pa.st. fOCl15.5Cd (\articular atlCnuon on 
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dented cylindrical members subjocled to uial compression combined with negative bending 
(compcusion al the dent. Fig. I), In actual offshore structures. however. local damages may 
occur in any orientations relative 10 applied end moments (FiC. 2). Dent locations vary alon, the 
member. and late,.lloading can often accompany uial compression. lillie attention has been 
paid to dented members subjected to loads or different directions with respect to the dents. II 
was the purpose of • recent study a' Purdue University 10 develop. computer model for the 
analysis of dented cylindrical beam-column subjected 10 biaxial bendin& wilh respect to the dents 
(Duan, 1990), 

• 
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., 
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.. 
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,~ 

~ ....... - ,-.. --,.,..... .. __ .. ----
Figure I. Dented Tubular Seemenl 
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figure 2. Dented Tubular Section with 
Different Bendln, Moments 

D 

Based on the momcnl-curvature (M-P-4» relationshipj developed previously by Duan. Loh 
and Chen (1993). an analyocal procedure and computer proaram BCDENT were developed 10 
calculate the general behavior of • dented (single or multiple dents) tubular beam-column 
subjected to 100w of different dimc:tions and comblnatioru. In &eneral. good agreement was 
obtained. confinnin& the validity or the M·P·41 approach in dented member analysis. 'The 
program listing or the BCDENT and typical inpulloutput details are given in a recent book by 
Chen and Toma (199.5). 

GENERAL DESCRIPTION OF lHE BCDENT PROGRAM 

1be cylindrical tubular beam..c;olumn under BCDEl'ff consideration is treated as an 
individual member. The initial geometrical imperrections, W, (OUt-or'Straightness) is considered. 
and Its boundary conditiOlu ate pinned. The denu can be multiple in arbitrary onentatioru and 
can be located anywhere along the member length. 1be loading casel include: 

I. Constant end axial loads. incrusing end bendin, moments. 

2. Conscant end axial loads. increasing lateral loads (either linearly distributed or two 
concentrated loads). 

3. Conswll end bendin& moments and/or lateral loads. Increasing end axial loads. 



m 
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1be followin, usumptiOl\l were made: 

I. Deformations are small. That is. fIn.n d:isplac:emenl beam theory wu used in the 
formubb()rl 

2. Shear and lOr'SionaJ ckJonn.tions were ne,1ected. 

3. Straln revcrsaJ does noc occur in the member. i.e .• the member deformations are 
always monotonically increa.sin,. 

4. 'The member is div\ded into a nurnbee' of IClrnertlS. The properuc.s or theIe 
scCmtnu are delcribed by their conapondin, momcnc-curvalure (M·P4) and 
mOMenH~ial strain (M·p-tJ expfeUiocu. 

S. FOI' an un6enled section (ddtt < 1.0), the nonlinear M-P·¢I relation is reprcsenlcd 
by equations tt"pOI'1td pttvlously by Dum. Lob and Chen (1993). The M·P·~ 
UpreulOOS (R,o 3) include both ascendln, and dcscenchnl btuches due 10 local 
buc.kJin& (or undenied tubular sections with I .. OUI-o(-roundnesJ and with or 
without residu.al. sttuses. 

6. For. denu:d ICCUon (delft 2': 1.0), the IhrONt,lme M-P·¢I eJlrrustons. developed 
......... y by 1Mn. LeI> ond Chen (1993) ... ""'" (FI,. 4). 

"'acend.ng : 

'fa"'" : 

------r--------
Mild 3. Momcm:Tluust-Curnture Curve 

(or Undenied Tubular SectiOIll 
WIth Local Suckhn& 

m 

m ... ... __ ._. __ ......... r Oe.cendlng 

"'''' '--

~:::~, 

., 
Fi.aure 4 . Moment-Thru.u-Curvature Curve 

(or Dented Tubular Section 
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7. A smc-.e Jet of M-P-te expres.sjons reponed by Ouan. 1..oh and Chen (993), are 
u.scd for both denied and undenied sections with or without residual weues. and 
with or without Iota] buckhnJ. 

"The coordinate sySICm (or a bi.UiaUy loaded. dented tubular beam<olumn l$ shown In 

Fia. 5. The Ii,ht-hand rule iJ wed for the sign convention in the ana1ysis (Fi,. 2), Ficute 6 
shows. typical bcam-column With several segments subjected to bllJCial 100dingJ. 

z 

Dent Angle 

~..".-- y 

x 

Figure 5. Coonillllte SYS;1em fO( Biuially Loaded Denied Tubular 8c&m-Colwnn 

aOOmm 

Acute 6. Oivlded Sccmenl and 5u.lions for Analysis of Landel and Johroon's Tests ()987) 



NUMERICAL PROCEDURE 

lbe analyticaJ procedure used in lhe compul.er progl'Ul BCDENT IS bued on the 
tncremenlal deflection method. The deneeled shape of the member with. specific deflection at 
• control station is first assumed. The increment of the loads conesponding 10 this deflection 
is then compulCd. followed by computation of the bending momenu, tak..ing into account the bial 
load and the latera] loads. The new deflections are calculated by inlegrating the (UN.lura 

oblained from the known M·P·~ expressions along the length of the member. CompanJOIU of 
lhe compuled new deflections with the assumed dellections are then made to check whether 
convc'lcnce Iw been achieved. Using the updaled deflected shape and repeating this procedure 
for successive deflection incremenLS at the control station eventually lead 10 the dc5ired full load· 
deflection relationship for the. dented member. 

DENTED CYLINDRICAL MEMBERS 

The lCCul'ICy and the validity of the M·P·~ approach arc examined by comparinC 
BCDEf'In' predictions to some test results reported by Landet and Johrucn (l987). 

Pin-Ended Dented Column Tests 

In the present numenca1 analysi5 o( the Landet's test resull$ (1987), the mcmber Is 
divided into seven segments with eight stations.. Since the adoPled M·P-~ expressions (or dented 
tubular sections are based on an avera&e moment and curvature along an 800 mm segment. the 
~ngth o( the dented segment is taken here as 800 mm. The denied M·P-~ eurves are adopted 
at the tWO end stations o( the denied segment as shown in Rg. 6. lbe axial load·shortenlng 
curves compulCd by BCDErIT are eompared with these results (or dent depth ratios (ddID) o( 
0. 1 (01 -35) in RI- 1. It is seen that the predicted nwumum strength is quite close 10 the ICSl 
result. but analytical curves genentlly lower than the tested eurves.. There are severaJ (actors that 
contribute 10 thiJ difference. In the analytical studaes. the end5 o( members are assumed to be 
perfectly pin.ended. In the experiments, some end restraints always CJtist. Other contributing 
(actors are mat the M·P·~ curves used in the BCDEl'ff ate developed on the basis o( constant 
niat toad tests, and I,htt!.he ideali:l.r.d M,.p.ez> curves are the pre·muimum rer,ian are sofler than 
Ihose ICSted (Duan, Loh and Chen, 1993). 

Denied Beam·Column Tests 

The lotd·denection curves compuled by BCDENT are compared with Landct's bellm· 
column tc.St result (Landent and Johnsen, 1987) in Fig. 8. This test had two lateral concentrated 
loads coupled with a constant a.x.ial compression. Figure 8 i5 (or neptive bending case. On the 
analytical curves, crosses denote the location o( ma:a:imum latera! concentrated loads Q..; and 
circ~ rep~nt the ma:a:imum bending moments (or the critical dent section M... It can be socn 
that the M.. paml occurs after the Q.. point. 

In RI. 8, the dashed line i5 the analytical result based on the £(:neraJ curve· rit M·P-ez> 
CJtpress&oos, unpLemented in BCDENf, while the dot-duhed line is based on the actual measured 
M· P-41 behavior (or the particular individual spccuncn. From Fie. 8, it may be concluded thai 
the M·P-IIP approach can pmdict adequately the behavior o( dented tubular members. The 
accuracy o( the predictions depends mainly on the accuracy o( the M·P-ez> CJtpre.uions used in 
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Ultimate Stren,lh of Dented Members 
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Flaure 8. Moment-Deflection Curves rot 
Denied 8eam-Column Tese 02-37 
(NeIIUve Bendin&) 

To fuMcr calibnole BCDENT. tlU.I acttion brieny summarizes a c:omPft.hensivestudy or 
comparisons of BCDEI'IT ultimate strtnath predictions to all of the available 151 test data In the 
open liter:nure. Details of comparisons and leSt data are &lvcn in a EPR report by Loh (1991). 
The available test dala are made up of 130 tew with 0/1 < 80 and 21 ICSU with 011_ 88 _. 122; 
member Ien,lh L . 0..5 mm -- 7.7S m, dent depth to daamelCr r1Itio ddID . 0 ·- 0.23; and dent 
depth w thlCkneu ,.tio delll" 0 - 2.S. 107 test specimens are lAW and cccentnc load caxa. and 
44 lest spccunens ate combined axial load and mOrnen! cases. 

A distribution of 130 rahos for dented membc:rI with 011 < 80. teprtSCntin,lJJ load types. 
tJ shown III F.,. 9. lbe mean value: of rneasw"ed u.himaIC ~&th I wen&th predk1Cd by 
BCOENT I. 1.01. and Ihc standard deVIation is 0.12. A touJ 0( 1.51 nlbOS is ploued In Fia. 10 
for cOO\pari5Ol'ls. inctudin& 21 cues wllh h.lgh OIl "dos (1)'(:. 88 _. 121) ror which BCDENT 
IS nOt valid The mean value or measured uttlm&&e suen,lhIsuen,th predicted by BCDENT is 
I.02. 1l1d the SWldard deviation is 0.13. These compmsons mdicale the BCDENT lives. aood 
mean pre<hction or Wtlrn.1e SlI'tn,th w\1h • smlll deviation. 
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DESIGN INTERACTION EQUATIONS 

Figure 10. CompariJon of Ulitmate St.ren,th 
Pn:diction by BCDENT 10 Test Dati 

AJthou,h the behavior and stl'ena:th of damaged members may be carried oul by the 
BCDEl"Tf PfOlran'I described previously. simple ,uidelines and provisions (or cvaJuatinl denied 
cylindrical members are needed. It is more convenient and practical to IIJC SImple intcf1llCtion 
equations. 

Figure 2 shows an idealized dented cylindrical secLion with different bending moments. 
Figure I presents a dented cylindrical segment. In these figures, dd is dent depth; P. dent 
diroc:tional &nsle; M... positive bending moment (dent in tension side): M. negative moment (denl 
in compression side) and M" neutral bending moment. ~ definitions as given in Figs. I and 
2 will be used in what follows. "The uiatload and bc.ndina moment are alway. referred to the 
centroid o( the orieinal undamaged circular section. 

Ouan·Loh-Chcn Equations - Sectional Strength 

For denied c)'lindricaJ beam-column sections. the (ollowing design Intenc:bon equation 
was proposed by Ouan, 1.00 and Chen (1993) (or analyz.inl eeneral behavior or den&ed tubular 
membcn 

(pJ M 1.0 lp. . M •• 
(I) 

J 



.. 
a • 1.75 - 0.1 dd (I -~) > 1.0 , . (2) 

where p .. is &XlaJ compressive strength and M... is bending moment capacity of. dented sccUon. 
They can be delcmuned by Ihc (ollowinl c.mpll'lCal (onnulu (Duan. Loh and Chen 1993). 

p _ • exp (..<J.08 tid) p. , 

M • • up Hl.06 dd cosP) M. , 

(3) 

(4) 

In which cos J} 2: 0; p. and M. are mean compression yield strength, lnd mean muimum 
moment capacity of. undenied tubular section includina the. effect load bucklin •• respectively. 

They are rrovided by the APJ-ASD (1989) ronnulu: 

p. I P, fr" DI, < 100 

P, -}1.9S - 0.3 {[)IIt-JJIP, for OIt > 100 

M, for 0 < Fp S 11.240 , 
M.. 1.13 - t.54 F PI M for 17.240 < F JtJ S 44,820 

B ' t 

Fp Fp 
0.96 - 0.17 """"£i""1 M, for 44.280 < _,_ S 137,900 

Loh EqualJOIlS 

(5) 

(6) 

Usin, BCDENT software: •• scna orcomprehcnsive scnsitlvlIY study of the errocts of (1) 
dent Iocallons., (2) member out-.of·straightneu and (3) moment orienlltions on uhimlle strength 
hu been conducted by the Evton research team (Loh. Kahlich and Boekers 1992). Apirut the 
background of th15 infonnltion •• new tel of interaction equations for damaged tubes wu 
de'eloped by Loh (1993). 

Section Sltt.ngm: 
AJuaJ Compression, Ne,.live Bcndm,. and Neutral Benchn,: 



.. 
(7) 

AAiaJ Compression, Positive Bending. and Neutnl Bending: 

(8) 

Member Stability: 
Axial Compre.uion. Ne,ative Bending. and NeutnJ Bending: 

(9) 

Axial Compression. Positive Bending. and Neutral Bendin,: 

[ 
M. J . [ M. J S 1.0 

(1 - ~)M_ (I - :'JM. 
(10) 

whert: a is exponent = 2 - 3(ddID); P __ axial compression capacity of dented members inc1udina 
the effects of out-of-stra.ightne5.s larger lhan a.OOIL; Plot> the Euler buckJing load of damaled 
members (using propenieJ of damaged section); PI!' the Euler buckling load of undamased 
member; M"" and M.. ultimate bending capacity for dented section under negative bending and 
undamaacd section, respectively. They are detennined by the following expressions: 

(II) 

- O.25).!JP .. for AJ < fi 
(12) 

Pu for).,~.fi 



'0 

p ~ • CAp 1~.08 ~I P ~ O,45P 
- t·" 

P • , 
P, /0' DI, s 60 

• 1.64 - 0.23 (DIt)"!jIP, for OIl > 60 

M . • • exp 1-0.06 tid) M ~ O.S5M - ,." 

M •• 

for 0 < Fp S 10.343 , 
F}> F}> 

1.13 - 2.5& -1M, for 10.343 < _ S 20.685 
E, , 

F}> F}> 
0.94 - 0.76 _1M for 20.685 < _ s 300F 

£J ' " 

where AY .. primary out-of·stra&Jhtneu (or. dented member; AY •• 0.0011.. 

Duc:twion 

(13) 

(1<) 

(15) 

(16) 

(17) 

FiauI'C II shows. comparison of Eq. (I) with 17 dented bcam-column test results 
reponed by Landet and Johnsen (1981). Equation (I) h.u a mean unity chock value or 1.04 wilh 
I sLandarcl devi.tion oro. 107 (Du.n. Lob and Chen 1993), When the dent depth equal1 to zero, 
Eq. (I) can be reduced 10 

[;f· : .. 1.0 
(II) 

Equation (18) lives. rather KCUtale estim.tion of the KCtionaJ strenath of undamaJCd tubular 
members (Duan and Chen 1990). 

Lob Equations (7) 10 (10) are lhe first complete set of in&craction cquatiOflJ (or dam-Jed 
lubular members subjccccd to combined uial compression and bcndinl. They have been 
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compt.nd with 12811est dw and tlave. mean vall,1C (mcuwcdlpredicled) of 1.08 with. standard 
devbuon o( 1.03 (R,. 12. Loll 1993). In Ihe Iimh as the: dent depth approaches lCf'O. Loh 
equations ate identical to lhose (Ot' undamaced members in API specifications (1993). 

CONCLUDING REMARKS 

Compucer proJtam B<DEJo(J' was developed 10 I.SSCS5 the strenJlh and behlvior of 
c:ylin4rieal sted members under combined axial load and biuial bendil\l- Lob ( \993) pcopoted 
• set of equatiON for eva.luatin, residual I'tren,th of these damaged cylindrical members IUin, 
the computer modeJ dcvdoped. Exceruive c:omparuons were also made with the resulll of IeIII 
01\ IICnw dtn\OCl cotwnnl. providin, fmal conflttlWion of the validity of these: equation&. Since 
thesc: equations arc simple 10 usc and ruli.stk 10 represcna the ICtuaJ strength. they are 
recommended (or JUlC.I'1II usc.. .. 
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A ~kod IS prt~nted trying to umfy both design and damage lSKUment ~hods for high and 
}ow cy<:\e faugue. based on the Tesuhs of an txlenSl've experimental Testarch proaramme 
Interpreting the strtSs range Aa In a structural component as the one UJOt,ated to the real 
Itrlln ranae 6t; In an Idul pm'ecdy elastiC material. high and low cycle fatl&ue ttS! data can be 
fitled by the ume Wohl~ (S·N) Ii~ usually g..ven In Recom~atlon for (high cycle) fatigue 
deSIgn of Sled Slructurts Local buckling can be regarded IS I notch effect. mtnnJIC to the 
variOUI wpes. and related to ther geometrical propertlts (c: '/Ind dl .. dtndcrneu ratlOl of 
the flanges and the web) A hntaT damage accumulatlOrl rule t08ether with the pl'MOUsty 
defined ·N CUNes can lead to a rdiable ccllapse criterion also for membcn under sttsnuc 
load, .. 

I.lnlroduecion 

Eurocode-J (II definc:s fatigue as -damage 1ft a structural part. through araduaI aack 
propagatIOn caused by fepeated st~ fluctuatIOns- Depending on a number of factors, IhHe 
ktad txCUrstOM may be Introduced tither under stress Of lualn controlled candlhom 
Ikptndlna on lhe number of cycles sustamable to failure, and on thor ampillutk, we can 
dlstmgullh fadure for high or low cycle raugue 
Fadure by high cycle fatigue II characterised by a large number of Withstand able cycles With a 
norrunal SUtu range Aa In the dasllc range Ttus IS a ~11 known effecc 121ahhough only a 
limited number of lypolO8lts of connectiOf\S and of structural decall. can be conSIdered II 
present thoroughly mvntlgated. and the generalaspocu of thiS problem, as well as the baSiC 
mechodolOSles for a~nt and design. can be conSIdered ""ell wabhshed 

Low cycle fallgue IS charactensed by a small number of cycles 10 failure. WIth large plastIc 
deformations In general, low cycle fatigue problenu '" civil tngJnemng structures ame tither 
undn JelW1UC 100dma Of In pressure: vessels or undff K\!ere thermal cycling Cycles With large 
amphtudes In the plutK range are usually connected WIth local buckhng In structural member. 
At present, koo""ledge of low cycle flligut behav;or or ClV1I tngu1eenng connection. " not Jet 
as well estabhshed althe high cycle fatigue Ont, '" panteul.r, thne II no 8tnft"aJly recognIsed 
design or damage assessment method for low cycle fatigue:, and a clear defllullon of a collapse 
cntmon II ladana 
In thiS paper a procedure IS dtsc::ribed. tT}1ng to urufy destgn and damage aueume:nt methods 
for structural dtlllis undn high and low cycle fallgue After d,seusSlng the proposed awOlch. 
Iii t:"(~mentaJ ... ahdallon based on constant and vanable amphtude cyclK lest results ",,111 be 
prtsalted By Iran formlna the nonunaJ strain Dllge &. in an eqUIValent stress range 6Q - 6.cF. 
computed by ool\Sldenng the:: mllen.las an Indefirutely hnear elutlC one. the txpcnmtntal test 
data obtlJned under cycles """h a constant amphtude m the plUCK range can be mterpoilled by 
the Slrtl(" Stress rangt-Numbn of cycles to failure (S·N) lints usually 8J\-en In 
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recommendations for the (fatIgue) dtsign of steel structures (e g (I J) Furthermore, I linear 
damage accumulallon model (Miner's rule [16J), toge!hn with the rainflow cycle counting 
method, can be adopted for tne damage ust'SSment under van.blt amplitude loading 

2. The propostd approa('h 

The proposed approach 10 unify the design and procedures for steel structures under low 
andlor high cycle fatigue, origmany presented by Ballio & CaSllgJiom (3], is based on the two 
following assumptions 

To know, for. given struclural delail (cycled under strain controlled conditions), the 
relationshIps bctw~n the number of cycles to failure r·y and the cycle amplitude As, 
expressed In terms of generalised displacement components (i e of displacements Av or of 
rotation A+ or of deformation &) These relationships have the same meanmg In high 
and in low cycle fatigue WIth the following difference 

in high cycle rlugue the component is 5UbJ~ed to cycles In the elastiC I'1Inge, 
m low cycle fatigue the component is subJ~ed to cycles m the plastic I'1Inge 

2 Damage accumulauon In a structural detail is a linear function of the number of cycles 
sustamed by the component Itself This means to assume that MIner's rule (16) (usually 
applied in high cycle fatigue damage assessment) can be applied also In low cycle fatigue 

Consequence of the se<:ond assumption is the defirution of a UNtied failure cmenon for boch 
tugh and low cycle fatigue a structural component fads when MIner's damage mdex reaches 
urnty Of course, appropnate SoN curves corresponchng to the desired safety level should be 
)dentlfied 
Consequence of the first assumption IS the possibility to Interpret low cycle fallgue wuh the 
same laws commonly accepted for high cycle fatigue 
In fact, in high cycle fatigue (under streu controlled conditions) 

a structural component is subjected to load cycles having a constant amplitude tE· F 
(the yield strength of the material, that may be theoretically computed or e)(perimentaJ(y 
evaluated), 
the nominal stress range .1o-60:(dF) induced by the external load fluctuations t.F may 
computed either thtortuully or With conventional methods, and IS finally correlated to 
the number of cycles to f,ilure Nf mdependeotly from the YIeld strength of the material 

In order 10 generalise thIS approach. under the assumption of Indefinitely linear elasuc matenal, 
II can be wntten 

AF 
Mr: - <1(F) (I) 

F Y 
y 

In low cycle fatigue (under Slrlm controlled conditions) 
• structural component is subJetted 10 displacement cyclt"S haV\ng a constant amplitude 
.ds ' s), (associated wllh the allamlTlet1t of the )'leld stress m the matena!, that may be 
theoretically computed or expenmentally evaluated). 
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If the materiaJ can be r~dtd .s an dastic pnfecdy plastIC one (IS In the C&Je of sted), 
and the hypol~S of concentrated plastic lunge can be COf\Slderfli reahstlc (as shown by 
Balho &: Casuahoru (4) for steel members under seisnuc loading), It can conventlOnl.lly be 
assumed thai stralns are proportlOnl.l to the generalised displacement component S, and II 
can be stated 1M! 

(2) 
• s 
Y J 

This eqUlllon defines the nommal strain range In a particular way. as discussed In detail In 
Ref (J). laking Into account the local reduction of suffnm al plasllc hinge locallon by an 
equlvalmt uniform reductIon of Sli{fneu along the lotal beam length. and can be re
written as follows 

to. a(F ) 
, Y 
Y 

(3) 

EqullIOn (3) IS sImilar 10 equatIon (I). that is valid for high cycle fatigue The difference 
consists In havinS conSidered cyclic displacements Instead of cyclic forces 

3.1 Re-prouuing the IHt data 

For ~ocessJng test data according 10 equation (3). the follOWing pan.lMten must be defined 
lhe number of cycles to failure N} the values of the generalised displac~l component (ly) 
and of the strm level (0 (fy» corresponding at first )'1e1d 
Of course, variOUS opttatlve ChoiCes are available for lhe defirullon of these parameters, In 
order to clearly \d~nllfY ,he consequences of these optfltivt. tko\cts. the follo'Mng 
considerations should be taken into atcount 

To define the number of cycles to failure Nf a collapse Cnlerion must be adopted, tither 
assumed conventionally a-pnon, ~ Identified test by ttst corresponding to f ... lure In the 
first case. for example, failure might be associated W\th the reduction of the load carrying 
capacity., proposed In [4], ~ oflhe absorbed energy (9) 
The generalised displacement component can be assumed etther as a dIsplacement v or ., 
a rotatIOn;' Accordingly, the value corresponding to firsl yield (the )'1eld displacement v)' 
or the )'1eld rotatIOn ~). can be l~rellCa1ly computed or conventIOnally defined 
rtprOUSSlng test data. for example adopting the ECCS Recommended procedures (6) 
The nominal Slress level (0 (Fy» asSOCiated to an extemalload (Fy) cauSing first "dd In 

the matenal can be delernuned expenmentally, by means of tenSile tests, or theoreilCally, 
by appl)'1ng conventlQnal methods of structural mechanlGS In the, first case, 0 (fy>-Iy In 
order to apply the second procedure, both the )'Ield strength (f)') should be delemllned 
(e g according 10 ECCS Recommended procedures) and, for flexural members. the 
dimension of the plastic hmge 



Once determined the ~ of cycles to failure Nfl test data ca." be: re-proca.sed to p&ot In • 
1og.108 Kale Nf\'S 00 &lvtn by eq (3) The donwn log (00 f~ '1 log N IS the usual 
domain for lhe Wohler (S·N) CUr'\"es Idopled by vanow InlemalK)na1 Codes and Standards for 
(lugh cycle) fatigue desagn of steel structures 
In order 10 \enfy the ISsumpuon of equivalence of £d&. NJClJr'\cs for tugh and low cyt.1e 
fatigue. htteafter \I I tned to mterpret the cxpen~tal tt:Sl data of low cycle fallgue t~J 
performed on struc.tural members and JOIOU, by means of the S·N curves proposed by 
Eurocode-J, whose validity IS extrapolated 10 the low cycle fatIgue range by mean, ofeq (3) 

3.2 Mtnlbers 

In order to experunentally validate tne proposed approach., tesls were performed (4,7,8) at the 
Structural EnglOcc.nng Ocpanment of Polttccmco di Milano. on full scale canille ... er ~mbers 
of the commercial s!\apes IlEI20A. IIE140A. HE220A, HE2208 and [PE)OO (tab I), uSing an 
eqUlp~t IS) capable of apply 109 honzontal cychc actions In I qUaSI-stlllc way Presently, the 
tesllng progl'1mmc is contuv.lIng. in order to enlarge the data-base. teslS are earned OUt also 
COflJIdmnglhe prtItnCC ofan axial load [19] 

s ..... . ... """'~ Wd> 
fC'flll) b-2t I( <Iof , • .. ... 

I .... ' (fllml 

HE 2M" . ., "" II. I •• lI • t~l 0 ,. 
"' """'''' ". 120 ". .. ". HZ 0 " ... 

IPE 1(1(1 nl ,,. I.' 
,. 100 2.&16 " '" HE 120A 2~ ) 120 •• " 'I' ". ,. 14 • 

HE I.&OA. ,I< ,.- " " 111 ". " '6 , 

TIbIc I- Geometncal propcrucs of spcarPnl wpcs 

3.2. 1 Conslanl amplitude ItslS 

To date. 40 tCiIS ",ere performed (11 on HE220A shapes. 12 on HE220S and lIon IPEJOO,) 
on HE120A. ) on 11E140A) Imposing to the spcci~s displact:mcnt cycles W1th a constant 
amphtude Furthermore. J tests ",ere performed onl-1E120A, with.n ':<Ialload P Py 0 OS, I 
tCiI on IPEJOO W1th P'Py-o 10 aOO 8 leslS on HE220A SPCCI~S, conSldenngthrce values of 
the axial load I' Py 0 O~, 0 10 and 0 12S, (where Py - Jyt is the plastiC SIren8lh of the 
cross sectIon) 

In high cycle fatIgue, strength categonCllmphcltly account for dIfferent notch effects. I e for 
different local stress concentrltlons due to geometry of the detatl andlor defects cau.sed by 
fabnc:atlOn procedures It IS suppo.sed that the same conSIderation holds also In lhe case of low 
cycle fat1gue local buckling can In rlct be regarded as I notch effect, because It IOOuce:s local 
stress concenll'1tions In the buckled area (.1 plastic: hinge location) In fact, IS already dISCUssed, 
and In good agreement W1th prevIOUS resuhs by Yamada [10-12). the different gcometnes of 
lhe cross seclJOtlJ make .he $p«'nx1IJ 11JOU CK kss YU/lltJ"Ibko by IocaJ buck/ms effect.. Thts 
means lhat each shape, IS • funcuon of 115 geometrical prOptrtlts, can be: constdered as 
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belongmglo a d~finlle faligu e strength category. because mtrinsically affected by I more or less 
pronounced notch effect 

It must then be eJ<pecled thai the different shapes considered in this study belong 10 different 
fatigue strength categories, funhtrmore, IS the tested specimens evidenced two different failure 
modes (by cracking in the base material al the plastic hinge locations, or by cracking at the 

.EiW Fatigue strength of beams 
failed al plastic hinge 

0.0 1.0 2.0 ' .0 
log (101) 

welding of the 
reinforcement plltts to 
the specimens), II must 
also be expected thai 
different fatigue strength 
curves apply to the 
different failure modes 

Figure J shows the test 
dala for beam specimens 
[4J failed by cracking In the 
base material al plastic 
hinge locallon5, fitted by 
the S·N lines of Eurocode· 
3 The paramder which 
seems to govern the fallgue 
behavior of beams is the 
dllw ratio In ract, It can be 
noticed that test dall for 
HE 120A specimens 
(haVing lowest d1tw) can 
be fined by line for 
category 90, those for 
HE220S and HEI40A 
(having SImilar d1tw) can 
be fined by EC-3 line for 
category 80, those for 
HE220A by category 71, 
while those for IPE300 
(having largest dltw) by 
category 63 

Figure 2 refc=rs 10 test data for spccimc=ns failed at weldings, HE220A and HE220S specimens 
can be fined by category 63 line, while IPEJOOspecimens, despIte Ihe same welded detail was 
adopted for aff shapes, are tiffed by Ime 56 and show a lower fahgue strength This is probably 
caused by the formation of the plaslic hinge nearer 10 the base (i e nearer to the weldment) In 
IPE specimens rather than in HE onc=s This fact seems again to confirm the hypothesis that 
local buckling can be considered as a notch dfect reducing the fatigue strength of the profile 
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However, Independently on the category of fahgue resistance J)mlnent to each shape, It IS 

imponanllo notice that the slope of tile line finmg (in a log-log plol) the low cycle fatigue test 

Fig 2 Fatigue strength of beams failed at welding! 

" 

•• 

" " 

li
"~·~· 

• HE1208 

• HEnoA 

• IPEJOO 
~ 

" Log(N) 

Fig 3 Effect of L'(ialload on HE220A specimens 

" 

dala, reprocessed 
accordmg 10 eq 
(3), IS nearly·) 
Thi, 15 m good 

agreement 
the results 

with 
of 

research on high 
cycle fatigue 



Fig ) shows lhe etf~ of an a\:laJ load applied on lOp of HE2Z0A specm~s Increasmg the 
apphed ulalload results In a reduction of the faugue IIrmglh of tile ~btt. bul also In I 
SC&lIering of ,he r~lls. allhough .he .,"eraSe ~pe of the fining hoe rWllms Marly.) 

61 

It can however be noticed lhallne hne filling lest data for PlPl-o 10 and 0125 nearly cotrlcide 
The test dati IVlil.blt I' present are 100 few to allow defintllve conclUSIons to be drawn, It 
seems however that, beyond a certam level, the delnmental etr~1 of the &Xlal load on tile 
faligue strength is reduced, probably because il reduces the tensile strams due to bendmi. 
hence ~ret.rdmg~ fatigue crack opening and propagation 
The effects of the operative choi«s in Ihe definition of the various parameters when re
procesSing teSt dala. previously discussed, arc highlighted in the follOWing figs 4 and S 
Fig 4 shows, for 11I~220A sp«imens, the effeet of tke assumed faIlure condItIon. comparing 
rnulls obtamed defimng Nf 

bued on e'(penmental evidence, as the one correspondmg to the final sudden l1lCrease In 
the deterioratIon rile (IHdmg to failure) 
based on a condnion defined a-priori. associated to a reductIon of the load carryins 
capacIty to a g.t\en per-centage of the )'leld strength F. 

"",.. , .... ... -P'JIy -00 -a¥ • --~"'y·OM 

•• • ~"'·01 .. • ,,,,·o~ • .. 

, .. ... . .. '" , .. 
LOG eN) 

fig 4 Effect of assumed falluu: condition on damage as~sment 

It can be notICed tnat assuming FIF.c095 leads to consevatlVe annsments of the faugue 
strength. as well as to scallenng of resuits . .... hile assunung as fl.llure condItIon a reductIon of 
strength to 0 50F. leads to assessments SImilar 10 lhose based on ItS( eYldmce 

Fig S shows the eflCcts of the definillOn ofttlc stress range 60· (i e of the dtJimllon of tile 
yield stress f, and of the usumed generalised displacement component $) on the usessment of 
the fatigue strength of IfE220A specimens, In lhe case of a failure condlllOn assumed .-priori 
conespondmg \0 a rrdUC\lOn of the sp«imen strength F to 0 SOF. h can be noucrd that 
scattenng In the results is connected to the definition oflhe yield strength. ""hlle smaller IS the 
Influence of the usumed dIsplacement component. in fact, if lop dIsplacements It or rotllions at 

plastic hinge location ~ are assumed u generalised displacement component $ In cq 1 .• small 
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Fig S Effects or definition or the stress range 60· - p 6& 
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SClltenns can be notiCed In the results On the contrary, If the SHe level Corresponding a' 
yteld (o(F,.) is defined through. tmsile 1$ (i e conlcident with fy) or by means of stNCtu,..) 
mecharucs (i e as F~'IW. ""~ W is the sectton modulus and L'" L-(~ht2) lhe c.tnllleooef 
member length mlltUs half the dunenSK)n ~ of the pl~)( tunge, h bong d)t Mlahl of the 
profile. as fTom lab I). due to the uncertamtleS connected WIth lhe taller defiMIOOJ of bodl L' 
and F) • larger scatter In lhe fe!lJItS can be noticed Fig S I, S 2 and.s) respccclvd)' refer 10 
different varues of paramc1er ~ (rcspectlvdy USlllned equal I 0, I S and 2 0) It can be nohced 
how SClllenng of the resuhs IS strongly influenced by thiS parameter 
Hence, In order 10 .vOId blued results from re·processlng lest da,l, extreme accuracy and 
conSIStency must be adopted when defimng the Ylnous parameters In panlcular, when 
poSSIble, the yu~ld sucnglh should be determlOcd by tensde lests 

l.1.2 Variable .mplitudt Itsll 

Some random dISplacement tu)toocs Wtre n .. unmcally obtained by means of • dynamll;: 
I'I.ImcncalltlT'Ali.alJon c:06c. adoptmg an_ficial accekrograms obtAlnod on the !>ISIS of EC -S (20) 
recommended 'pettra The oscillograms oo'llOed \I;~e adopted u displacement tustones and 
Imposed In a quaSi-staue. way to the specllneJ1S under tesung 

Table 2 - Damage mde'(es corresponding l0specimen coIllpse In ~ tmpillude tests 

At presenl. I 10111 of II 'Inlble Implltude lestS ha\e been pcrfonned II Polltecnl(:O dl Milano 
(4J (4 on HE220A sha~. 4 on IPEJOO and 3 on HEllOB) The rxpenmrntal resotts \l;rfe re
procnsed by IMlns of the rltnf\ow cycle counting mrlhod Ind Mmrr's dlmage Inde'( (16] 
auociated \l;11h collapse of uch peclmrn was computed. bued on the transformallOn liven by 
equation (3) and on the fC-J fatigue Slrrngth lines pre'\'1OUYy Klenuflrd for the vanous profilo 
The oownod resuhs are JUmmansed In table 2 \I;~e Int failure mode (P H - I' PWhC tunge, 
W al \l;ddlnS) and tnt damage Index corresponc:hng 10 Int EC-3 hnes are liven It can be 
nottCed that \iu\tr's rule (16) JIves damage Index ,'I.Iuo \l;lth leauers Slmllar to those: commonly 
lCXC:pted In rugh cycle fatigue. and correctly allows predictiOn offlilure 10 I5lOClallon WIth EC-J 
hne 71 for HE220A sp«nnens and with line 63 for IPEJOO specunens For HED Specimens, 



" 
depending on the l&ilure mode, I correct prediction of filiurt IS achieved respec1lvdy In 

associatIOn WIth EC-J fallaue strength 11I'IeI 80 and 63 These fatigue strcnglh cal~onc:s lead to 
damage assessments on the safe SoIde, Incre&Sl1I8 the fatigue strength of HE220S speCImens by 
one category rautu In damage Index values nearer to WIlly 

],3 Conntctions 

l,l.t Welded join" 

An experimental research was earned out at Polilecnico di Milano on welded details commonl), 
adopted in structural steelwork Different types of connection. were considerded fillet welded 
coverplltts (long and shan ones). fillet welds and full pene1rt.tion &roove welds In cruclfonn 

OJ 

u 

Fig 6 Flligue strength 

, 
• 

of welded JOints 

-~ 

" 

• --· -• --• --.--a .... _--
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JomlJ and bun welded JOInts 
Small specimens (400 mm 
long) were manuf.C1ured and 
tested Imposing axial stlUl 
cycles WIth • ~.nl 
amplitude: Vanous ttsts 
wert performed under 
dlfTerml stram ranses Fig 6 
shows some of tht-se Its! 

results (togethu WIth results 
for unwdded specimens 
obtamtd dunng the same 
Rudy), reprocessed 
according 10 eq (3) The 
bue material plots between 
EC-J lines I ()().. 125, 1000m 
(-lonS-) c:overpllteJ betv.~n 
EC-J hnes .s6-63, SOmm 
rshon") coverplattl 
between £C-3 'mel 45-63, 

... -+~~~f-,~~r+~~~f-,c+~rl fillet welds In truclfonn .. .. ,. l.t •• JOInts between E . ] hnes 45-
Log IN) 56 full penelrauOII groove 

welds In cruciform JOIn" r~ between Ee]·lines 100-12S and bult wdded JOint between lines 
100-112 These resuhs are In aood agreement "",th the cllSSIficauon oflhe vanous details by 
EC.3, ""here base InItenallS asSigned a fatigue strength category ranging between 125 and 160, 
coverplates to categones rangmg between 45 and 63 , fillet welds In truclfonn ~n" to category 
36 (4().6] by the Itahan C R 10011/86 Code), butt ""elds to 125 only when 100 -;_ NOT are 
performed Of course, the small number of test dlla presently ,vall,ble did not allow for any 
regressmn analYSIs Tills fact , In addition to the absence of residu.1 stresses (due 10 the small 
duncnsion of the sp«imens), account for eventual small differences between code claSSIfication 
and the resuils oftM presenl ludy 
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3.3.2 Bum 10 column (onnetlions 

It has been tned to apply lhe same procedure for defining lhe fatigue stmtgth ofbeam 10 column 
COnnecllons(13-1SI, conSisting of welded connecIions. end plate connections and double seat 
angle COnnecllOns As all these tests ..... ere performed under variable amphtude loading according 
to (61. In order to define the fatigue strength cat~ of each connection re-analySls of test data 
wu carried O\It adopting Miner's rule, and defirung the pertinent EC-3 line a-posterion. as the 
one gIVing, It collapse. a damage Index approximately equal to I 0 

" .. 

Fig 7 Fatigue strength of 
beam to column connections 

It can be noticed that test 
data are grouped, 
depending on the failure 
mode The! end plate JOlnlS 
from Ref [13,1"1 that 
failed in the connection 
snow • low fatigue 
strength, similar to that of 
seat angle connections 
from Ref IISJ The other 
connections (both welded 
and end plated) show • 
tugher fatigue strength, 
although the f.llure mode 
seems to Influence their 
faugue behaVIor Pre:sentiy 
II is tried to enlarge the 
data base .Iso by 
collecting and re-.nalysing 
test dat. presented In the 

_.'O _ _ C~"I 

• 

..... literature Even from 

" 
2.0 JO these previous results It 

Lao (N) can ho~ever be concluded 
that the design of connections is cnueal fot a good perfonnance of structures under low cycle 
f.tlgue and thlt. In order to avoid brillie fracture, II should be tried to IndUce the: formation of. 
plastic hinge In the members. aw.y from the connections This is of course In good .greement 
WIth other results presented in the literature (e g [18]) 

.t. Conclusions 

If an equivalent stress range M" £be is considered. associ.ted with the actual strain range ~ 
In an ideal Indefirutely elastic behavwr of the material. the S-N lines 81\'en by Codes for high 
cycle fatigue can be .dopted for Interpreting the low cycle f.ugue behavlor of beams, ~eldcd 
jOints and beam to column connections 
Mmer's rule can be adopted, together With the previously defined S-N curves .nd With a cycle 
counting method (e g Ralnflow) to define a umfied collapse cnterion, valid for both high and 
low cycle fatigue 
The .pplication of these results and of the proposed method for damage uscssrntnt to steel 
structures under seismiC loading may lead to an overcoming of seismic design methods based on 
the behavior factor as shown In [17] 
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lNTRODUCTJON 

" 

FolloWInR t~ J.anuary 17, 1m Northndgr earthquau. mort' INn 100 1M-I bulkhng with 
\Ooridf'd momml-,"~I\J\fC fnut'" "'-~ found to MVP P-'P"lf'nCfd bNm-lo.rotumn ('Onrwrtlon 
fr~:tu'" The d.J.lNgf'd lrudura rovpr .. Wldp rangl" of Mtj;ht rdnltlnjiC from OnP ~Iorv to 2ft 
stoots. and a wide range of II~ "Ipannlng from bUlJdlnp M okl., ](I VNn of ilI~ to 
lru...turH ,.hl t»lnJII: ('r«'tN at the lIme of thr earthqual.." 11w daJl\i1gtd Ink tures in'," prt'ad 

o\' ... a Ia~r gt'Ographkal arrd With (two hlghfost roocf>ntrahon of TtpOrtKl d.,lInage near Ihl" 
rpKt'ntral ~Ion O\SCOy"ry (If Ih~ t''''lensive connf'Ctlon (""furH. often with hull' .usoo;llro 
drrlutKtural damajl;l" to the blUldtnp; . has been very alarming Thf dl~O\lt"ry has al5oc:auS«t 
<;()nw ronct'm that ~Imllar. but undlM'ovtred damage may h.1Vt' CX"OJrrN In other blukhngs 
itffKled by pa I t.UlhqWl lnd~ . thtr~ hav~ ~n 1!IOlatt'd I1'port, of Similar damag~ 
h.1vlng ~n found In bUlkhngs following both tM 19'71 San Ftmiu\I.!o and Iqlj9 Lom.l Pnl"l:a 
rarthqua~ 

Welded t~l moment ftanw ron!> tructlon IS used commonly through<lutlht UnJlfd Stat .md 
thf' wodeL partJCUI.uly for mk.l· ilnJ high-oSt" construction Pnor to thr NorthnJgt talrthqW"", 
thb lyf"l' of ronstrudion wa. consldertd one of tht m())t Sf'lsm""I'e'IIq,lnt trullural svst~rlb. 
dut to Ihf' f;l(.1 ~vtrt dal1\olKt to ~uch slruttures had ral1'ly bPf'n rerortN In past tarthqu,l l..e-s. 
and that only nolAble rollil~ of .. urh iI structure. the Plno Su.uel fiUlurf' In tht Iq85 Mt\w:o 
CHy tilrthqual..t. hold tvt't occurral That collapst was ,lIInbutt'd by InvHtlgators to large a\1cl1 
column demands. looucKi by overly ~trong bracmg In thiS dUAl "y"tt"m ~ tructurt Subsequl"nl 
tdltlOI\S of U-'i t".l1ldmg cod" adopted provISIOns !ipt'Clfw:ally Intt'1'ldfd to prtvent ~U("h 
tiulurt"'i,lInd It was prt"'lumed by many that bUlkhngs dt<ilgntd to tNow later proVl!-lOns would 
tJf' Lugf'ly [olla~ r""l t.lnt Howevtr. the widespread If"vt'tt tn.niutal d.lJn .. ~ whKh 
0IXU1TI'd 10 such truetu," (ails for ~umU\ahon of thIS prt'ml 



6. 

Sleoel molllf'nt frame bUildings "redesigned 10 resist earthquake ground shakin~ based on the 
assumption tholt thty are capable of extensive yielding and inelastic dt'fOnTltltion, without loss 
of 5Ireng1h. Thl" u'Ilended meiaslK" deformation conslst!l afplasllc rotations df'velopmg within 
the beams, at thelrconnedlOns to Ihf'columns. and 15 throretically capabll" of mullmg In 

benign diSSipation of I~ earthquaLE' eTlefll:Y delivered to the bU1Jdmg Damage 15 t"lI.pected to 
conSll>1 of mod~ale ylt~khng and locahud warping of the steel element. 1'101 friKturfS nns 
dHign apprOikh !\as dev~op«t bawd on historical precedent. the o~rvallon of sleel building 
pt'rfom\i\ll<'f' in pitSI earthquakes and limited research that has mcluded laboratory teshng of 
beam-rolumn mode~ and nOnhnNlT analyh(al studies. Most other ty~ of construction are 
prec;:umed lI\Capable of Ihf same ("pacily for energy disSipation and inelastic response, and art 
designed (or proportionately larger lateral forces. 

Observation of dam.1ged buikhng5 mdicates that contrary to the intended lwhavior, in many 
cases fraclures initi"led within theconnE'Ctions al very limited levtls of inelastic lwh<lvior 
Typically, but not always, fractures Init iated ai, or near, the complete ,IOlnt penetration (CjP) 
weld between the beam bottom flange and column flange (Figure O. InvHlIgators have 
suggested" numbt'f" of factors whICh may Mvecontributed 10 thIS including. notch effects 
creat«i by the b."l4..lung bar whkh IS commonly left In place follOWing ,IOint completion, 
substandard wekllng that tndudi!d e"(~lve porosity and slag mduSlons as well as Incomplete 
fu<OlOn, and polrntJ.ally, p~rthqua"'e fractures resulhng from millal shrlnkagt of the weld 
dunng cool-down. Such problems could be mlmmlUd In future construction, With the 
application of appropnate welding procedures and more Cilreful eJlerrise of quality conlrol 
dunng Ihe construction process 

Once fractures init iated, they progressed In a number of different ways In many cases, tht 
fractures initiat«i but did not grow, and could not be detected by viSual observiltion In other 
cases, the fracture progressed complt'lf'ly through the thickness of the weld, and if fireproofing 
was removed,lht fractures were tVldent as a crack through eJlposed faces of tht weld, or the 
melal JUsl behmd the weld. Once <ouch a fracture formed, the ~m-<olumn conn«ilOn has 
expenenci!d a Significant 10M of ne),ural ngidity and Cilpacity, Residual ne",ural strength and 
ngldlly IJdeveloped through a coupll!' consisting of forces transmitted through the remammg 
top fLlngr connection and the wl!'b bolts. 

Other fracture pattems a lso developr<t In some CilSt!S, the fracture developed into a 
through-thickness fallurt of the column nange material behind the w@ld In these cases, a 
portion of th l!' column fLlnge remamed bonded to the beam flange, but pulled frH from the 
rl!'malnderof the column. ThIS fracture p..lttem has sometimes been termed a "divot" or 
"nuAAt>t" failure. Such fractures re!lult in a Similar dpgradation In the conMCllon Slrf'nglh as 
that descnbed above, but also resulted In a local dpgradation In the aXNlI and flexural strrngth 
of tht> column 

A numbt>r of fractllres progrt"S&ed C'Omp!elely through thf' column nange, alon~ a near 
honzontal piaN' thai aligns approJllmately With thf' beam lower nange In $Oml' ('Bses, these 
mcturf'S ..",tf'ndNi mto thf' column wf'b;and progrl.'SSf'd across the panel zone. Invf'Shgi'lton 
have reportNi some Instances wh(>fecolumns sheared enhrely across tht Sl'dlon It 15 dear that 
In <ouch ca~. the s tructural intpgnly of the columns is greatly reduced 



.. 
Despllr thr obVIOUS local stl'ftlgth ImpaiTll'lrnt rE'SUlhng from t~ fracturl'1. many damaged 
bulkilngs dKt not display o\lrrt SignS of structural damage. such a) pt"fll'Iilnenl drift". or 
rlllrt>mp damage to architectural elefN>llts Until new.) of the d\5CO\lery of connection (rilliuN'S 
In somt' bUlkhngs ~an to spread through the engmeermg community. it was relallVf'ly 
common for mgmf"efS to ~rform ruT'SOry posl-~rthqua~ noaluahons of thew bUlkhng and 
dKIot,.. that they wt>1'f' undamaged In order 10 reliably driermmt If a bmkhng has 5uCit,.lmf'd 

connt'('tlon diunagl', IllS n4"Ct$ary 10 n',rnove architectural finishes and fi rt'proofing and 
perform nondf"'tructIYt> exammatlon mcludmg visual observation and ultrasonic IE''''mg Even 
if no damage IS found. this 15 a CO"tly process. Repalf of damaged connections IS t'vt'fl mort' 
oo<;lIy. A frw such buik:hng'i hayt' sustamed SO much connectIOn damage that it has been 
dt>f'mNI morf' rractica] to demolish the structures ralht'r I1Mn 10 rl'p.1" them 

COALS AND OBJECTIVES 

ThI"Slructural Engln~ Association of California (SEAOC), tnt AppliKi TKhnology Council 
(Am and Cahfornla UnIY("~ltlt'S for Reearch tn Earthquakfo Engtneenng ( URE(") hay .. 
combtnf!d Ihl"lr considt'filblt' rHOUI'Ct'S to address and rt'Solvt' qu lions relating to Iht' Tt'palr. 
dt"ilgn and rt"trofit of slfOel momt'nt frame structur('5. Th("lr goal for In("SAC Siffl Progr.tm 
RrduCing Earlhquakt' Hazards In SIt""t'1 MOmE'nl Ffilme Structurt'S l'f 10: 

Dtwlap profmumlll pmdlCtfllnd rtCOmmnTd stllnd#,ds for 1M rq.lr, d~lgn .ltd rtt,aflt of 
.tttl mom~lfl fmm~ bwiJdmgs so IhDt th~ ",0f1u1~ ftlUiblt, COfit~tdnv Jtl$ml( P"/Ormnnu In 

/IIttitt srlhqllJllKn 

Thrt'f' ob)K1ivt'S musl bt' met 10 achit've this goal 

C'haritctpnu ~nd und .. "tand what has happened 10 stt'f'1 mo"",n! ffilm .. 
bulkhngs 1M tht' Northndge .. arthquaJ"e 

2. P~pare Interim procedures for professional practlCt'S and standards 

Idenllfy buikhngs thai may hav .. been damaged and requm' further 
invt'5ligahon 

Charactt'nzt' the safely condition of inspt"Cted btuldmgs. 

• Rehablhtate damage buildings 10 provide life-safely 

3 Prepare rfCOmmendatlOOS for thl" repair, dt'Slgn and mrofit of bulkhngs based 
on a rational undp"landing of seismiC behavior 

The SAC 5tHI Program has been spt'Ofically dt'Slgn«t 10 achlt'v(" thiS goal In a lime framt' 
conSistent With the urgpncy of the problem Accomphshmg thl'M' obJeCtIYt'S Will reqUl~ 
marshahng both what 15 known about thl" dt'Slgn and seismic ~rfonnanc. of slt'f'1 stn!durn, 
and what can bt' ~am«t through dm~cted Investlgatlons.nd .n.alyses to augment (")lIStIng 
knowledge ~ techmcal chanengt'S to bt ovt'T("omt' a~ compl("), .. nd dlfrtcull 
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Tht' fi ... " thoUSilnd SEAOC members, the e;ghl major earthqual«> mgtneenng ~arch 
UnlVt"f"'lhes ofCUREl", and the nallon.lliechnol resource of the ApphKl TKhnology Council 
(ATC) ilTf'commlltro to mobilizing all available national and ,nt~natlOnal rE'SO\lrces to rapidly 
and syo;tematicil lly achlevf' thes. ob)f'ctives. Each of these organiZOthol\S has it history of 
dIstingUished achievemml Together IhP)' provide a formldablf' reource for solving Ihi5 
Important problem 

DiE PROBLEM 

The NorthrKtgl" f'arthqw\.e has efff'Cbvely invalidated the bUilding code and profession.'tJ 
pradicl"S used befort> the eilrthquitke for the design and ('val uat1On of st~l moment frame 
~lrurturl"S_ II is not cJ~r at thiS tlmt> how to rep.1.ir damaged. retrofit undamagl'd. or design 
new steel moml"nt (ramI" ~Iructur~ This leavl"S owners and structural designers in it 

prKanou s,luallon 

Should a damagt'd bUilding be repaired now. using expenslvl' and possibly 
In~(fectual tKhmqueo;, or walt for better tKhmques to arriv~, but nsk more 
WrlOUS, potentlally catastrophic. behavior In future earthquakes and aftershocks 
before It is repaired? 

'>hould an owner msprcl$ the connections of a bUIlding that shows very httle 
VISible damaJ;e' 

Should a fK"f'pt'Ctive owner buy or .. hould a lender finance an e)'btlng .. t~1 
bulldmg? 

Should owners with steel frame bUIldings awailing construction continue on 
5Cht'dule, or should they change their de<:igns to correct the apparmt 
defiCl(>nCuC's un("Overed by the Northridge earthqua~1 

Should designers chO()!:e other structural sptl'ms unhl defimtlVe answen to 
pt>rformance questions are known' 

How do we identify bUildings that are damaged and post increased life-safety 
n,ks in earthquakes. Including aftershocks? 

How do we repalrdiUnaged buildings so that they provide life--S.lfety? 

How do wedl""ign f\E'W buildmgs and retrofil$ for ex15tlng bUlk:hng5 50 thai 
thi"y perform iK'CPptably1 

These questions are especially worrisome because werlo not currently have the knowledge and 
experience ne«led to confidently guide us 10 good, cost-effective, rehableanswers Until new 
knowledge 15 generated. any achon In repalT. design or rt"Irofit is fraught With the possibility of 
being defiCient m both safety and economy. The ImphcallOns of thll !Ituation a~substanllol l 
lor the design proft"';Sion. the con:.lruction and sleellndustri~, bUilding official!. owners. 
occup<lnlS.lenders. and In urers· not only in t~ Los Angelf'5area. butlhroughoul the US., 
and the world 



Among lhe many L"\Ues dlj("U ,.f'd il5 th~ SQurre of IMObse,.....ed roor pc"rlonnanceof IpK"'] 

monwnt frame "tf'l'i connl'Chon. ... lhl''U' ;H't o;ill: m.un problems mOf.1 oflpn put forth 

, Rf'lildual <;trPlM'lln 1M )C'lnt rrsulbnp; from the wtkhng ilnd CONlructlOn 
procf'!i! 

4 U"f' of inappropniltf' weld matt'fial, prep.-uallon, proc~ and heat lre.ltm('nt 

b Fundarrw>nt.ll prohlm'lll Wlth the "'In' configuration 

~ ~If approachH ~nR ImpWnwnI«f by mglMft"S range from ill minimum of r~lLldlnR 
th. dam.tged COnnectlo~ 10 it mitl':lmum of rebuilding and modifying t'vtry connection In lhe 

ru(1urf' Whilf' tht-r. arf' many pm{.-..slonal oplmon expr, ~ on how 10 resolvf' th,... 
probI~ for Individual btukhntr; • nont are bacltd by f'~penmf'nt.ll or olnalytlCal vMfl(atlon 
IndkattnJl; that thfy will )'wkt ",liable. cc.t-dft'CtWf' solulaoM 

The hmlted amount of a"",Jab] .. ltoil data is also being reinterpreted HowE'ver, th .. USf'fulnese 
of Ihb I~ data IS hmlted, dut' to I} the 5mi11! pool of Information ... vail.lbl('; 2) concf'ms, 
f':-pr~ by f'n~u~1'5 and lWf'al"('hen ah~, regarding Ihf' rfducfd 5C'alf' and slmphfICatlOn 
Introduud In rnQ!,.t Laboratory ~p«'lmf>n!; 3) the .. low rAte at whICh load.! drr usually appht'd 
dunng laboratory tf'Shng rrltlllvr to thr rapid cychn~ that oemn dunng rarthqual..f"I; and 4) 
numf'fOU~ debl" found m lhf' f~ that rf'f1\illn unt tt'd today 

11 

In addlhun, !f'~"f'fal of the mod .. of fallu~ obsf'1'va:! following thr l\orthndgf' 6lrthqu;lkl hitvr 
not ~n obsel'\lt'd In any prt'VIOU~ 1.1boratory I~t Ff'w ~tructuraltesl progriuns to datr MVf' 
drrfCtly add," t'd 1 .... Uf'S rf'litlfd 10 the welding prOCfSS and 11.5 quahty .lSsuranet'. It ,,",n\l 
that no Simple, quid;. answrrlo th~ problems 1.5 1I ... ly dur 10 tht romplrxl!y and numbtr of 
Inttn'f'latf'd tfChmcallS5uf"llRyolvf'd and thr limited amount of l..nowlf'dge and e:-pt>nf'ncf' 
curTnltlyavallahlf' 

AFPROA H 

Thf' numbrr and complr ... ilY 01 thf' If'Chmci'll problem, lnvolYN, and thfo ImportaJ'l(f' of thf' 
f'("OMmic i'lnd public policy I~ U raL~, suggest lh.l1 tln ad hoc, quidAllI ~Iution IS 
Inapprorna1f' and 1I ... ly to hi' lI~fffClU.ll Indrf'd, WVf'fa1 attempts to datt 10 fNCh raptd 
con.wn .. ~ by pril\:hcm~ fflgu~n and ~rc~ hayf' fallfd Ihr problel1\l dre ,.. .. t 100 
difficult for l'f'!I<'IiutlOn within thf' current state of .. nowlf'djite A morf' funr;blTlf'Rtal 
InYf'4hgallvf' approach I" nmOO, OM th.ll add~ the full rangf' of il.s5O('.ated techmrnl 
15 U" dnd involv the betltl'(hmcallaienl and r~urcfS ava.Llblfo, nol only from Cali/omld, 
but from Ihrou~houl US 
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R~orahon of pubhc and profKStonai confidenclL" in Ihe safety and JM'rfonnana of new steel 
frame buildings and \0 ourablhty to f>valuateand rehab.litatlL" eXLslmg ontS fftJUIfe5 
development and Iynthesis of knowledge necessary to answ~ the following simple questions 

What happeMd to 51~1 buildmgs dunng the Northridge lL"arthquake? 

Why dtd it happen and can It be predicted? 

How dangerous are damaged structures? 

How can we klenlify seismically vulnerable structures? 

How can we Ih datT'ldRed or vulnerable buildings? 

Can thl$ type of damage beavOided In the rutuU'? 

The SAC Stef:l Program addresses lh~ questions and will provide answers In Ihe form of 
recommended (t,.lndards of practK:e and draft guidf'lmes_ The urgency of thtst>questions and 
thi!" nHd for prudent ell;pE'll(hturf' of funds dictates a short-term pTOgTam of «ntrally managed 
and coordinated U'IV~ligations. 

Achlt~vmg tht goal and objectives of 1M pro)OCt w1l1 reqUIU' a wide array o( coonhnated 
Individual mv~hgations_ Thf$e are divided mto four basic categones. or tasks: 

Task 1: 

Taskl: 

Task 3: 

Task 4: 

Immechate investigations to charactenze and understand what happt:ned 
to ~t~1 moment frame bwktmgs m the Northridge t!.lrthquake 

Other short-term investigations and efforts to develop and peer review 
mtenm guidehnes for professtOnai practice and standards for 
identification, evaluation and rehablhtation. 

Near-term invKtlgalionsand analyses 10 Improve understanding of the 
important factors contributm~ tot he structural performance of steel 
moment frames and idenhficalton of effective and KOnomlCal methods of 
evaluation, analysIS, design and rt'habllitatlon 

Investigations focusing on the refinement, confirmation and assessment 
practices and standards (or evalualton, rehabilitation and design of st~1 
moment frame structures that are identified m Task las reliable and 
cost-effective 

Pha!of'l of the program which is currently In progress, IS Specifically addrttimg Tasks I and 2. 
Tasks 3 and 4 will bl-lhe focus of the second phase o( the pro,lE'd which will commence Iottl'r 
this year. SAC is presently attemphng to obtain funding for Phase 2. 
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TOPICAL INVESTIGATION AND PRODUCT DEVELOPMENT TEAMS 

thIS pm)Kt reqUiTt'S t~ p.lrtlCip.ltion of experts from it wld(' vanety of fi("kl~ and dlsorhm ... 
To fostercommumcahons betwN'n various mdlviduitllnve5llgittion~, and to fThlkt' <;p«J.lhzed 
technlC'ill rt'SOu fS and "'perllM' available to alllnYE'Sllgations. ToplCalln".,..tlgatlon and 
Product o.velopment Teams h..ln' been f'Stablished 

~ groups art' alsocoordlllatmg 155\lt'S related 10 "",forn-lIly ml{'<;lIng dnd iH'-lly"l 
procPdures. mstnmW"ntation, clat.l "cqu\~Htion. inspectIOn, maten.l!S I""hng. ,md other reL1IN 
technk.:.,llopics ~ thai the result~ of various mdividual investigations can Ix- n";w:hly and 
meilmngfully compared and {'villualed For instance, IIlvtstigatof<; of it p •• rlitu)"r type of 
(OnnKtion df'tail can call upon the assistance of ")(perts in it SKOnd iUt'<I <e_g., nondeslrutllve 
('valuation); thiH .. t"l" of the art procl'durescan be usro for both Investig.ltlons. and tht' rt'"'iults 
ob(aln«i can btcompared· for Instance. to assesslhe ..... t'ld proct'SSf"S u~t"li In .111 JOmt Il"'h 
becauSt' uniform lesl proc:l'durP5 Wf>J't utJllzed Tht'W roord\f\allon effort .. art> u<.eful bt't",""n 
dlfft'rt'ntlnvesllgallOns. t'g .• JOint and syslt'm pt>rfOrm.1OCt'; t'lIpt>nment .. and .In.lly~; "'t'ldmg 
and structural componenltesls. t'le. This coordinatIOn wtll producf'(on<;idt'r.lbly bctll'r.uKJ 
mon> u~ful infol'miltlOn. and al a lowercost.lhan if t'itCh investigation "",.1 mdt'pt'lldently 
conducted 

WORK PLAN 

Thf' Initlilily formulated Worl PI.ln Includes oil largE' numbE'r of achon<; TIw followlll,l!; 
hlghhghts of Ihf'draft Work Plan 'lff' given 10 convey the rompreht'n'lVt S(>t of itCtlOIh and 
Investigations that wtre inlllally pt~IVed as ImportanllO achieVing Ihf' st.ltl'd goal 

The Im~l.ltt' focus of tht' work E'ffort IS on near·term 1lH'd, rt'lated to 
m pt'Chon. f'Valu.lhon and rep<llf of "'1f'f'1 (ramt' buikhng In J...o.;c AngE'l~ .lnd 
IIlcludt'"'i 

Work.shop(s) to refine investigation plans and Idt'nhfy tll:pt'rts and 
resources mtE'rE'Stro in participating In program 

Det."uled field 'iurvl"ys of stet'l frame bUlldlng<; In the he,mly sh.llcn are,l 

Study of ground motIOn charactt't'lshcs and mnlUmrf'!li on ft'<;pon5t' 

Synt~is and a~smenl of ClITTl'nl worldwide <;talf>\ of lnowll'dge ,lOd 
practICe 

Devf'lopmt'nt and f'valuation of Intt'nm guKJt'hnt'"'i for mspectlOn. 
evaluation and 1'ep<II' 
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2. Longer range tasks focus on professional pr"ctict'S and re.::ommendation of 
~timdards for the repair, design and retrofit of steel moment frame buildings 50 
that th£'y provide reHable. cost-effective seismic performahCe. These tasks 
include: 

Systematically investigate the various technical factors contributing 10 
seismic performance of steel moment-resisting frames, induding 
metallurgy. welding, structural and fracture mechanics, joint design and 
behavior, structural system behavior, nondestructive evaluat10n and 
inspection techniques, 

Identify effe<:tive inspection procedures and nondestructive evaluation 
tools. 

Develop effective and practical modeling and analysis lools for 
evaluation of existing steel hames and for the design of new structures. 

Develop. evtlluate and document professional practices and recom
mendations for design guidelines relilted to repair. evaluation and 
retrofit, and new construction. 

Assess the cost-effectiveness, performance expectations and practicability 
of resulting guidelines and prachces through detaiJed case studies of 
public buildings dilmaged by the Northridge earthquake. 

L.."Iboratory and field experiments, including large scale component, 
assemblage i'lnd structure tests, will be conducted to gather needed 
Information on performance. 

3. Implementation of Ihedeveloped guidelines and standards of practice will ~ 
encouraged through frequent workshops and technical bulle-tins, training 
mnterin]s, instructional programs, and development of electronic datil bases. 

Professional design issues are also a major aspect of the program. 

Effective information dissemination and training programs are crucial to implementation of the 
findings . These activities are described in part in the subsection below. 

Because of the complexity of the technical problems involved and the need to involve experts 
From many fields, the SAC joint V<,-ntute has established iI special management structure. The 
st1'ong. but responsivecentraiized management structure will ensure accountability and 
on-time delivery of project deliverables. 

The intellectual rf'SOurces to solve these problems are being drawn not only from the 
tremendous base of engineering and technical e:q>ertise and analytical and experimental 
capabilities available through the partners in the SAC Steel Program, but every attempt is being 
made to engage the best technical talent from throughout the U.s. interested in participating in 
this program. 



Uiu~n "ilbo bt-tng m.untau\t'd with oth" on-gOlnp; m .... etlgi1110n<;.uld rf'V'M( h p~r.lm ... 
• nd reln""t Information from I~ 'IOUrc~ will tit lOCorporatro mto Iht' plan And Wllr'" 
product, of thl pfO~ 

COMMITMENTTO ENHANCINC tnlllZATION or rROJECf K[5ULTS 

" 

Thfo'lutt S (If Iht' SAC <;t~1 Program WIll be- mf'a~ured In trrm of both Ihf'l{'I.:hnlt'dl mml of 
Its fKommttnd,HlOtUo and Iht> f'ffl"(1 ..... f'nf"<"i of their rommunl(ahon 10 Ih,. t"ng,nl"ff1n,l("OO 
rorulnKtlQn mdu'Itry 

SAC will dtvtlop a Utlhzahon PLl" to ensurE' that t'nd U54' of ,t .. produt'~ I~ p.lr.amllunt In 1.1 \. 
planning and f'lI.f'('UtlOn The UlihLlllon Plan will describE> how Iht' pro)Nt will rmvktt' 
mfonTliltlon 10 potrol ... ,) u t'n and how It will identify Ihe mfOm'l..lll(ln It",! L .. nf'f'dl'd by In
uwn Th(" Uhh~tlOn rlan will clNrly sLllf"ts commltmenllo Improving ullhl.ltlon of f( ull 
and \0\ III dwul tht M'tM11U pl.Jnn«t 10 faCIlitate Implement<ltJon and uhhlAlJOn of rt"uh .. "Ad 
f'K'O~"h()n Each pm)K1 actiVity WIll de\lf'lop a "J'K'flC Uhhz..tl.,n rLln craltftl to nw..t 
t~ rftJ\.II~1 of ttwt activity. conSIStent wltl1l~ format of tM oYt'rctll Utlilldtlan PLln 
P\lns for Nl.h proJPd actlVlly ",",Il coneRly outhnt" thr mtendf'd ~fk"""" (If I~ t'ffnrt .. nd 
d~bt what tt(.tlON Muld bf' tak~n to tnhanc~ th~ U5f' of th~ prodU(I'i of tht tlI;tlYlly Thl" 
Lhbz.ltlOn Plan Will bt Irrattrd by 1M Profl'd MaMgemtnt Team.u. mtk.l I"lf'mf'nl of Itwo 
Inv~tlg .. tlon pLlnNnp; and managtmtnt "'ysttm - JUst as Import.lnt it' thf' Inv""tll";all(ln 
Oh,KtI\t. plan, pt~nnf'l, tcMdulf' and budget. Uhbz.llion Plan (or Indlvk.lu..II at IIVII_ Will 
t.. U'ICOrponltrd tnto 1M oVl"rall pro"n efforb 

ImproVing Iht a\·.lIlablhty of information 10 the' practICing englnE"tJ' .-uk.lla.lonng that 
information 10 I"f"'ipond 10 hi or hH practlC~ needs entails many d'ff('rMllly~ of .llIIVltl" 
5f'Vf'fI bit.!-ac ttpl haYt btorn ,df"llllfloo 

Fonnul,llt Utlhzatlon Pliins 10 proYld" the bolS15 for pm)Kt'-ktlOn~ dlr('(tt'd 
toward~ prodUCIng Information that is both u~fulto. and u-.«l by.th,\o'W who 
MV" a nf'of'd for II 

2. Involvt practinng professionals dlrf'ctJy m advl!IOry ancllf'C:hnkdl ~lt·W 
funclions ilS an tnlpgral p."lrt of proJeCt managemt'nt 

3 OI.stnbott new It'tlen 10 make mformatlon soun:f'S ,md r~1t "no"n· In 
addilion 10 wkJe dlSW'nunallon of t«hniCal ~rt and publK.lhon of l«hOle.11 

"'I"'" 

4 Pttpart" bullf'tn'l to synt}woqu and IntHpft't flndln~ on lOp" of jott'1"lf't"oll 
tnl ..... "' and prtwnl tt\tm In a form usable by f'fIglnf't'f"l, rq;ul.llor". (emlrdtl,,"" 
craft J'«'plt. and 'iO on 

DPvl"lop litand.uds for re('onhng. documenllng. tonng dnd dl .. lnbullnp; 
ilnaly and lP)'pmmt"ntal dala 

6 Ewabli .. h.In IPlertronlC data ba~ fordistnootlon of pm)Kt 'Khrdull'!'. ikIIViIH'~ 
'Ind ff'!iull 
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7 Conduct WnlH\MS, workshops and tramlng COUrSe! on pro,lt'('t topICS for 

~nglf~r.t. reguLllors,rontractor... craftsproople imel othl"l'S. 

Tht> go.tl of rt>qUlnng Uhhzatlon P1.tns is to focus aUenllon on whitllS reqUIred to make the 
,"vestlgallon not only tKhnlCally "ucces ... ful, but also one lh..ll pnxhKt'S information that is 
both u'i('fu\ to, ,,00 uSt'd by.lhow who ha ... " it oped for It TN.> Utlliz,ltion Plitn for ,,"eh acllvity 
will Inc-Jud. at I(>a~ l)w follOWing: 

inlendl'd bt>nefidaries of the knowledge or ,"'oonation developed (tf'rmt'd 
"uc;e"~ below) Inl('oded users art' distmguished from am' another by th(',r 
rhara(terisli(!ii. Each activity may have stveral potenti.ll uSt'rcon .. llluellClt'S 

2. Mplhod'l by which the results of the pro)t'Ct are to bt> recorded and presented. 

:3 thE' exlt'n! to which users will bt> jnvolv",,", in the formulation of Ihe ob,ecIIVfS 
and Work Plan for th4!- IOvf"'ligation 

4 The peafic actions to bE' yJ..en by the r~arch team to m.lk~ mformation 
.wiulablf' to Intf'ndt>d user.;; 

5 Soun:t"i of information used to dev~op thf' Utilization Plan 

The Project M.lna~(>mf'nt Tpam will regularly review Uhhzatlon Plans for f'ach actiVity. as w~1I 
as for the pro~ itO; it whol(>. Progress toward targets Will be nwasun'd Adjustments and nt'"W 

IIppro."llhes will bf' tnE.'d, if necessary 10 meel Sl<Iled ~oa l s. 
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In this paper, the experimc:mal results obtained during an extensive tesllng program on the 
cyclic behavior of steel members under bending andlor compression and bending. carried out II 
the Structural Engineering Depanrnent of Pohlecnico di MIlano are pre~nted .nd discussed 

I. Introduction 

The response of. structure under cycliC loading largely depends on liS ductlhty. thai is on lIS 
ability to dissipate energy and sustain large plastIC IIrams WIthout sho~lng bnttle failure 
mechanisms Of course., the ductility of. structure is scnclly rdated 10 that of lIS members, 
~luch IS • function of the ductility of the material and IS influenced, for the sttti. by local 
effects like fatigue and fracture, u well III by global and local buckhng The Imponanc:e of 
structural ductility is clearly evidenced by the great number of re5Hfch "'orb {I. I) J both 
t..'tpcnmental and ar'IIJytlcaJ, that ha ... e bttn pcrfonned all over the world on thiS topiC In the 
last three decades Standard testmg procedures were also proposed (8,10) \Iio1th the 11m of 
unifying the expenmental approach and obtalmng comparable results from different research 
prOjects 
As a consequence for tM:se and other researches carried OUt m different countries. most of the 
recent codes dealmg WIth the dCSlgn of structures m SClsmlC regiOns (14· 17] conSider the 
posSlbihty of reducing the honzontaJ for~s obtamed through a hnear analYSIs, In order 10 
account for POSt elastic behavior and ductility 
for . correct st.tement of lhe global ductility of a structure, both the ductili ty demand 
connected With leismlc 'C1ions and its global melastic resources, which depend for c't(ample on 
structural typolosy, second order effects and eventual bnttle fraclure mechanisms, must be 
t.ken mto account 
Extensive reK.rch were recenlly performed m many counlnes on the dynamiC beh .... ior of stccl 
Slructures Of course, It is not feasible 10 perform t.'t(c1uSl ... ely dynamiC tesllng programs on full 
scale structures. because of the costs connected With this kind of approach A valid alternative 
is howO\u represented by quasi-scatic cyclic tests performed on structural elements (or 
structural systems) combmed With numencaJ Simulation of their dynamiC behaVIor 
For an adequate simulation of the behavior of steel members under IeismlC loadmg II is 
howC"o'er necessary on one side to adopt a constltUlive law for the malenal able to reproduce 
\\i1th sufflCietlt KQJfJCY its InelastiC beha\ioJ under various loa(hng tustOlies. on the other side 
to set up numerical models .ble to simulate the progreuivc damage of the structu~ element 
due to local buckhng and low cycle fallgue 
In this paper, the experimental results obUllned during an extenSl\e testmg progrlm on the 
cyclic behav\of of Sleel members carried out at the Structural Engmeenng Otpartmtnt of 
Poillec:ruco dl Milano are presented and diSCUssed BlKd on tM:se results. I numcncal 
Simulation model WlS developed and calibralro (II), IS well as a SImple cumulall .. e damage 



" 
model (21.22J, based on Mtner's ruk: (19) Some possible fail .... re cntena for seed rnembm 
under stI.snuc Iotdmg, c.hbr1lt~ Ipnsl the expenmenlai Itst rrsullS ~lll also be pre:KnIN and 
discussed 

Research In the tid<! of stlsnuc .nd cyclic behavior of sted structures has been WIdely 
pctfonned. both expcnmentilly and numencally. by the Steel Construction Group of the 
Structural EnlJlnemng Ot-partment of PolilecnlCO dl Milano r 18J 
In partICUlar IWO e-<pcnmentaJ studIes were earned OUt, the first one dealing wIth wdded boll 
and I shapes (7), the KCOnd one dealing With rolled I shapes of the commerclll senes HEA. 
liED and IrE (121 In both these studies 11 was tried 10 adopt shapes With comparable values 
orlhe rauo c !r(oflhe halfflangc width c 10 lhe flange thickness I). In order 10 hlj,hllght the 
mfluence of the: restrain! offered by the web 10 the bucklmg of lhe nange The obtAIned 
results., u ",,"ttl u the number of dLSCfepanc~ found In the approaches adopted by the vanous 
Codes \I"lh regard to the mfluence of the d, .. ratIO of the web on the behavior of I shapes 
undc.-r cycllG k>ldmg, uxhcated the need for funher studIes In Ihis fidd 
Most of tM3e previOUS e.'l(pmmental research \l.Ofb wen: earned out folkl\l.1ng the ECCS 
RleCommended Testing Procedures [8) According to these Recommtndatlons. groups ofthrce 
dtsplacemertt cydes arc: Imposed to the specimen. each group havrng an Increased cyc:le 
amplitude These loading procedures. although allo,,",,1ng a correct assessment of the gk>baJ 
bchaYJOr ofthc ~p«1men undrr tesllng. are not $lUlable for the ASSdSfI'Ierlt of the: Single upects 
go\'emlng such behaVIOr In fact. by varying the amphtude of lhe dlsplaument cycles, Sltaln 
hardming effectS arc: supmmposed to rtductKlnJ In load CIIT)"Ing capacity due to local 
buckhng and ~ cycle ratlgue: Cf'&(.:" propagauon For !tus reuon. a rc:starCh program wu 
undertaken at the Siructural Engmemng Depanmtnt or Pohtc:cnico dl Milano (I J I. rocuSlng 
on constant amplitude testing. as other authors [10) previously suggc:sttd 
The expmmental trslmg program encompasses cycbc quaSI-S,auc tests to be: pm"ormed on 
full scale lamlnaltd SI~I beams orthc COf11lTlm:W scnes IlEA, liED and IPE 
Two dlfT~c:nt tbung proctdures are rolklwed 
I quaSI·stalic testS Wllh Impo&ed displacement cycles orconJtlntamplllude I., 
2 quaSI·stltiC tests With Imposed displlcements following. -random- path. previously 

obtained by dynamiC nu~ Slmulilion or the SCIMllIC rC'sponse or Similar dC'menu by 
means orlhe nUlnC'flcal models set up during C'afli~ rC'.sc:arch prOjects (11,18) 

S,"", ."" "'" Wd> 
(em') b-2t Ir "'r h • .. ...... 

fmm\ mml 
HE 220A .., 

22<) II. , .. lI. Ij20 7. 211 
HEl~IB ". 220 16. .. 220 mo " '6 • 
'PEIOO HI Il. ,.7 7. 100 2~16 71 '" tIE IlOA 2n '20 •• " '" ". ,. '41 

HE I<WA- "' , .. " " III 92. II '67 

Widun this research program. ttsts wC'I'"e performed al the Structural EnSlneerlng Department 
or Polilecmco dl MIlano (1 J) on full 5Clle cantde\ er ~ 16m long (lig I). or the 
COOlmen:aaI shipes IIE120A. HE140A. HE220A, HE220S .nd IPEJOO ("",,hose gC'Ornecrical 
propretles are lP\en In lab I), uSlns an equIpment (9) eapabk of appl}'1r\g horizontal cycJlC 
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actiOns in I qUUl-stat.c way Presently, the testing programme is continuing. In order to enlarge 
the data-bue. and testS are carried out also conSIdering the presmce of an axial to.d 

3. ikams 

To date, 40 ItslS were performed (lion HE220A shipes, 12 on HE220B. lion IPEJOO. 3 on 
HEI20A and 3 on HEI40A) Imposing 10 the speci~s displacement cycles Wllh. COMlan! 
amplitude 
In addition to the u5Ual hysteresis loops in terms of force applied on the top VI lOp 

displacements. for each specimen experimental measurements were obtained by means of a sel 
of L VDTs poSItioned as shown in fig I, and processed following the EeeS Recommended 
procedures (8) In order to obtain informalK)ns regardmg ruistance ratiO, rigidity raila, 

1 

. 
.. 

L~,';: 
t=dY 

-~-

.'--

cumulative mHgy "110 and bocltle 
stu which wert ploued \IS the 
num~ of applied cycles 
Before any comment, 11 IS 

Lmponant to remember that, 
according to the definitions given In 

EC-J (see lib I), 1IE220A profile 
has • C 'J riliO of the flanges (10 0) 
larger than that of 11£2200 (6 9), of 
IPE)OO (1 0), of 11£120A (1 5) and 
of HEI-40A (8 2), while liS WIdth to 
thickness 1'11110 for the v.eb (d 'It-
21 1) IS mtennedlale bet"..een those 
of HEI20A (14 8) and of IP£)OO 
(d'it - 35 I), and a little larger than 
those of HE2208 (d'lt, 160) and 
ofHEl40A (dtw 167) which are 
Similar to each other 
In order to highlight the different 
effecl of the geomc:tncal properties of 
Ihe cross section on lhe behaviour of 
beams under cyclic loading. some 
typical results are here presented and 

discussed with paf1lcular reference 10 specimens which "..ere tested under cycle amplilud~ 
resulting in Similar values of the ductility ratio d\1v~ 

Figures 2, 3, -4 and 5 respecllvely show, ploued VI the number of cycln wllhSllnded by the 
_u"en 

the resistance ralto (Flf~.). of lhe load carrymg capacity of the specimen at etch positive 
reversal normahsed on the yield strength detenruned according to ECCS Recommended 
p<OC<du«s [81. 
lhe rigidity ratio (k ky ) of the suffnc:ss, conventionally determined according 10 Ref (8) u 
lhe tangent modulus corresponding to the change of the sign of the applied load, normalised 
on the elaStiC Imllal one, 
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the cumulative mergy ratIO (£IE,,) of 1M absorbed cumJlative tnergy (defined as the sum of 
the areas of all the cyclts v.1thsunded by the speamen) nonnahKd on the energy absorbable. 
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Fig 2 Companson oftypteal 
strength degradatIOn trends 

under the lime cycles, 
by an ldeal specimen 
made of an elaStIC 

perfectly plastIC 
material, 
the buckle sizc of the 
flange edges (i e the 
maximum out of plane 
deflectIOn of the flange 
due to buckling) 

The follOWing fig 6 plou 
for all the H£220A, 
HEllOS and JPEJOO 
pecunens tested under 

constant amphtude 
Ioadmg. the cumulatl\e 
energy ralJO vs the number 
of Imposed cycles umes 
the cyclic eJ(cursion In the 
plastic range (computed as 
4 .... 2v,) divlded by v .. The 
Imn on abscissa can be 
regarded as the total 

cumulat,,'e CXCUl'SlOn In 

the pwtlC range 
wlthstanded by the 
Specl~ 

Oy ~anurung these figures, the follOWing conSIderatIOns can be drawn. haVing. general validity, 
for the shapes exanuned In this scudy 

•• • ~ ~'''''''''''.l1nl • HE_I'''''''''''·''") ... , • __ I 'WV\I. tl.a) 

f • . ' 
~ ':~""""-'" J •• . " . ...... .. .. -- ...... -. " r . " 

I .t: •• ,:._ ••• . . 
•• • . 
.. 

• .. • • -fig J Companson oflypteal trends ofngKhly 
rano for HE220A. HEl20S and JPEJOO shapes 

DeterioratIOn effects, 
cauling I reduction In 
load cmyins capacIty. 
sliffness .nd hySlCfWS 

)oops area begin carher 
In spteimtns having 
larger c.'J ratIO (ci 
HE220A), but beams 
chaRctensed by larger 
d I" ratIos (c g 
JPEJOO), although 
Imulily follOWing an 
Intermediatc behaviOf 
t.'I(perlenc:e much faster 

dqvada1ion. 
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A major role 10 govtmlng local bud:ling effects IS played by the web slendemaJ rllIO 
d,~ 

I 
• .; 
! 
I • 

Buckhng develops completely within a few cycles., whose number stems to depend on the 
dJl.,., !'1M, then stabilisation of the buckles size occurs 
For all types of profile, once IocaJ buckling takes place and buckle Stu stablhUllOn 

• • 

c,.. 

leD». I.M'I'I' - 11111 

MD'JI* UW'IY _11111 

» • 
fig 4 Comparison of typical trends of 

adsorbed energy ratio for HE220A, 
HE220S and IPEJOO shapes 
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occurs. also the 
hysteresis loops stabthse, 
and the rate of reductIOn 
10 load CArT}'l0g capacity 
decreases with increasing 
the number of cycles 
Imposed to the specimen. 
unli1 • final stagc is 
reached. ""'~ the 
detenontion rate 
suddenly Increases aga.n 
and the specul1en 
collapses after a few 
cycles SpeclTT'ltnS 
having lower values of 
d '\4 show. more grldual 
tranSItion from the 
(Iooger) phase of cycle 
stabilisation to that 
leading to collapse 
The differences In 

behaVIor at the: final 
stage. between HEB 

specimens, HEA and IPE 
ones are asSOCiated WIth 
a difference In their 
failure modes il EA and 
IPE beams generally 
collapse by slC~.dy crack 
propagation due to low
cycle fltlgue effects. the 
HE8 specimens. on the 
contrary. evidence some 
kmd of bnttle fracture of 
both the flange and lhe 
web. either at the 
specmltn-to-base wdds 
or II the plastIC lunge 
where, due to large 
localised dlstontons, 

fig S Companson of typical tmxls of buckle 
sUe for HE220A, HE2208 and JPEJOO shapes 

surface cracks usually 
develop a few cyc~ 
Ifter local buckhng of 
the f1lnge plates 
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fig 6 CumuJatl\"e ~ rlIllo vs total cumulatIve 
excursion in the plastic range withstanded by the 

SpeCIITlen, for all beam tested under constant 
amplitude cycles 
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4. Bum (olumns 

Tests were also carried out \\o1th the presmce ofan axaallo.d To date, 1 tests were pcrlonned 
on ffE120A., with an L'tlll 1<*1 P p) 0 OS, 1 tests on IPEJOO wllh P P)' 0 10, and 8 tests 

on IIE220A specImens, subjected to three 
different values of the a:(111 IoId P P P)I 

.-
• 

•• 

•• 

Fig 7 E'(penmentll set up 

---- - - - -'--
Fig 8 Vmahon ofaxillload and ofapphed 

honzonlll force dunng a 1)'PlcaI test 

00S,OIOlndOI2'i(whereP) JyAlS 
the pllSllC strength oftM cross section) 
The axial load was Imposed by means of 
an hydr1luhc JoIele (fig 7-8) poIItlOned 
betw~ the top of the IpCClmen and I 
t""sversal ngtd beam (fig 7-A) 
connected by means of tugh-strength 
tendons (fig 7..(') to two latera! tunges 
(fig 1·0) The L,(III load In the JACk and 
In the tmdons wu morulorcd by means of 
dynlmornecers du«t1y connected to the 
dall acqUISlltOn UM The "'III 1<*1 was 
kept constant dunna the t~ by 
readjusting the od pressure by mans of an 
hydraulIC pump, In Ofder to compensate 
for specImen Jhonerung due to latse 
deformatlQM and local bl.M.:lhng at plastIC 
hInge locatIOn 
The e'(penmenlal Jet-up is such Iklt the 
applied a'(aa1 load dIrectIOn IS cotutlCldenl 

With the longitudInal IXIS of the specimen. 
and dunng cyehn", lilts together wllh the 
speomen IXIS lienee, no P-(\ efftct is 

Induced In the bUe Kellon by the lXial 
load Funhtr tests Ire already 
pr~mmed. wllh a modIfied lest set-up, 
such that It ~III be po Ible to keep 
unchanged the aXial 10ld apphcatlon hoe 
dunng cychng. Ind InvestIgate the 
tnfluence of second-order p./1 effects 
Fig 8 shows the vanatlon of the L'(lalload, 
as ~dl as of the honlontll force apphed by 
the JoICk to the: 'f)tCImtn, dunng the ~hOIe 
duratIOn of I typical telt The: small 
floouatlQflS of the apphed L'Ilaalload are the 
consequence of both the honzootll cycling 
oflhe: Speclmtn, as ~ell as (as already SlId) 
of lhe large deformal101U at plastIC runse 
and specunen shonenang II can ho~-ever 
be notICed thai, by opttIilln& on the atl 
pump, II IS pas ible 10 keep such v.natlOns 
~1thtn • IUfficmtly small range 
The presence of.n ulI.ll<*I on lop of the 
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Fig 9 Effect ofaxia! load on sirengih degradatIon 
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FiS 10 Effect ofaxiaJ load on IocaJ buckling of nanga 

spCiCuneflS results In 
detenorallon rales larger than In 

the absence of a.'UI.I load Ttus II 
evKIent In fig 9 whtte lhe 
rulsI&nee ratio of the Del 
CllTYln8 capacity of the 
SpetnTlefl at revffS31 pOints 

(normahsed on the )'Ield 
strength) IS plotted for 11I~220A 
~ lested under the same 
cycle amplitude Av equal 10 200 
nun. for different values of the 
Uta! load 
It can be notiCed lhal. although 
the maxJmum load carrying 
capacity of the speci~ is OOl 
much Inllu~ by the presence 
of the axial load. the nile of 
dctcnocalton of the ~ 
load catf)1ng capac!!y strongly 
dc:ptnd' on II In panicular. for 
an axial load PIP, -0 10 (or 
&reIler), the reduction In load 
CArrying capaCIty of lhe 
specImenS becomes evident 
already after the first cycle In II1C 
plastiC range (i e from cycle n 4, 
u lhe first Ihree cycles v.ere 
performed in the elastIC range 
accordll'lg 10 ECCS 
Recommended Procedures 
(8)) 
The following fig 10 shows the 
effect of the axiaJ load on lhe 
buckling rale of the specImen 
flanges, in the case of IIE220A 
profiles It is evident thaI the 
stabthZluon of the bud.le Stu. 
already dISCUssed 10 the cue of 
beams, does not 0CQ1f In the 
presmce of an axu..I load The 
flange of the beam corumn 
buckles 10 the first lnelasuc cycle, 
and Increases its oul-of.plane 
deflection until failure of the 
member is reached, although with 

an Initial trend lower than In the 
case o( d)e beam 
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ExanuNng the 
expen~laI results 11 was 
notiCed thi t, a' collapse, 
the values of the ,..,ios 
FfF., of the strength to the 
)'Idd ItrtOJlh. and 
cumulall\"e tnerJY ,..110 
EIE", are strongly 
deperidmt on the type of 
profile This ., cI~arty 
evid~nt when ~umlnlng 
the following figs I I and 
12, where for the tests 
earned OUI on beams. 
resptcuvely the rat)()l 
FJFI' and EIE al failure 
are presented ra: HE220A. 
HE220B and IPEJOO 
profiles (a, present, 100 
few tests have been 
performed on other 
shapes. u HEI20A Of 

HE 140A. to allow any 
Similar coo$ldmtlon to be 
d,..",,'tI for such lhapes) 
Oy examining figs II and 
12. I ' can be stated that II 

is not posSIble 10 define I 
common fa. lure cntcnum., 
for both HEl20A. IPE100 
and HEllOB profiles. 
based on the actuevement 
of a hmn value by one of 
the prtvlously defined 
rat.ol 
Some authors (20) 
proposed 10 adopt u 
urufled failure enttnum lhe 
reduction of the energy 
dISSIpated In a cycie to 
~. of thai diSSIpated by a 
member made of an elastIC 
perfectly pJuttC malena!. 
cycled under the same 
amplttude That entcnum 
was f()f'lOOllIcd based on a 
nu~ of numencal 
lunulauons of the cyc:bc 
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beha;"ior of Sled mm\bcn (1J Pr~ly the expenmental results obIamed In the ~t Study 
are currently betng reproceNed In order to tlI:penmmtaily vahdate lhe cnlmum proposed In (1) 
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FIg 1 J Values of energy diSSIpated at last cycle 
before failure for IPEJOO specimens 

Fig I J sMW1 the prehmlnary 
results of lOCh a reprocessm& 
WIth reference to IPEJOO 
specimens tested under cyclic 
benchng It can be notu;ed that 
the m~n value of c"'(penmenlll 
data of energy absorbed at the 
last cycle before fAllure ~ , 
normalued on the energy Eq" 
absorbable In the same cycle by 
a !peelmen made of an elastic 
pc:rfec::dy plwic material is 0 57 
This is In good agreement WIth 
the cntmum proposed in (7) 

It IS particularly InlCftstma 10 

form.aLate .IOITIe colLaptoe cntenl 
based on the acrue-.~t of a 

g.ven level of dctenonmon of the 
mcchanlCll prOpCftlH of the 
malc:rtll 
In fact, by means of such I 

coIllpse cnlenum, the hmt state It wtuch the member is conSidered out-of-KJVice. can be a
pnon defined Such I SituatIOn, of course, may not coincide WIth actual coIl.pK of the 
member Howe\o'er, In order to be .pplied In st.ndard dcslgn procedures. lOCh I coIllpse 
cntmum must allow an .~ssment of the member failure condlllOns as close 10 r«hty as 
poSSible, and aJways on the safe side 
Consldenng as pMlmeters governing failure of the member the rCSlst.nce rltlo, FJF. ' and 
cumul.tlve energy ratio C/E" ' II IS proposed 10 assume the follOWing coll.pse cnlena 

for 1-fEA220 profilrs 
F/F, - 01 or 
E!E~ 07 

for I-IEB220 profiles 
F/FI' I 10 or 
1fiE", 0 9S 

for IPEJOO profiles 
F/F" 0 7S or 
~ 010 '" 
l::.cIt:.qp 0 ~ (lftonSldenng the criterium proposed III (7)) 

These values can be adopted for • safe ~t of the darnagt: cumulated In lhe ~ 
Hence. these .... Jues Ire nol to be conSIdered as the best fil of cxpenmenlaJ r«lllts. bot can be 
regarded as ponible rrfCfroce values In damage Issessment procedures 
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From the carried out lestS It '4'&5 noticed 1131 that. for all beams and beam cotumns tested. the 
rdauonsrups ~luch bat fitted the cxPCOlTlmtai resuhs in terms of cycle amplitude 4v 
(normalized on the yid<! displacement v) and number ofcycle5lo fadure NI • 'here txponallial 

runcuons of the type N.( ~·(livlvy 'f . WIth a .nd b. constant parameters to be defined and 
calibrated on the expcnmentaJ test results. for the dIfferent types of profiles This Kmd of 
relationships are Similar 10 the W6hler S·N lines (23) usually adopted In hIgh-cycle flulgue 
design 
By correlating the number of cycles corresponding to lhe attainment. by the assumed governing 
paumeter (FJFy. or ElEpp). orttle "limit" value to Inc cycles amphtude /iv, it is possible 10 
define a hmit (S-N) line assOCiated with I particular collapse c"tenum 
The definition of the "failure" condition, and In particular of the "hmlt" value 10 be assumed by 
the governing parameter a' failure, is partIcularly important .nd dehcate ~uSt: Inflences the 
Identtfication of Ihe appropriate S·N line for each detail and mvolves the assumption of an 
appropriate safety factor 

Based on the previous results and consid~ations, it has bttn shown clscwere 121,22) thai, by re· 
processing data of cyclic tests considering the stress range as the one aSSOCIated 10 the real stram 
range 10 an Kleal mmlber made of an indefinitely hnear elastIC matenal, It IS possible to fit lhe 
low cycle fallgue test dala on beams, beam-coluntns and jomts by means of the S·N CUNa 

usually adopted for high cycle falJgue It has also been shown (21,22), that a linear damage 
ICCtlmulatlon model [19J can be adopted, together .... ,Ih the previously defined S·N hnes. for the 
assessment of accumulated damage In members and connections under K'lSlnIC loading 
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ABSTRACT 

•• 

El8ltomeric telltruC iIolawn have been used In the United Stete. for the earthquake 
protedJon o(new buildin,. and bnd,el for almo.L len yun. Ofpartlcuiar mtere.1.1I the 
Ule of aellmlC ilOlallon for the retrofit. of histonesl bUilding. and the ute of ela.t.omeric 
bearing. to decouple theae fragile .truclurea from .trong ground motione . 

Several maJOr pubhc bUlldlni' of bistone and funct.lonal importance have been, or .re 
bema. retrofitted Ultnl balM! ilOlatJon in the Umt.td State. at thll tllne. Theae mcJude 
the Salt Lake City and County Bwldm, in Utah, the Mawy Sehool of Mmes at. the 
Univenily of Nevada In Reno, the Oakland City Hall. and the Ninth CircUIt United 
Statu Court of Appeat. In San Francl.ICO In each alH, Rllm.1C performanee hal been 
Improved while Prolectlnl the hiatoncal r.bnc oftheae bUlldlnp and redu('U1r!.he overall 
retOntt.ruction cott 

El .. tomeric itolation l)'Iteml have been uled in three of the four bUlldingl JUlt noted . 
Thelrdeelifl requu-ed careful conllderatlon ofmatenalet.renlth, rolloverequilibnum, and 
buck..hnr phenomena at high .hear .train. Wherea. theee limit .tate. are relatively ~II 
undent.oocl for .male bearinp • • y.tem ltability, which involves the Ulterartlon of Ultu:al 
and non<ntlcal elementa It not 10 well defined. The lucceufulappliallion of elutomenc 
ltolators to the retrofit ofLhe above buildings reqUlred a IOlutlon to thil problem and the 
development of Improved methodl for eltimating an overall .yltem factors of I8fety 
apl11lt in.t.tbility. 

INTRODUcnON 

Sei,mJc llOiatlon iI a delliD It.ratelY baled on the premule that It i. both pOllible and 
feuibl, to uncouple a Itructure from the ground and thereby prot.ed. it. rrom the 
damagtng effed.l of earthquake motion. To adlleve thlt relult. while at. the ume time 
ulwylna.1I of the tn-"rvate functional requlf'ementa, additional nUlblhty It mtroduced 
u.ually at the bale of the ItruCture AddItional damplna il allO proVIded 10 a. to control 
the denectlon. which occur acros. the ilOlatJ.on interface. 

The concept il not new and many propot.al, have been made llnee the turn of the 
Century for . deVIce. which abeorb or uunimJU! shod to buildlril' sri.ine from 
earthquake. Vlbrabon. cauttd by heavy traffic or other dillurbancel of Lhe earth'. 
lurface" r 11. 
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In 1906, Jacob Bechtold of Munich, Germany made aD application for. U.S. Puent for 
an Earthquake Proof Building Hi, primary claim was for .. .an earthquake proof 
bwldi.ng eonsl.lln, of. rigId base-plate to carry the buildtng and a lUll of .pbencal 
bodJH of hard mateNI to carry the .. Id base-plate freely" (2) 

Kelly, in an overview paper (31, hal deacribed the 1909 pat.enlofCalantarienta. a medical 
doctor from Scarborough, England who proposed .... .. method of buiJding to rell't the 
action of earthquake," which used layera of talc to isolate the wall. and noon (rom 
ground ditLurbance.. In correspondence to a Chilean colleague, Dr Calantanenta 
acknowledged the exiltenee ofa Japanese system developed 2S yearl earlier, in the late 
19th century 

Today, there appear to be more than 300 seismically ieolat.ed buildinp and brid,e. 
around the world . Some ofthil worldwide actiVIty i, reported In Reference (4) but lance 
1990, the date of this particular reference there hal been continuing growth in the field 
and the number and elltent. of theM apphcat.lons has increased remarkably In t.he 
int.e.rvening four years . In the Unit.ed States there are now approllimately 76 bridge. and 
15 building. which are either completed or under construction uSing IlOlation. There are 
many more in the fe8sibiht.y and plannin, stagel. Of these 91ILrUctUl'H, more than half 
are apphcetiona to eDiting Structurel 

APPUCATION TO BUILDING RETROFIT 

Seilmic Isolation il an attrlctive alternative to conventional Itrengthenmg for u:i.ting 
bulldinp becauae ID many ceses the aeiamic loadl can be reduced to the .ame order of 
m.qrutude al the e:rittm, .trt!ngth of a defiaenL bui1dm,. Thll in lam mayelimlnat.e 
the need for .Lructunl work above the ilOlabon level . The advantage. here are threefold. 
When compared With mltalling a new lateral load fe81atin, . ystem IJlslde an elDIUng 
building (a lteel frame, for es.ample), lhe alternative ofwork.ing only In the bil.aement. to 
mltall !.he iIOlalJon Iyltem i. very att.ractlve. Th~ option cen ~uce conlttuctlon ((Itt., 
minimize dilrupt.ion to the oetupanta of the buildmg (in many caSH building operat.lon 
ean conLinue throughout the retrofit es.erciae), and preserve the architectural integrity 
of the eristmg bUilding. Of these three advantages, the lalL one ia particularly 
compelling in the ease ofhlawrleal buildmp; of archited.urallliflifieanee . Conventional 
retrofit tcheme. may deltroy valuable and irreplaceable interior finilhel and alto change 
the es.ternal appearance of a building. 8y cont.rast., isolation Ichemel are 'arvely 
inVilible and pre:eerve both the interior and eILerior fabnc of a buildmg In the United 
StaLH, thll II particularly Important for buiJdmga that are hlted on a National Rel'llter 
beeauae the fabnc oCthese ILructurel ~ protected by rederallaw and IDIIY not be altered 
dunna rehabihtation work 

However. the UM of ilOlation may not totally eliminate the need for .tructural work 
above the IlOlators. Some ez.istmg buildUlg. are 10 weak that It II not feallble to ~uce 
the lel.mit demand to lell than the UlIUng (mmunal) capaaty Ala eonaequenee, lOme 
.trengthemng may be nec:euary in addiLion to using isolation, but nperience hal ahown 
In theee Clrf:Umltaneea the amount of Itnngthemng requtred il liCnweanily I II than 
If iHlallon had not been uaed 



ISOLATION HARDWARE AND ELASTOMERlC BEARINGS 

Today, levu.) dlfTl"~nt ilOlatloD 'ystems are available and thl"Mltnl"rally fall mto three 
eJ.aaae. ela.UlfMnc ,,..telllJ, .lidmg (or (ritUon) ,),.tem. and hybnd Iy,tem. 
(combmallonl of elaatomenc and sliding beannga). OfLhue three, the mOlt commonly 
used 'I the ela.tomenc beann, which consist. of altemalln, layera of e).lt,omer and steel 
and whu:.h I' ItUT In compreUIOD but nuible in shear 

These beannll' may be of natural or synthetic rubber and maybe lpec.iaLly compounded 
to enhance their hY'Leretie damping. AlternatIVely the beartnl' may be Itructurally 
modified to include a dampmg element, such .1 the meluSlon of a lead or granular core 
on the vertical ad. of the beanng. 

In a typical buildma. ilOlatort are located under each column, ulually in a sub-basement 
In a bndge they are u.ually placed under each gu-der at. the abutm nt. teatl and between 
the column capbeam and the superstructure. There may be from .0 to .00 beannp; m 
IUch a Itrud.ure deptndm, on ita lize and weight. The indlVldual b@annp which make 
up the 1IOiation Iystem are frequently lDteroonnected by a dUlphJllam which La rilPd in 
Ita own plane and wruch enforces displacement comptll1bllity amonllt the vanOUA 
aolatora. 

STABILITY ISSUES 

Of partu:-ular IOte~st in the retrofit of large rultornal bUlldm,1 is the ltabihty of these 
elalt.omenc llOlAtorS while subJl!d. t.o varying uialload and Ilmuh.aneoully deformed to 
high shear Itrain Idenllticatlon of the critleallimit ltate i. rurrently done by enmmin, 
three aeparat.e limit .t8.tet for each individual b@aring; thue are the marimum IIhear 
Itram ID the ela.tomer, the di.placement at which rollover commencea and the load at 
which bucklin, may occur The Ihear Itram m the ela.t.omer I' Ulled a. a meallure of 
load capacity .mce It comparel the totailltrain from all source. (comprenion, IIhear and 
rotation) spin.t the elongation-at.-break for the elaatomer. The other two limit ltatell 
are me •• ure. ofb@arin,.Lability. SYltem ltability i. then eltlmated by enmimng the 
bearin, Wlth the Ii,htelt. ui.lload , in the cue of rollover, and the jp"eatellt uialload, 
Ul the ta.e of buck.lin, 

However, inltabilit.y Ul •• inile bearing doel not neceMllrily mean that We IYltem .1 a 
whole i. uo.table. Since the uialload vanes throughout. the Itructure, it follows that. 
nOl all ilOlat.ora are of the lame lize and IItdYne .. or carT)' the .. me anal load. 
Therefore, while one ilOlator may reach a limit ltate, others may not. be aitic:al or even 
dose to a c:ntlcalst.at.e and these other lsolat.on may act to ~ tram the un.table isolator 
from failure It. follows that Iyltem factors ofaafety related to stability which are baaed 
on indlVldual beann, h®t. states, may be unduJy conservative. 

System Stability 

To gain insight. mt.o system lltability, it ill useful to allume that. the load - dilplacement. 
behavior for the Iystem can be represented by a single rurve_ Sum. relabon.rup is 
shown m FlCUrt I , m which the total structure shear force is plotted 8pUllt mear 
dilplac:ement. for the buildin,_ UDder the above aHump110n, thiS buildinl displacement. 
11 the lime I. the dilplacement. for each indlVlduaJ beann&'. Cbal'lct.erizin, the 
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dliplacem nt by • Imlle value j, valid provided a rigid diaphrqrn mterconnect.l aU the 
iaolaton and \.ol"llon about. a vertical a:ria i. neebeble . It follows that the .y.tem load· 
dl.placement curve i, the lum of the individual btanneloed-dilplaCf,ment CUCVH. 

The displacement. at. which the ')'Item PUle. from stable to un.table equiJibnum (i,e. 
throup the neutral pomt) i, called the eritieal displacement. for the 'Yltem The 
~.pondini' .heat force i., clearly the maximum force that the 'ylltm can IUltain. 

A .ystem factor of tafeLy can be ealc:ulated uaing either the critical displacement. or the 
maximum force . lethe 'ylltem ialinear, 81 8111umed in Figure I, both met.hod, will give 
the ume result.. Ideally, thi, i, the factor that should be ul4!!d to estimate .y.tem 
.Lability, rather than uling worst. case scenariO' from individual bearing • . 

Bearin, Stability 

To COnitruct a .y.tem load-displac:ement curve such a. that mown in f'i(u.re 1, the 
mdlVldual be.nne limit .tate. must. first be modelled. AJ noted above, the two limit. 
.tate. alTecbnl bearUlI.tablhty are rollover and bucklm, Thelt art furt.her dellCl'tbed 
below 

TM RoJloL'eT umlt 8lak Rollover may occur in btannp whu:h are £aaU!ned by dowel. 
to the masonry and sole plates of the Itructure . Theile mear.only tonnectJon. do not. 
permit the tran.fer of tension through the bearing which therefore limit ten.ile luelltl 
In the elaatoll'ler to acceptably low levela. ConaervatlVe limite on these .t.resae. have 
been Impoeed becauae of the uncertam behavior of rubber in direct tension. However, 
the abaence of a t.@naion connection meana that the overturning moment. which can be 



refi.ted ac:rou the upper and lower face. of the beanng II hmlted to a fimte value and 
once exceeded the beanrlJ mlnt owrturn. RoUove.r at high .hur .tl"llin. can be 
prevented by u Ina a bolted conned-ion, but at the ezpenae ofhlaher Internal .t.rHaeIm 
the bearing 

The theory deatnbma rollover ha. been previoualy presented (Reference 5). The euenual 
rnulLl art (Iven tn F'i.pre 2 and ,ummarized below A typical beanng on the POint. of 
rollover tn.tablilty w ahown In Figure 2a and the corTHpondina fo~ - di.placeDX'nt 
curve i'(Iven In F\gure 2b. The value of the displacement. at. which rollover commencea, 
unle .. the .hear force I' reduced, II flven by; 

where: .... 
P 
8 
Kr 
11 

rollover displacement 
uial (comprel5ive) load on bearing 
beanng Width (ihim Wldlh) 
beanng ahear atifTneu 
bearing height (include. aUlhima and rubber layere) 

(I ) 

The tnlbal .lope I. Jlven by Kr, the beanng .hear atiffneu and ia a function of the 
rubber abear modulua, the bonded area of rubber and the total thic.k.n~ of deformable 
rubber layere. The IeCOnd . Iope i. Jiven by -pm and is ft functIOn of ulal load and 
overall beanng helaht. (t i. negat.ive which indlcatel the need to unload the beanna If 
It I' to "maID ltable at thil dllplacement.. 

TM Buc4lu16 L,md Stau Elastomerie bearings elthiblt buek1tna phenomena In much the 
aame way t.hat. alrurtural columna are lusceptible to comprellive load • . The buckling 
theory for the .. be,rinll' haa been developed by Harinp (Re.ference 6) and Gent 
(Reference 7). It. i. alao reported in Reference 2. It will be seen that the cnt.u:al buc-kline 
load for an elaatomerie bearina is lIven by: 

where P, 
T 

I<, 

o 
A 
T, 
H 
F,. 

E. r, 

Pc • !!. [/I • 4P/R - 11 
2 

(2) 

.-r1H' 
tlllmg (bending) atiifne .. for bearing of unit toUtI height 
(F"lICIVf,) 
,h ar .tifl'ne .. for beano, of unit total height 
K,H 
.hear luffneu i.gnoring ulalload efTecu 
OAIT, 
abear modulus of rubber 
bonded area of rubber 
total tbiekn " of rubber (exclude. ,rums) 
effecllve heiabt of bearing hncludea shims) 
bendlllg mocluJus 
E. (1 + ~. S· ) 
elaute moduJl.II of rubber 
hendtng consLant 
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layer shape factor 
moment. of inertia of bearin, about. all' of bendmg 
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However thi. expreuion neglect.e the effect of large ahear deformat.ion on the propertie. 
of the elaat.omeric "colwnn". One way to account. for these reduced section propertiet i. 
to use an effective column 88 .hown in Figure 28. Thi, approximate method limply 
scales the criticall08d given by Equation 2, by the ratio of the area. of the effective and 
actual .. column . ... The result, for rectangular beano,., i. then .1 follow.: 

where: Pc' 
p, 

• 
modified buckling load 
claniesl buckling load given by EquaLion (2) 
shear displacement 

Thil relationship II iIIu8trated in Figure 2c. 

(3) 

AalOciated WIth the buck.hng phenomenon i. the correspondmg dependence of ahear 
.1IfTnea. (Kr) on 8Ilall08d (a sudden decrease in .LitTnell may be used to indicate the 
onleL of buckling). This dependence hal allO been rigorou. ly eltabliahed (Refenmce 4) 
and approximate formulations have been developed which are slightly easier to use 
(Reference 2): 

(4) 

where: modified shear stiffne .. 

Thil relatlonlhip i. illustrated in Figure 2d . It will be seen that when the axial load il 
lmall compared to the buckling load (P < a .3Pc'), there is Ie .. than a 10t* reduction in 
sti1Tne .. and in these cases this efTed. can be neglected. Since most elastomeric beanngs 
have squat asped. ratios, LIlelr buckling loads are inherently high at small .hear 
displacement.. But., at higber displacemenll and for bearings with more slender 
geometrie., this reduction in stiffness wil.l be important. 

The procedures noted above have been used to estimate the Iystem factor of ufety for 
a number of isolated buildings to date. The advantage gained, for the effort expended, 
il particularly .ignmcBnt for buildingslupported on a large number ofi80laton luch a. 
typically found 10 hIstorically Significant buildingl. 

CASE STUDY 

The first bUilding in the United State. to be retrofitted uautg i.solation was the City and 
County Build10llD Salt I..ake City, Utah. The retrofit wa. completed III 1988 and .rnce 
then u least" other wating building. have been (or are beine) retrofitted in this way 
( .. lhe US). 

The .. four buildmgs are summaru.ed in Table 1 and two are further dilCUued in 
aubsequent aect.ionl of this paper. It is noted that future applicatiolU include the City 
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HaU. ror both San Franciaco and Loa Angeles. It i. alao noted that the 8O-year old 
ParlLament HO\1Ml buildinJ (or the New Zealand Government w .. recently retrofitted 
u,in, ela.tomeric i!Olaton. 

Table 1. Retrofitted hi,toriesl buildings using aei.mk iIolitlon 

,.,.". o f Ym Ym 1.01.00_ AddlUoaal 
BIdJdl . , Co. , tnlctloa Conl tnlcted Retroft tted S,..w. .. 8lreallb. 

.. "la, 
RequlNd1 

Clt1 .nd CowIty unNinfornld .... 
Buildine: bnck .nd "" 10861'7 N""" ml_ 
SaIl Lakl, Utah undo_ b .. ri",. 

~.t.d .• , 8ebool or unrelnfOf'C!ld h.,. 
Mi_. brick. wood '008 10'" dllfl\pin. 
Reno, Nevld .. noon and Nbbo' mlllOr 

""" ..... be .. rinp 
and .liden 

US CoID1. 01 
_ ........ ....... 

Appeal., 8M ,toMl frame pendulum - . .ad unrel" , ... "'3" ......... ,. 
C.lIforni .. ..... 

..-.y ......... 
eu, Hall ---. 1ood. 
o.kl,nd, ,,"I tr ... N""" 
Califoml, .... Ill. 1"314 boa""" ,.. 

unNlnforc.d 
~"'7 
ellddln. 

City and County Duildin,. Salt Lake. Utah 

The City and County Buildina: in Salt Lake City, Utah WBJ completed in 1894. It. 1. 

located tn a moderate .el'mic lone and hal been damaged in put earthquake.. Dunne 
• complete rehabilitation orLh. building in 1987, aeilmic ilOlation w .. uaed to improVfi 
ill performance in future earthquake • . Thi. deacription of the build In, and the ilOlation 
.y.te-m ia by Elaeuer, Waite-rot and Allen (fW'erence 8). 

The SaiL Lake City and County building ia a monumental, hlJhly omamented 
unreworetd briclland aand.tone .tructure mea.uring J30 II 270 feet-in plan, with five 
main nool"l and a 12-.tory elock tower (Figure 3). The plan il approXlmat.e.ly doubly 
.ymmetrical (Figure . ). 

The HI.mlc vulnerability of the 11rUeture, due to iu lack ofremfortement, i. aggravated 
by the elOHne .. or the lltA!! to the nearby active Waaat.ch .~ault Zone _ The buildml hal 

a record of damale from variOUI earthquah., the largest ocxwnn, III 1934 with a 
RIchter magnitude of about 62 Stumlc damage to the buildm, inelude. erlW in the 
beann, wall. and louel of acuJpturel, roof .Lonet and mechanical equIpment form the 
eloek tower. 



Fipre S Elevation ofCiLy and County Buildln,. SaiL Lake Cit)' 
(from ReJerenee 8) 

Figure '" 8uement plan showlnfjl: ilOlator loe.Liona, 
CIty and County Bulldini'. Salt Lake City 
(from Reference 8) 
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The .tructure W IUpported by bearing waUl of unrein forced brick and land.tone maaonry 
which reft.on IIlI1d'tone plinth. and 8'·0' Wide conLlDUOIll con~t.e foounp. The interior 
bnek bearing wall, have a mammum thit.knel. of 24 Ineh" at the bate_ The uterior 
wei", whim have an e:r.tenor wythe of sandstone muonry, reach a bale thickneu or36 
inche •. The muil,lple wythe. of brick in each bearing wall.roe bonded together tolel, by 
the oriiPnal sand-lime mortar, which i, quite deteriorated in many location • . 

The central unreinforced muonry tower, which '- approximately 40 feet. square In plan 
at Ita base, reate on four .alid pien of sand.tone muonry whIch are L-&haped UI plan 
and have. maxImum dimen'lon of 13 feet.. 

The l.t. and 4th noors are framed with timber jointl and pianka, Wltb a wooden noor 
.urface 1.R lOme Ioeauotll and a concrete topping in othen The 2nd and 3m f]OOfl are 
framed Wlth .teel beal1lllupport.ing shallow brick -jack arche.~, whIch are covered With 
.tone ballast. and a concrete topping. At. all levell, horizontal anchorage between the 
wall. and noors I. minimal . 

In late 1984, the architectl, the Ehrenkrantt Group of San FnmciltO and Buruh W. 
Beall. Jr., FAJA, of Salt. Lake City, conaidered three dllf~r~nt rehabilitation tchemtl, one 
of which was hlle ilOlatlon. The other t.wo concepti involved ~convent.Jonal" 
remforcement. .y.tem. which reqwred the addition of concrete IhearwaU. and the 
COIT'e.ponding removal and replacement.otCOltJy ardutect.unl wall finiahu, .uch II oak 
wamlCOt.t.mg and pluur In ddition, conventional method. would have ~ulnd a 
.ubltantial amount. of rWUorument to tie the walt. to the noora and to reSl.t ouwf· 
plane wall loadma, all of wblch would alao be diuuplJve tG the fimahes . In order tG 
mmlml%e the need for wall remforcement. and replacement. of fmi.he., It was deeded to 
concentrate on developing an economically competitive bale ilOlation scheme By 
iIolaUng the .tructure, honzontal accelerabon. w~re reduced .ubatanually, thu. 
mmimizmg the need for wall . treni\hening and, thereby, removal and replacement of 
architectural fini.hel . Another benefitofbase isolation was the reduction in ouwf·plane 
anchoraee force. and bendm, momenta in the unreinforced malOnry waU •. 

The in.tallation sequence required that each m8lOnry wall be enwed bet.ween a pair of 
remforced concrete "'Ide beams" which were then notched into each wall to allow direct 
beanng, and tied t.oeether through the wall by regularly .paced concrete Croll beamland 
duct.ed prelt.reHmg rod •. Once these beaOll were Calt. and clamped to the wall, portlonl 
ofbrlck and plinth below the cro .. beams were then removed, creaUnl a space in which 
the ilOlaton and beann, plate. were installed to bear on the existIDi concrtt.e foot.mi' 
(see Figure 5). A .Imilar acheme wa. developed for the ~ntral t.ower, whereby each of 
the four aandstone .upport pier. W81 jacketed with a remforced concrete collar which W81 

then clamped t.o the pier leg in each direction by prest-relling rod • . Piece. of st.one plinth 
below the pier were then removed in .tages. ltarting at the comers, to create .pa~ for 
the new iJolators. 

tn total, there are «7 iIOlatlOn bearingt in the building Of these, 208 are lead·filled 
ela.tomeric beatin,. u.ini .t.andard natur.,1 rubber. They are 17 inche. square by about 
15 inche. tall with a 2.8 lOch dlAmeter lead core The remaining 239 iIOlaton are 
.t.andard elutomerlc beannp or the ume overall .iu but Without a lead core 
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Average di.place-me-ntt and baM ahean for two de.iJn earthquake. w ~ calculated to 
be 4_1 inches and Q,085W for the 0.2g event and 10.3 mcbee and O.19W for the 041 
event.. Tower baM ,hears were S30 and 840 ~PI retpectJvely _ Since the baH .hear 
capeclty of the u liltna: masonry wa. O.09W and 650 k.lpI re.pect.ively. no malOnry 
It.rengthenina: wa •• pec:ified However some floor-to-wall lie. were .till l'eqUlred and 
.tn.ngtheruna: of the clock tower, above the roof lIRe of the maUl buildmi. was .110 
performed. 

To reduce the eifectl of ela'lic arial shortenm& of the itolaLon, which wu calculated to 
be .bout 0.1 mehea. the lIOt'ton were pre-loaded by nat hydl'1lulic;aw placed beneath 
the new beann. plltel before ahunming and groulm, the platel With the 1101.ton 
tn.talled, the remaining plinth stones were then removed to allow the isolat.on to 
t.talUlaLe Creely In the event of an earthquake. 

CONCLUSIONS 

Thi •• hort paper h81 brieny outlined &orne oeLhe .t.8bility l .. uel for ela'tomeric tellmic 
itolaton. It hal allO IlIusLnlted the application oftheae 1101.lion IYltems to the retrofit 
of hi Ito rica I buildmal by detcribmg a recent caM Itudy. The particular advantage ofthia 
retrofit technique for thd cia .. of build in" it the minimal dllrupllon to the interior and 
ut.enor fimahH and the protectlon of the architectural mtecnty of theee .lructure. . It 
ia howe~r noted that rn each of the cues diseuued above, addltionallt.renwthenina Wat 

alto required Thia was necHl&ry becauae the onginal buildmp were deaillled before 
modem 1of1lmlC codel were adopted and constructed of non-ductile matenala with poor 
connecUon det8ila. A.. a con.equence thew capeot)' for eeiamlC loed at 10 weak that 
..oJauon could not ~uce the demands aufficlenuy, I.e., to below the vaat.U1, Itnnl\h 
neverthele .. the amount of addltlonalltrenpenma 11 leu than if" iaoJabon had not bet-n 
uaed and in .orne caeea it waa relatively minor. Further,.1 contractora develop and 
refine toDILruction tec::hniquel necessary to matall IlOlatlon a),ltema and Itrenathen 
UlItlD, buildinCt, the toll. of dom, &0 will decrease. The number of hlltorlcal bUlldinp 
that are retrofitted Wlth aeitmic iIolation can be expected to inc:reaae in the yearaah ad 
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SEISMIC DAMAGE POTENTIAL AND UPC RADING OF STEEL STRUCTURES 

INTRODUCTION 

Subhash C Gael 
Professor of Civil Engmecnng 
The Uruversity of Michigan 
Ann Arbor. Ml48I09·2125 

Unlike lateral forces due to wind. design earthquake foret'S a rc somewhat fictitiou'i. 
Due to rt~ns of cronomy. code specilicd lateral sclSmic design forces a re generally a 
(raChon (in the order 1/ 10) of lateral inertia forCl"i that would be induCt'd In a structure 
tf it were to remain clastic during a design level ma}Or earthquake, Therefore. in the 
rvent of II d~ign level earthquake, rode designed structures arc cxpectt'd to undergo 
luge reversed cyclic deformabons beyond the el.lstic limits. causing severe cyclic 
Yielding and buckling at local lind member levels as wt'U as in connection reglons_ The 
cod~ do recognize this fact and make attempt to ensure satisfactory h<.ohavior through 
provisIons requiring compactness and lateral bracing. ThlS is particularly true for 
structures which are designed and detailed for ducblity In which case premium lS gIVen 
by specifying smaller design forces. Nonetheless, design ciliculations prOCl'l'd In the 
same mllnJlC'r as for wind forces, Nlmely, checking ~trength lind deflections lit specified 
gr;1vity lind lateral force combinabons, US. dC<iign pr.lctice does not reqUire expliat 
checks to show th.lt the structure does possess dcslll.'d behavior beyond th(' ela5tlc 
limit!. In f.let. design of seismic resisti'"t structun.'S with no ductility i pcrmittoo by 
InCTCllSlng the specified design foret'S. 

The above mentioned d<'Sign philosophy has served the profession g('nerally well In the 
piist nullS, no catastrophiC failures or colJapo;es of steel structures were observed in 
ma)Or t'arthquakes with the e"l(cepllon of tht' collapse of l'ino Suarez buildings dunng 
the 1985 Mexico Oty earthquake. However, the Northridge earthquake of January 1994 
and the most recenl dcvaslahng earthquake in Kobe, JaPiln. in January 1995, \howed 
that SCYCfl' ground sha.king can cause very Widespread a.nd severe damage 10 st\.""C1 
structures. Although no slLocl structure was reported to have suffell.'d complete collapse 
during the Northridge ea rthquake, the Kob<' earthquake caused collapse of many steel 
structures. While it is somewhat comforting that total and catastrophic collapse of steel 
structures and resulting loss of life have not been 100 common in the past, recent 
experiences suggest the ne<.'CI for evaluating the damage potential of existing structun."'i 
in future major earthquakes, and possible strengthening or upgrading for Improved 
perfonnanc:e and safety . It could be hardly debated that upgrading. structure before It 
Is actUAlly dAma.ged by a maJOr ea.rthquake will gencnlly be much less expensIVe than 
waibng for the event and repiliring ~ dama.ge .fter it has occurred 

Bnefly dlSCusscd in this paper are some potential problems Ihat may exist in two of the 
most common types of stC<'i framing systems. i.e., the concentrically braced framC5 and 
the moment fram('5 . Many of those problems have been observed in dama.ge caused by 
past earthquakes. includmg the Northridge and the Kob<' events. Btil'd on Available 
knowledge and past research some possible techruques for upgrading are di.scuSM.'d 
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Also included arc some thoughts for needed research. and future design practice for 
new structures. 

CONCENTRIC BRACED fRAMES (CBF) 

Concentric braced frames (CBF) are among the most efficient structural systems in steel 
for resisting lateral fon:c't due to wind or earthquakes because they provide complete 
truss action. However, this framing system has not been considered to be very ductile 
in past design practice and by codes. The non-ductilc behavior of these structures 
mainly results from early (premature) cracldng and fracture of bradng members or 
connections during large cyclic deformations in the post-buckling range. Instead of 
requiring the bradng members and their connections to withstand cyclic post-buckling 
deformations without early prcmaturc failures (i.e., for adequate ductility), codes have 
generally specified increased lateral design forces instead. Numerous studies by the 
author over the pa .. 1 fiflcen years have shown thai this design philosophy results in 
rather poor performance of CBF under severe ground motions (1. 2) . Bracing member 
and connection failures have been observed in many past earthquakes. However, the 
two most recent earthquakes · the Northridge and Kobe events · have rcconJirmed 
many finding., by the author in a rather graphic manner. 

During a severe earthquake, bradng members in a CBF experience large deformations 
in cyclic tension and post-buckling range which cause reversed cyclic rotations to occur 
at plastic hmges which (orm in the member al the ends and mid-length. The braces in a 
typical CBF should be expected to occur at story drifts of about 0.3 percent to O.S 
percent. which can easily be caused by a moderate intensity ground motion. in a severe 
major earthquake. however. the braces CQuid undergo po!>t·buckling axial deformations 
of 10 to 20 timC'J their !rnsion yield drformalion. Ln order 10 survive such large cyclic 
deformations withoul premature failure, bradng members and their connections need 
to be dctaik>d for adequate ductility. 

In September 1993. just prior to the Northridge earthquake of January 1994. the 
international ConJerence of Building Offidals (lCBO) had accepted a comprehensive 
code change proposal by the author which introduced provisions for design o(CBF 
based on incorporating ductile behavior for the first time in the 1994 edition of the 
Uniform Building Code. This class of CBF is referred to as Special Concentric Braced 
Framl'S (SCBF) m the USC (3). Because there exists a large inventory of "non-ductile" 
C8F designed by past code provisions. the Northridge and Kobe experience suggests 
the nc.«l for evaluating their potential for damage and possible upgrading for improved 
performance in future events. Some of the more important aspects are briefly discUSM!d 
as follows: 

Lpral Buckling of B@QDi Members 

In the post·buckling range o( a bracing member. local buckling o( compression clements 
limits the moment capadty and consequently the compression load capadty of the 
member. More importantly. however. the extent and seventy of local buckling has a 
major influence on the fracture life (ductility) because of high concentration of re,,"ersed 
cyclic strains at those locations. Therefore. in order to pn .. 'Venl early fracture of bracing 
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members the limiting width-thickness ratios (compactness) should be smaller than 
those used In current and past practice. Thls is reasonable because seismic design relics 
on the ability of structural members to withstand large reversed cyclic inelastic 
deformations. Since, the cod<'S have allowed non-compact sections for bradng 
members, they arc prone to very early fractures. thereby. pladng heavy flexural 
demands On columns which arc typically not dt.'Signm to meet those demands. 

Hollow rectangular tubular sedions are very popular for bracing members. However, 
they arc also very vulnerable to fracturcs in just a few cycles at modest deformation 
levels. Studies have shown thatlilling the tubes with plain concrete can be very 
c£fcctivc in mitigating the cfft..'cts of local buckling in bracing members, Gocl and Let' 
(4] showed that concrete intill can reduce the dfectivc width-thickness ratio of 
rectangular tuhular bracing members by as much as 50%, thereby, increasing the 
fracture life (ductility) by upto 300%. This is a promising tedtnique for use in 
upgrading work. However, the related effects, such as increased compression strength, 
need to be c:onsldered in regard to their influen~ on affected beams and columns. 

Stitch Spados in 8um-"P Bradng Members 

Once again. Shlch spacing and strength of bracing members with bUilt -up sections in 
existing CBF have been dctennined without considering post-buckling behaVIor. Such 
members have been shown to fracture very early due to individual bendmg of the 
member components between points of stitches. StItch spacing and strength need to be 
such as to ensure integral bending of individual components duong cyclic post
buckling deformations. This greatly enhances their fracture life. Doubling the number 
of stitches in most existing m(>mbers should result in great improvcment. 

End Conormgo5 of B@doe- Membrcs 

Single gusset plates arc very commonly used for bracing members because of simplicity 
of connections. Buckling in those members usually occurs Oul-of-plane, inducing OUI
of-plane bending in the gusset plate, which has not been considNcd in past design 
practice. It is important to allow the gusset plates to develop restraint-free plastic 
rotations Imposed by member rotations. Absence of this freedom results in premature 
early fracture in gusset plates. It would be extremely difficult to creale such frl't'dom 
in existing connections. One possible remedy is to add cross guSSct plates or to create 
some other means that would prevent flexure of the gusset plates completely. thereby, 
forcing the end plastic rotations 10 occur in the member. While thLs method has 
beneficial effect on the energy dissipation capacity. the consequent increase in member 
compression Iiolrength needs to be considered fOr Ihe affected connections and other 
structural m('mbclS. More n'SCaKh is needed to develop other ron't'divc details. 

Failure of cnd connccbons IS quite often caused by combined action of axial force and 
end moments under cyclic post-buckling deformations. This 15 more ential (or an-plane 
buckhng members and bolted connections. Strain conccntrabon and loss of strength 
due to boll hail'S need to be checked more carefully. 
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Stn>D~h and Stabjljty pC Beams with Cbeymo Bradnr 

o.evron bradng is a very popular pattern used in CBF. Elastic analySIS and design 
methods used in existing practice do not point to the need for checking strength of the 
related beams for unbalanced force that is induced due to tension in one brace and 
smaller compression force in the other after buckling. Kim and Gael (6) showed thai 
lack of adequate strength and lateral support of these beams can lead to serious 
problems during a major earthquake. 

MOMENT FRAMES 

Unexpected widespread connection failures in welded moment frames during the 
January 1993 Northridge earthquake have caused much professional and public 
concern. The January 1994 Kobe earthquake in Japan also caused major widespread 
damage to a variety of steel structures including connection failures in welded moment 
frames. Duc to the severity of the problem. a comprehensive program of study has been 
initiated by SAC Joint Venture (a JOint partnership of Structural Engineers Association 
of California.. Applied Technology Council, and ~Ii(ornia UnJversities for Research in 
Earthquake Engineering) with major funding from FEMA (Federal Emergency 
Management Agency). The study program addresses immediate and long-term nCl"<is 
related to solving the observed problems in welded steel moment frames for repair and 
retrofit of existing frames, as well as improving the overall performance of steel 
moment frames for future earthquakes. Prcscntt-od in the following are a couple of ideas 
by the author which may be applied to upgrading the performance of the existing 
damaged or undamaged but considered vulnerable steel moment frames: 

Addjtion of Durtjle Cpng:ntnr Bradni' 

Past studh,'S 121 have shown that addition of ductile concentric braces to non-moment 
resisting frames can develop excellent strength. ductility and hysteretic behavior, and 
overall performance in the event of a severe ground motion. This is because of dual line 
of resistance between the braces and all columns, including those outside the braced 
bays. It has been found that after buckling and yielding of braces, columns develop 
considerable shears (upto 25 - 40 percent of total story shears) through flexure even with 
no moment connection between the beams and columns. It is assumed, however, that 
columns arc continuous over the floor beams, which is common in construction of steel 
frames. This suggests that adding ductile concentric braces to damaged moment frames 
in some bays can be an attractive and economical solution in many cases provided other 
considerations such as foundations, function. and architecture do not preclude their usc. 
In this scheme it is implied that fractured girder flange connections could be left 
unrcpajred, bul adequate shear capacity of the web ronooctions must be ensured and 
any loss of column strength due to cracking is restored. Encasement of columns with 
Reinforced Concrete can aJso be considered as an alternate means of strengthening 
them, where needt.od and feaSible to do so. This scheme has the added advantage that 
repair of the upgraded structure after a future major earthquake will be much marc 
economical as buckled or yielded braces are much e<bier and less expensive to replace 
than detecting and repairing damaged moment connections. In fact, minor buckling or 
yielding of braces can even be ignorccl and left unrcpairod . 



CuWny Rcrtancylar Qpcninc in Girder Webs 

ThIS concept is a spin-off of recent development of Special Truss Moment Fram...., 
(STMF) with open Vierendeel ductile segment near the middle of the floor tru~ girders 
(6). These frames behave in a truly strong-column ductile girder fashion with "yield 
mechanism~ forming under factored combined loads or design level ground motions 
through plastic hinges in the chords of the open segments only with no inelastic or 
ductility demand elsewhere, Figure 1. Such a condition can be created in exi.sting 
-deficient~ or even Ordjnary (non-ductilc) Moment Resisting Framl'5 (OMRF) by cutting 
an open panel in the web of the floor girders of W sections. A schematic of this concept 
is shown in Figure 2. This concept also allows possibility of adding supplement.11 
damping devices in the opm panels, if nceded for further enhancement of structural 
performance. 

lMPUCATIONS FOR FUTURE DESIGN PRACTICE 

Unprecedented widespread damage to steel structUrl.'S cau..ro by the Northridge and 
Kobe earthquakes has also raiSl-d questions regarding future design practice. As 
demonstrated by th~ two earthquakes and also tndicated in some ~i<;mic risk analYSis 
studies, future maJOr earthquakes arc cxpected to cau§c heavy economic losses 
Therefore, in future SCiSmic design practice increased emphasis i<; likely to be placed on 
limltmg structural damage (thus, economic loss), in addition to life <>afety and 
preventing structural collapse during scvere earthquakes. Existing de'iign practice 
requires strength and defl€.'Cl:ion checks under applicable design load combinations. The 
author believes that a third step which ensures formation of prc-5('lected controlled 
"yield mcchanism- during extreme load conditions. such as during a severe dL ... ign level 
earthquake, should be mcluded in future design practice. ThiS would rcqum> 
application of clements of plastic design concepts and selection of dc<;irl'CI "yield 
mechanism- to confine yielding and damage to known and limited <;tructuralelcmcnb 
which could be easily repaired or replaced after the extreme event. 

SUMMARY AND CONCLUSION 

Widespread damage to sli.'Cl structures caused by the recent Northridge and Kobe 
earthquakes have reinforced the need for evaluating the damage potl'ntial of existing 
structures in future major earthquakes, and possible strengthening or upgrading for 
improved performance and safety during future similar events. Some potential 
problems that may exist in two of the most common types of framing systems, i.e., the 
concentrically braced frames and the moment framl'S, are briefly di.!oCUssro. Some 
promiSing techniques for upgrading work arc PfCSL'I1ted which arc baSl'CI on available 
knowledge and past research. Also included arc somc thought .. for nt.'t.-ded research in 
this .rea. and future design practice for new structun. ... , The author belieVe<; that future 
design pr.tctice should ensure formabon of pre-selected, controlled ·yield mcchamsm!t 
at e'Xtreme load condition reprcsentabve of a sevCr"\' dl ... ign level earthquake. in order to 
achieve improved performance and repairability. 
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TESIlNC 0"- STEEL MOM~'T FRAMES JOlNTS 
iN RES:PONSE TO 11IE NORlllRillCE EARTIIQUAKE 

Michael D. Engelhardt l and Thomas A. Sabol! 

NORlllRIUGE STEEL CONNECflON DMtACE 

1':19 

The January J 7, 1994 Northridge Elnhquake uUKd significlnt damlge II beam-.columnjoinLJ 
in steel moment rnilting fnma. Thll damage WH Issociated primarily with the conventiooal welded 
ninge-bolted web type: moment connection detail widely used in pili wcst coast pnctice. A vlricly 
of diffcrenttypa: of fncturci were observed Itlhcse connection •. f'racture. in the immedllte vicinity 
of the belm nange groove welds wcre I common form of observed damage, with fracturc. near the 
interflce o(the belm n.nge groove weld Ind the column nange being plrticularly common. Fnctures 
of the column withlfl the Joint region w(:re alao observed. These included the pull out of ·divots· from 
the column Oanie II the groove weld. IS well II fndures running ICI'OIS ponions of Ihe column 
Olnge and web. In lOme instances, fractures passed through the full depth of the column section. 
f'raC'lura occurring II Of initiating from the beam bottom Oange groove weld appear to have occurred 
far mote frequently thin II the beam lOp nange. More detailed damage dc5criptionl are available from 
other aourct'l (3-5 ). 

CauSCI of the observed damage have been the lubjeci of considerable discUSQOD 12-7). It will 
likely be qUIte some time bdore III the contributing facton arc clearly identified and understood. 
Some of the facton considered IS poNib'e contribulOfS to the damage arc IS follows: 

WddjnB BeiliN f'actors 
inadequate welding WOlkmanshlp and inspection; 
lack of Idherence to wrillen wclding procedure Ipccificllionl; 
the nOlch effect created by left in place backup bars; 
detrimental effects of left in place weld tabs; 
use of weld metal with low notch toughness. 

pr*n Relllrd flCIOG 
overstress of the beam nange groove weld and surrounding base metal regionl due to 
inadequlle participation of Ihe bolted web connechon in transferring bendina moment; 
uneven distribution of strell .cross Ihe width o f the be.m nange groove weld; 
highly restrained areas wilhin the joint developing biuiallnd triuill statu of tension. 
thereby inhibiting ductile mltcrial response; 
increase in bottom flange "feU and strain due to presence of compostte noor lIab. 

Mlted'i Bel"£d FacIOTJ 
actu.1 yield ItIUS or A36 beaml considcrab'y in cxcess of 36 hi; 

'AsIoc. ProI~. tkpc. ofCtvIl Ena.. Univ. O(Tc.DIli A .. llun 
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iDadequlte lhrou&h-lhickneu strength or dlKtility of coiWDa nanacs; 
inadequate: noIcb LOughneu of column material; 
hip values of yield to tensile strength TlliQl (F IF,). 

II is emphasized IMIlhe above list, which is Dot CXhlu.stiVC, represents speculation. The role of these 
Ind other contributing factors hIS yet 10 be definitivdy demoMtntcd. 

TFsr PROGRAM 

Within approximately three months following the Northridge Earthquake, I shM lenn 
intensive IClIllna program was initiated under the guidance of the AISC Task Committee on the 
Northridge Earthquake 12). The purpose of Ihis lest prognffi WIS to generate: some immediate data 
on the crfeclilicnesa of vlriouS measures intended to improve coanec::lion performance under 
earthquake loading. This program was directed towards IIeel momenl framet thai werc under design 
or construction I' the lime of the earthquake, .nd thai wcrc in need of immediate: guidance 011 
improved ~ign and construction techniques for moment fn.me joints. Thus, the test program 
emphasized connection details for new constructioa, and was not intended to investigate repair 
procedures for damaged joints, 

Tats wac conducted on linaJe cantilever type test spctimenJ., IS sbown in Fiaure I . Slowly 
applied cyclic loads were applied II the tip of tbe cantilever. Beam tip dlspiacemcnt WIS increased 
until connection failure OCC\U'Tcd. or until the limits of the testin& applratus were rcached. Test 
specimen perfonnance was Judged primarily based on the level of inelastic ddormation achieved in 
the beam prior to connection failure. A1ltes! specimens were constructed of W36xISO beams or A36 
"eel, and either WI4x45S or Wl4x426 columns of AS7l Gr. 50 steel. 

A number or diffcrent connection dctllilJ" wen: invc"igatcd In the Icst program. The 
connections ineorponted what were Intended to be improvements both In welding and in connection 
design. For each connection, two replicates were constructed by two different structural steel 
fabricllon In order to gain some confidence in the repeatability of resull$. A t01l1 of sixteen 
specimens were tated. Highlights for several of these: tests sre discussed below. 

The first connection detail investigated was the conventional welded Oange • bolted web 
detail, designed in accordance with the seismic detailing provisions of the 1991 Uniform Building 
Code. The detail for thb specimen, designated as Specimen I, is shown in Figure 2. Although the 
conventional connection detail was used, several improvements were iBCOrponltcd in the weldin&. 
including removsl of backup bars and weld ut., combined with close: attention 10 welding 
wori:rnanship. Welding WI! tlccomplished by the self shielded aUK cored In: welding (F'CA W) 
process. IS il was for all specimens In this kst program. The electrode llSed for the beam Oange 
groove welds for Specimen I WII classified as E7OT·4, typieal of past field welding practice for this 
coonection. This electrode is charxtcrizcd by very high depc».ition rates, but can result in weld melll 
with rather low toughness and ductility. 

Both replicatcs of SpecImen I showed poor perrormance, dcvcloptng only very limited 
ductility In the beam prior 10 connection failure. The 100d-dcncetioa mponK at the tip of the beam 
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(01" one DC the two replicates of thIS cktlil (desipaled as Specimen lA) is shown in fi.ure 3. Failure 
of both rcpiicates occutrtd by sudden frxlUft; I' !.he beam naoae &fOOVC wdds., wllb 1M frsclurcs 
occurrioa DC.,. the. ""tid column iDIC~rrace. No welding workmanship defects wt:rc vISible on tbe 
(raclllfC surf'ca. The uDsatisfactory perfonnance of these specimcl\J suggeslS thaI improvina weldina 
workmanship. by IlscH. mly noc assure satisfactory connection performaDce. II may be conjcc1urcd 
that beller performance could hive been achieved if I diITcrc:nl wtlding electrode Of different wtldina 
proceu luid been ChOlCD. Unfortunately, Iherc was no 0ppor1unity w inveslia-1C thil hypothesis as 
pan of Ihis lest proanm. The cffulS of vlrying weld metal propcniea, Ind mOIl notably weld metal 
tougho,,", i, belD, invcstigated ill • n~ tesl prognm curn:ntly undc:fW1IY by the lulhon. 

The lCCOod connection detail invcstiglted in Ihislcst proanm was In III-welded connection. 
II was 5imilu 10 the first dctJil, uccpt thaI the beam 'Nt-b, nlher thin being bolted, wu welded 
directly to the column nange. Put test programs have typically shown bener performance from all
welded connections, as compared to welded nange-bolted web details. This beller performance has 
been attributed lO the Improved ability of the welded web connection to transfer bcndina moment It 
the connection, thereby reducina streu on the bum nanae welds. Unfonunltely, both rtplicatcs of 
thiS conn«1lon detail sbowed poor performance., with frattur" occurrill8 II the beam nange groove 
welds early in the indutic 100dina blslocy fOl" the spttimenl. 

"The majority of the remamina connection details luted In this pro&nm wue dauified as 
reinfOl"ced connections. The beam nanaes were reinforced with cover plaltl or with vcrtical -ribs-. 
An exlmple of a connection rtinforced with cover plates. desiaaated as Specimtn S. " shown in 
figure 4. The intcnt of these connecliO/lll is to significantly reduce the surss on the beam Oange 
groove ",ehis and sUfTOundin8 base melal regions., and to move the locllioo of the beam plutie hinge 
Iway from the face of the column. The desian 8oa! adopted fOl" the reinforced connection wu thll 
the rea;iOfl of the connecUoo It the flcc of the column should remlin esscntllliy elastie uodtr the 
mlJlimum bendina moments and shear forces developed by the fully yielded and stftin hardened 
beams. for the variOUJ reinforeement con(i8untions lCIted, the ICClion modulus of the reln.forced 
cross-section wu on. the order of 1.6 to 2.0 times the section modulus of the unrelnforced bum 
cf06S-lCclion. In Iddition lO reinforcin8the nanges, different FCAW electrodts were used for lOme 
of these specimerIJ. and continuity pllles were Idded for some of the specimerIJ. 

Eight of the ten reinforced connectiorIJ showed acellent performance, developna very larae 
inelastic deformltions in the beam without connection failure . The belm tip load VCl1US delleclion 
response for I succClsful cover plated conneclion (Specimen SA) is shown in Raure !i. These 
connections performed as intended. The beam plastic hinge formed It the end of the relnforccment, 
aWly from the rice of the column, while the region of the connection nelT the racc of the column 
remlined euentially elutic. The connections were clpable of developing the full ncxuraillrength and 
ductility of the beams. 

Two of the CODnttlions reinforced with covtr plates showed poor performlnce., e:a:periencina 
brillie failuru II low levels of beam ductility. One cover plated specimen failed by a sudden fracture: 
at the top nanae/cover plate weld to the column. This rracturc occurred near the weld-column 
Interface, and showed no visible workmanship ddects. Inspection til", for this specimen suggested 
that some or the weldina parameters (voltage, electrical stitkout. ele.) were likely beyond the ranae 
apecified in the Welding Procedure Specification_ Studies or this flilure suaest thlt the improper 
choice or weldina parameters lead to weld metal with unusually low toughness. The replicate or mis 
apecimen, With the same eonnec:lioa design and weidin8 electrode. but for which the Welding 
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Proc~ure Specification wu followed, ,bowed excelleDI performance. The Structural Welding Codtt • 
St«l. AWS 01.1-94111 requires thai welding be oecuttd in accordance with. wnt1C:n and approved 

Wdding Procedure Specification. These test results emphasize the importance of tb.iJ requirement. 
"They .lso sugew • rd.lionship belweeo weld mctalloughrn::ss and OYCflII conncclion perform.nce. 

A second cover plated specimen f.iled by. sudden fracture within Ibe column flaoge maleri.1 
.t the beam', bollom fl.nge connection, pulling 01,11 I portion of the column fllnge mltcri.1. The 
(racture surf.ce ,ugge$U~d. possible problc:m with through-thickness properties of the column flange. 
Thi, tal specimen indicated Ih.1 even witb • reinforced connection .nd urdu! welding practices, 
materi.1 properties may represt.nt • ~weak link- fOf lhis type of connection. 

CONCLUSIONS 

The results of these tests suggest th.1 • luge improvement in cydic loading performance II 
possible It steel moment £nmc joints by the use of a reinforced conncction combined wilh cartful 
attention 10 welding. Following this apprOlch, while perhaps not guaranteeing success 100 percent 
of the time, is expectc:d 10 provide a much higher level of performance and structural safcty, as 
compared 10 pre-Northridge practices. It is also clear from these teslS Ihal a large number of weldin" 
desian. and matc:rials rdalc:d faClOtS significantly affect connection performance. A long tc:rm restarch 
ecrOft will be needed 10 fully resolve all the iSlu($ raised by the Nonhridae Eallhquake. 

More complete details of this test program are documented In Reference 2. combined with 
intc:rim design and welding recommendations. Additional information relaled to steel moment 
connection performance in the Nonhridae Earthquake can be found in References 2 10 8. 
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In-.ervie. perfor.ance evaluation haa received con.ider.bI. 
attention in recent years for highway bridges , offshore platfor.a, 
daaa and other atructurea. Engineering effort. include i nspection , 
aaterial analyai., nonlinear behavior prediction and field te.ting. 
Por the deaign of new atructures, reliability -.ethoda have been 
introduced and codified for routine member checking. Applications 
of atructural reliability to the evaluation of existing atructure. 
ia 1... advanced due to the varied nature of evaluation 
requirement •. Some recent studi •• and application. of reli.bility 
h.ve occurred for off.hore pl.tfor.a and eapeci.lly for highw.y 
.tructure. . Thia include a ratinq a •• eument of bridqe. by both 
analytical method. and uae of field te.tinq . Thi. paper emphaaize. 
the u.e of reliability in developinq ••• e •• ment criteria. Bxample. 
in this paper are restricted to hiqhway bridqe •. 

I NTRODUCTI ON 

Structural .nqineers are incre •• inqly f.ced with the t •• k. of 
evaluating the .afety of exi.tinq .tructure. . The focus of 
application. in this paper will be on hiqhway bridge. but the 
technique. illustrated are applicable to other .tructural .y.te •• 
auch as off.hore platfor.., da .. , pipeline network.., aircraft, etc. 

Th •• ction. th.t May triqqer an evaluation of an exi.tinq .tructur. 
include the following: 

a) Structure deterioration a nd d~ge which ~y reduce t he 
re.i.tance to design loads. Bxamples include material corro.ion, 
fatigue crackinq , foundation Bettleme nt. , etc. 
b) Increases in the specified structure design load. for that t ype 
of .y.te •. Thi. may occur a. i n bridges with increa.e. i n -are 
volu.. and higher legal truck load. or public deMa nd tor higher 
.atety a. in .ei • .1c resi.tance. Another example i. improveaent. in 
analytical perforaance prediction. which rai.e the de.ign load • 
• uch •• in off.hore atructure. due to better .cdel. for wind, wave 
and current analy.i • . 
c) Accidental event •• uch •• fire or colli.ion., 
d) Legal require .. nt. .uch a. Feder.l regulation. which .. ndat. 
biannual bridqe evaluation. for hiqhway .tructure •• Such .. ndate. 
often follow well-publicized failur •• in bridge. , d ... , •• i.alc 
event. or airline cr •• hea. Th ••• periodic r ......... nt ... y affect 
the continu.d econoaic vi.bility of th.se structures or in .~ 
in.t.nce. lead to increased public inveataent. to ..eliorate the 
public ' . perceived view of the •• fety threat. (A properly organized 
reliability a •• e.sment ba.i. would con.ider r.lative public 
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exposur •• on a acre rational b.aia.} 

Structure evaluation a require aophisticated analyaia and 
experi.ental validation to predict structure •• fety. This i. 
becau.. of gr •• tar uncertainties in predicting the structure 
atrength due to in-aitu .oterial and structural properti •• , 
boundary conditiona, .eaber di.anaion., connection. and foundation 
condition for a structure that i. in .ervice for aeny years and ha. 
8uffered daaage, deterioration and environ.ental degradation •. 

At the same tLme, the structure evaluator ba. aome advantag •• in 
........ nt in co.parieon to new design application. The structure 
ho. undergone year. of •• rvice which may •• tabli.h • level of 
confidence in the .. teri.l properties, construction toleranc •• and 
gravity load eati .. t.a and load distribution. Further. then an 
opportunity to uke obaervations and in-aitu lMaaUreMnt. which 
would calibrate the analytical perforaance predictiona. Also. the 
structure has a shorter remaining life than a new design which 
reduces the probability distribution of extr ... event. occurring. 
Pinally. a fi.ld inspection ia poaaibl. which could uncov.r .. Mber 
properties . aa-built .. t.rial. and dimen.ions. preaenc. ot 
diatortiona and d ... g., etc. 

EVALUATI ON APPLI CATIONS 

The output of an .valuation for an exiating structure takes aeveral 
foras: 

1) Allow a structure to be aaintained in pr.sent operating .ad •• 
2) Reduce operational level .s when a bridge ia load posted tor 
l •• a than legal load a or the water lev.l in a re •• rvoir i. reduced 
to lower pre •• ure. on a daa. 
J) RecOMmend rehabilitation to alleviate di.tre •• or to reatore or 
increa.e .tructure capacity. 
4) Recommend further in.pection or .tructur. -anitoring and te.ting 
to validate perforaance prediction •• 
5) 8.tiaat. reaaining .ervice life and plan tor r.place .. nt. 
6) Reca-.end ~iat •• hut-down and reduce expo.ure to h~n lit. 
and property. 

Thi. paper review. a ....... nt technique. that have been recently 
dev.loped and in -a.t ca.e. iaplelMnted in evaluation for exi.ting 
highway .tructure.. The underlying ba.i. tor the reca..ended 
.. thod. are .tructure reliability procedure. . The actual 
i.ple.entation aay be tran.parent to the reliability analy.i. in 
the .... way .a done in recent LRFD de.ign codea. Exaaplea include, 

A) AASHTO Guide Specification for the Strength Evaluation ot 
Exi.ting Steel and Concr.te Bridge. til 
B) AASHTO Guide Specification for Sate Life A .. e .... nt o f St_l 
Bridges l l l 

C)NCH.RP Manual tor Bridg. Rating through Load TeatingP ' 

Th ... in tha.e in this paper ia the u.e of reliability criteria aa 
a unifying basi. for deciaions regardi ng perforaance .valuati on. 
rehabilitation needs and operational decision. aa well as the 
provisiona for additional evaluation i nforaation. 



119 

R&LIA8ILl~ AXALI8I8 

Thi •• ection briefly review. reliability .. thod. which have been 
widely adopted in atructural engineering for varioua apecification 
develop88nta •• "ell a. specific project deciaion tooh. Typically, 
"e dafine cando. variabl •• , x, which affect load or capacity auch 
a. gravity load., external envirormental load., load analyai. 
uncertainty, geo.etrical properti •• , .. teri.l atrength., ate. Each 
of the variabl •• i. de.cribed by • diatribution function often with 
two paraaetara auch.a the mean and coefficient of variation(COV). 
Typically •• tailure function, 9. ia defined auch that 9 > 0 .. an • 
•• f. and 9 < 0 .. ana failure occur. , where 9 i •• lunction of the 
re.lization of the random variabl •• , X. In MOat rall.billty 
application., the failure function 9 ia taken on a co_ponent baai., 
for exa.mple, a be .. -column, connection or pile. In -.ore recent 
application a the failure -adelling ia on a total ayate. perfor.ance 
baaia l t ' . The riak h defined u the probability that 9 h le .. than 
tero. In developing apacificationa, a _aaure of reliability i. 
uaually introduced known a. the aafety index, ~. For e.aaple, in 
ita .aat .L.ple for. the failure function can be written aa the 
.. rgin between the capacity or reaiatance, R, and the de .. nd or 
loading, S. Thua: 

9 - R - S (1) 

The aafety index ia expre.aed •• the nuabar of atandard deviation. 
that the .. an of the function 9 fall. fra. the failure liait. Thua, 
for thi. illuatration: 

R s 

, 0'. + oj , • 

9 

• • 
where 0 ia the .tandard deviation . If the rando. variable. , R, and 
5, are nor.ally diatributed then p give. an exact expre •• ion of the 
ri.k when uaing nor .. l probability table •• If Rand S or the other 
randa- variable. which may fora part of the failure function 9 are 
not nor.al then the aafety index expr.aaion aay only be 
approxiaately .. pped to an actuarial riak value. Recent reliability 
.. thoda u.in9 .are accurate advanced procedurea or .i.ulation have 
.hown that ~ doe. give accurate ri.k repr.a.ntation and a good 
ba.i. for ri.k-ba.ed deci.iona. Typically the ,'. are in the rang. 
of 2-4 which correapond to riaka of 10" to 10" . with .uch aafety 
inde. aDdela, cod •• pacification ca..itt ••• throughout the world 
have introduced via code calibration, Load and Reai.tance rae tor 
eeaign ILRFD) type coapon.nt apecification. of the for.I 

+ ... y. 0 + y" L (3) 

where • i. the re.iatance factor applied to the noalnal 
re.i.tance'R.1 and y. and y" are the re.pactive load factor a applied 
to the na-inal dead and live loading •. Other load ter. ... y alao be 
added .uch a. te.perature, vehicle load., wind, •• i • .tc,.tc. The 
code calibration prace •• u.ed by AISe, AASHTO, API and other code 
group. .elected the load and re.i.tance factor. to achieve unifor. 
target reliabilitie. for coaponent • . Th •• e factora depend on the 
.pacified noainal valu •• a. well a. their re.pectiv. uncertainti ••. 
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Thi. approach i. ..ph.sized herein aince the uncertainties at the 
de.ign atag8 for new atructure. aay be different than in evaluation 
for rea.ona cited above. 

There are aignificant differenc •• between the data ba •• and target 
reliability level. in de.ign and evaluation. For example, Figure 1 
compar •••• veral diatribution ca ••• that aay occur. Figure Ie ahowe 
the distribution. in a de.ign aituation. The •• fety index depend. 
on the high load event. occurring combined with the low 
reei.tanc ••. Typically, over t~ there will be chango. in the b ••• 
line diatribution. that were e.timated at the de.ign atage. Por 
example, a. illustrated in Figure lb, the load diatribution ahifta 
to the higher values b •• ed on higher demands due to greater dead 
load a. well a. higher legal load. in bridge.. SWlarly, the 
reeietanc. di.tribution .hifts to the lower value •. Th •••• hift. 
deerea.e the .afety index over time. 

Pigure lc illu.trate. the intluence of a ~~ during which 
there i. IDOnitoring of r •• ponse and a validation of the load 
prediction lIOdel. There h lower load effect uncertainty which 
increa.e. p without change in the overall mean safety aargin. 
Figure Id illu.trates the load and re.i.tance di.tribution. which 
aay re.ult from a proof-load te.t. The re.i.tanc. di.tribution i. 
truncated .ince there i. a ba.is for knowing the lower level of 
.trength ba.ed on the te.t. St.ilarly, if there i. load respon •• 
mea.ureMent. as veIl i. in-.itu Mea.ureMent. of aateri.l properties 
and coaponent dL.en.ion., the load and re.i.tance distributions aay 
appear a. in Pigure le. The influence of da-age, .aterial 
deterioration, colli.ion, fire, etc., rai.e. uncertainties and 
reduces expected safety margins as illustrated in pigure If . 

Thu., at the evaluation stage there may be different uncertain tie. 
and .afety margin. than existed at the design stage. There i. 
opportunity to integrate (for example, in a Baye.ian manner) some 
of the earlier performance history. further, there i. con.truction 
and inspection data which may change uncertainties that existed at 
the d.sign stage. There i. detailed inspection, in-situ material 
property and dimensional measurements as well as full seal. field 
testing to reduce uncertainties and affect the aafety index . 

Econoaic influences a1.0 play a role when comparing de.ign and 
evaluation. The co.t. of increaaing the reliability at the de.ign 
stage i. relatively inexpensive for .ost .tructure • . On the other 
hand, increa.ing the .trength of exi.ting .tructure., especially 
where daaaged, aay be very costly. The.e influence. have been 
historically recognized in highway bridge a ....... nta in which 
design ia at the inventory level but aue.aDlent is at the INch 
lower operating lev.l •. For example, .any agencies design steel 
bridges to only 55' of yield while a •• e •• ing rating. during 
evaluation at 75' of yield. This considerable difterence i. to a 
large extent ju.tified by the aarg!nal co.ts but al.o based on 
other ditterenCe. cited above. 

In order to provide consistent ratings, an NCHRP .tudy by the 
author and colleague. was undertaken which led to an LRFD-type 



foraat for rating(evaluatingl exhting bridge. tSI • The application. 
include. the rating factor. which are the ba.i. for deci.ion. on 
load po.ting, allowable perait leveh. rehabilitation need. and 
eventually bridge clo.ure. The rating foraat u.ed i. the .... a. 
given in eq.3 except that the load and reei.tance factore are .ite 
.pacific ba.ed on the infonsation available to the evaluator. 
Further. if a low rating produce. unde.irable con.equ.nc.. the 
evaluator i. encouraged to expand the data which aay lead to more 
acceptable rating •. Example. of the.e adju.tment. are a. follow.: 

D •• d load ~- The dead load factor in de.ign i. 1.3 in load 
factor de.ign procedure.. In evaluation. provided an in-.itu 
inve.tigation i ... de of the overlay thickn •••• the factor i. 1.2. 
No.inal dead load •• hould be baaed on a.-built information. 

Wr.!.t....lasL..~- Of _jor concern ia the live load factor to 
account for vehicle loading. on bridge •. The .tati.tic. needed to 
predict llaxiau. vehicle loading effect. depend. on truck weight 
di.tribution., truck volwae. .pacing. between vehicl •• along with 
lane occupancy and uncertain tie. in .tructural aDd.l. which pr.dict 
.. aber load .ffect. fra. vehicle loading •. The AASHTO load factor 
de.ign u.e. a load f.ctor of 2.17. Thi. value i. .hown in LRPD 
.tudi •• to attain target reliabilitie. of about 3.5. In the 
evaluation Guideline. lIl • the live load factor depend. on : al truck 
volu_- defined •• under 1000 truck. per day and, bl over 1000 
truck. per day. and truck weight ca.po.ition, defined a. al 
.ignificant control of overload., and bl .ignificant .ource. of 
overloads without effective enforceaent. Th •• e re.pective 
categori •• provide four po •• ible live load factor value. between 
1.3 and 1.8. The.e factor. were obtained by .iaulation of different 
truck weight .pect,a and voluae. and the prediction of maximu. load 
aagnitude. for a two year time interval corre.ponding to typical 
in.paction/evaluation cycle •. The.e .a_ load .!mulation .tudie. 
were u.ed in the new AASHTO LRFD .pecification •. unlike the de.1gn 
model which u.e. the .ame load factor for a .. jor roadway with high 
volume a. for a .econdary roadway. the evaluation .pecification 
adju.te the live load factor ba.ed on traffic data readily 
available or obtainable (by .ay. weigh-in-motion .tudie.1 for the 
.pacific .ite being evaluated. 

l..I!!RA&L.flli.2..{- The code u.e. an i_pact factor which reach.e a 
maximum value of 1.3. The evaluation Guideline u.e. a .it •• pacific 
dynaaic impact allowance which depend. on pave .. nt roughne •• 
condition and .. y vary fro. 1. 1 to 1. 3. Thi. approach allow. the 
engineer to reca..end re.urfacing to reduce dynamic allowance which 
directly rai.e. the rating. 

Live lood analY'ia- Typically, a deBigner .. y u •• alternative 
analy.i. procedure. ranging froa an approxi .. te formula for lateral 
load di.tribution to a finite element analy.i •. The load factor 
would r ... in the ..... In the Guide Specification for evaluation lll 

there i. a range of adju.tments to the live load factor depending 
on the accuracy of analysis .uch a •• iaple formula. finite eleaent. 
or even field .... urement •. Thi. approach reflect. the re.pective 
uncert.intie •• nd was c.librated with .afety index .adel • . 

target reliability Index - For de.ign. the target reli.bility for 



component. i. taken to be 1.5. The rea.on i. that the .arginal co.t 
to change d •• ign .tr.ngth i. relativ.ly ... 11. Par exaapl.. the 
co.t to increa.e bridge de.ign load. by 50' would be only 3-5' in 
~.t .teel or concrete .pan •. In evaluation. the co.t a •• ociated 
with low rating. or with reca..ended .tr.ngth.ning proceduree to 
reetore capacity could be r.lativ.ly larg.. In the Guid. 
Specification. the targ.t r.liability tor redundant d.eign.(.are 
than two load path.) i. tak.n a. 2.), while for nonredundant ca •••• 
the target in evaluation i • .ointained at the de.ign value of 3.5. 

R •• i.tance factor. - Ba.. ca.e value. for r •• i.tanc. tactor. ar. 
given for nondeteriorated redundant co.pon.nte. goUlely 0.95 for 
eteel Habere. 0.95 tor preetre.sed ae-.bere and 0.90 for reinforced 
concrete. The •• weee ba.ed on code calibration to the taeget 
reliability value. cited. Noneedundant .te.l member. have their 
re.iltance tactor reduced to 0.80 to bring it io line with the 
high.r targ.t index cited. 

Influenc. of Pet.rior.tion Wh.r. the in.pection indicate. 
d.t.rioration. the re.i.tance or capacity reduction tactor ie 
reduced further. Thi. reflect. greater uncertainty in ••• e •• ing in
.itu .trength and the gr.ater likelihood th.re will be furth.r 
det.rioration prior to the n.xt biannu.l in.pection/evaluation 
cycle. For example. the Guide reducee • by 0.1 tor eo.e 
det.rioration and by 0.2 for .ignificant deterioration. To a •• i.t 
the evaluator, thi. reduction i. related to the conventional PHWA 
condition .urvey for the .uper.truetur •. 

Influence of Haint.nanc. - Wh.n .. int.nance i. vigorou. and likely 
to correct detiei.ncie •• the re.i.tance factor ... y be increa.ed 
by 0.05. 

Iotlu'pce of In'pection- Where .tetion 10 •• e. have been car. fully 
•• tillated tor tbe .. aber being evaluated. the r •• i.tanc. factor .. y 
be incr.a.ed by 0.05. Siallarly. where Nterial yield .tre •• 1e 
•• ti.-ted by phy.lcal te.ting the mean t •• t data .hou1d be reduced 
by only 10\ in.tead of the u.ing the ... ller noalnal yield level. 

A. .hawn. thi. • ....... nt approach encourage. the evaluating 
engineer to obtain -are inforaation .uch a. overlay thickn •••• deck 
roughne •• condition, .are rigorou. analy.i. tool., .ite .pacific 
traffic data. iaproved in.pection. better .. intenanc. progr .... 
etC. Thia info~tion _eo.itive evalu.tion i. tied together in 
•• lectin~ the appropriate load and re.i.tanee factor. for • 
reli.bilLty rating of the .pacific .tructure. 

UMA.IIUJIO LIrE ABSE88KZ1IT 

Bridge fatigue .nd di.tre.' due to cr.cking are phenOlMlna that 
beq.n to appear .ome year. ago. In particular. welded .tructure. 
cre.te .tre.. conc.ntration. which .. y be •• peeially .evere for 
certain type. of detail., .. terial. and loading condition •. The 
writ.r and hi. colleagu •• have .hown how uncertaintie. in loading. 
bridge behavior and .. teri.l characteri.tie. could create a .adel 
for e.tiaating the reliability a •• oci.ted with re .. ining fatigue 
live •. Thi. r •••• reh. ,pon.ored by NCHRP. hal led to two AASBTO 
Guide Specification. including one concerned with the evaluation of 
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the aafe remaining fatigue life of a structure" ' . 

Thi. AASUTO Guide has been used extensively in the U.S. in 
conjunction with rating of capacity and decisions regarding 
strategies for repair, rehabilitation and replacement of ateel 
bridge span structures. The Guide allows either computed atre •• 
ranges or measured atreBS ranges to be used. The latter are 
especially more accurate when there haa been initiation of crack. 
adjacent to welded details. Often it i8 observed that substituting 
the measured atress spectra in the remaining life calculations 
leads to Ie •• severe decisions than u8ing computed values. 

Further, the AASHTO Guide allows the input of historical truck 
traffic information for the specific site being studied into the 
reaaining life estimates. Different factors were also derived baaed 
on reliability analysis depending on the aource of the data. The 
specification contains two levels of target reliability. A safety 
index of 2.0 is used for spans which are redundant, while a higher 
index of 3 . 0 was specified for nonredundant structures. These 
differences are consistent with current design rules which warrant 
higher reliabilities for nonredundant elements due to po .. ible 
.amber failure consequences. 

As part of the overall evaluation it is recommended that existing 
bridges which do not satisfy the target safety criteria should be 
subjected to .ore detailed and frequent inspections at locations 
indicated by the analysis. An alternative control on safety is to 
.edify the details as recommended by Dr. Pis her and others or else 
to li.it the weights of trucks that may use the span. 

STRUCTURAL TESTING 

Pield testing has been increasingly used for verification of bridge 
capacity for rating . The results of bridge load tests generally 
show that structures have greater load-carrying capacity than 
predicted by calculations. Aside from the conservative approac h 
used in design, the actual response of the structure under live 
loads may be different due to distribution of loads , the 
interaction of structural (and to a lesser degree, non-structural) 
components, and the impact of deterioration and repairs. 

Numerous organizations including the Ministry of Ontario, PHWA, and 
DOTs in Florida, Maryland, Alabama, pennsylvania, Ohio and 
elsewhere have utilized bridge testing to avoid costly posting or 
replacement of older structures. Different types of bridge tests 
have included a) Proof-loading to verify strength capacity , 
bltesting of structure response under prescribed loads to calibrate 
and assess behavior predictions and, c) Strain .aasurements under 
traffic to predict fatigue life perforaance. 

The potential reduction in the number of structurally deficient 
bridges through the uae of load testing was recognized with the 
NCHRP Project -Nondestructive Load Testing for Bridge lvaluation 
and Rating"IJ, l l • The research carried out by this writer and 
colleagues fro_ industry developed a NCHRP "Manual for Bridge 
Rating Through Load Testing". This manual identifies two types of 
generic tests including diagnostic and proof-lOAding. The 



diagnostic teat. verify bridge behavior .odele under live loading 
and are needed when there are uncertainties regarding .allber 
support condi tion., influence of deterioration, daaage and repair., 
atiffn ••• properties and participation of secondary .eabera which 
make it difficult to develop a satisfactory analytieal .adel. Por 
example, at •• l tru •••• , concrete T-beama and multi-stringer at •• l 
girder •• Te.ta can be use to determine the accurate distribution of 
loads and .tr ••••• within the structure. Such diagnostic te.t. 
reduce the analyaie uncertainty and allow a more accurate rating . 
The Hanual a1ao diacussea methods for applying load. and suitable 
equipment for making measurements ill • 

In .. diagnostic te.t, the load i. placed at designated location a on 
the bridge and the effect. of thh load on individual bridge 
membera are .eaaured and results compared to effecta computed based 
on atruct~ral analyaia principles and practicea. The ba.ic formula 
for the theoretical rating of a bridge member, RP, a. expreaaed in 
AASHTO .anuala ia aa followa: 

c A, 0 
>P- (') 

where C denotea capaci ty, based on aa-built drawinga aupple.anted 
by inapection and .atarial tests. 0 ia dead load effect aupported 
by on-ait. eatt.atea, ~ ia noainal live load aodel and I i. the 
dyn .. ic allowance. AI and A2 are factor. on dead and live load which 
depend on level of rating (inventory or operating) and criteria 
(working atreaa, load factor or load and reaiatance factor). These 
factora are adjuated to reflect the resulta of the diagnoatic 
teating. 

The aecond area of teating ia proof-loading. Proof-loada generally 
require higher aagnitudes of test loads than needed for diagnoatic 
teating and the phyaical capacity of the atructure ia verified by 
the higheat load level reached. Proof-teata are needed when the 
elementa of the atructure are not known to the rater or when there 
are aerioua uncertaintiea about the .. terial propertie. and other 
atrength related variables of the atructural ayatem. Examplea 
auitable for proof-loading include alab bridgea with unknown 
reinforce .. nt detaila, or other structurea with Mhidden M detaila 
making it difficult to aodsl strength capacity. In auch inatanca., 
load ia applied in incrementa to the atructurs until a -.axiaua 
atatic condition ia reached. 

Proof-t.ating ia an alternative to analytically ca.puting the load 
rating of a bridge. A proof test · provea M the ability of the bridge 
to carry ita preaent full dead load plua aome factor.d live load. 
The rated load ahould be magnified to provide a .argin of aafety in 
the event of an occasional overload during nor.al operation. The 
calibration of the proof-load live load factora wae done with a 
reliability model. The uncertaiotiea io dead load, analy.ia and 
capacity reflect a aituation where the bridge aafely carried the 
factored proof-loading. 

The foraat in the Teating Manual begin. with a live proof-load 
factor, ~, which ia needed to reach an operating rating level of 
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recoa.ended factor i. 1.4 which provide. the .... aafety 
the AASHTO Guide Specification!II, neMly 2.S. The latter 
on a 1.3 factor on dead load and live load plua i-pact . 

Several adjuat..enta can be -.ade in the proof-load factor x., to 
reflect specific influence. that exiat in the evaluation of the 
.ite. Por example, the factor is i09rao'ed by 15' in the ca •• of 
• one lane bridge ainee loading stati.tic. show greater aagnitude. 
of overload in one lane than the corre.ponding probability of two 
Ian •• being simultaneously overloaded . 

For apana with fracture critical detail., the live load factor 1. 
incre •• ed by 10\ to rai •• the target reliability and aimi14rly for 
bridge. with aing1e load patha(nonredundant). The factor i. 
increa.ed by a further 10\ if bridge. are not in.pected on two year 
cycle. or are likely to be DOre poorly maintained. Thi. margin i. 
added to reflect po.sible further deterioration before the next 
cycl. of in.pection and evaluation. If the bridge can be rated by 
conv.ntional analy.i. and the proof load validate. the DOdelling 
then the proof fac tor can be reduced by 5\. Further, if there are 
vi.ibl •• ign. of di.tr ••• prior to reaching the targ.t proof-load 
the t •• t mu.t be .topped. The rating calculation i. ba.ed on the 
load r.ached which i. further reduced by 12\ to r.fl.ct the typical 
bias between mean -aterial properties and no.inal value •. 

Additional factor. including site appropriate traffic int.n.ity, 
bridge condition and deck roughne.. category aay al.o be 
incorporated in the proof-load a ....... nt ba.ed on _thode 
di.cu •• ed above for analytical evaluation •. 

PROOf-LOAD ~ - Thh test was perfor1l8d to e.tablhh the 
rating capaci ty of a concrete .lab bridge. There are nu .. roua .uch 
bridge. in the U.S. which cannot be analytically rated due to the 
ab.ence of detailed reinforcing .teel infor-ation, .kewn ••• , 
unknown contribution. of parapet wall. and concrete deterioration. 
For .xample, Ohio alone ha. 8000 .uch bridge. in aervice. 

The criteria cited above were utilized to e.tabli.h the live load 
factor for proof-te.ting. The goal waa an operating lev.l rating, 
ao the ba.e ca.e value of X, of 1.4 wa. a.lected. Load. were placed 
in both lane •• iaultaneou.lYi there are no fracture critical 
detail., .lab deterioration wa. pre.ent, and in.pection and 
.valuation would be repeated within two year., and plana were 
unavailable. X, was increa.ed by 5\. The net adju.tment ial 

Target proof-load factor, X. - 1.4 x 1. 05 - 1. 4 7 (5) 

Th. target load including the 1.3 dynaaic allowance i.: 

T •• t Load - 1.41 x rating load x (1 + 0.30) (6) 

The rating load i. us 20 , and the aagnitude of the teat load in 
each lane of traffic h 61.2 kip. to repre.ent the 8520 J2kip 
tande. load. The aaxiau. proof load attained wa. 63 kip. with no 
ap~r.nt .ign. of di.tr •••. (Load i. done in incr • .ent. eith.r by 
adding load to t •• t vehicle. or by .taggering the location. of the 
group. of te.t vehicl •• in each lane). 



Ba.ed on the t •• t, the operating rating 10ad(OPR) i.: 

1.0 x 6JI 1.47 
OPR - _ 1.0J or .n 8S21 or 37.1 ton. (7) 

32( 1+ 0.3) 

CONCLUSIONS 

Dev.lopMent. in .tructural reliability and th.ir acc.ptanc ••• a 
ba.i. for c.librating .afety factor. in de.ign code. have open.d up 
a new ave nue for evaluating exiating atructurea . Reliability 
methoda have led to several Guide Specificationa for rating 
exiating bridgea. A major adva nce i. that the load and reaiatance 
factor. are .elected according to sit. infor.ation and t he 
condition of the atructure being evaluated. Site .pecific data can 
be uaed to .djuat loading. , analysi. .adela and capacity 
........ nt.. unitor. reli.bility t.rg.ta c.n be att.ined in 
.n.lytic.l evaluation •. Further ... thod. of field te.ting h.ve been 
introduced for the evaluation operationa. Such t.at. c.n be 
routinely done, .ither for diagnoatic valid.tion of behavior 
calculation. or to deter.ine a lower bound to the true bridge 
c.pacity by proof-t •• ting. The.e te.t .. thod. have been inatituted 
by •• ver.l agencies on a routine baai. and a Manual for conducting 
rating by te.ting i. available . A .. jor innovation i. that .uch 
te.t procedur •• are al.o c.librated to .afety index .adel •• 0 th.t 
the info~tion gained fra. a te.t i. efficiently uaed . The 
evaluator c.n cle.rly aaae •• the ben.fita of reducing uncertainty 
in achieving higher r.tinga ca.pared to aituation. vithout te.ting. 

The .ajar .t. of thia paper vaa to ahow the benefita in evaluation 
by the addition of aite .pecific infor.ation that can be 
con.i.tently incorporated in r.ting vith r.liability procedure •. 
The actual i~le .. ntation in practice aake. the r.liability 
a nalyaia tranapar.nt to the u.er and operate. in the aame vay a. 
nev LRFD-ba.ed apecification. vhich accompli.h the aame purpo.e. 
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ABSTRACT 

Ra.lroad5 are an Important pan of the natIon's mfra5lrucfure thermallY-Induced Ii tcr.l Irick 
buckllnl of r .. ls remalns one of the most cfIIgmauc problems In the , .. Iroad Industry nils IS 
panlcularly fele\-ant for conltnlJOusIY'""elded rill ""hlch IS now used for ,II new ralls ,II over the 
world Currently, there IS no con .. emcf1l method to determine the In Sllu ,x'llloac! In the rail nor 
lIS laleraisulTness ",hlch pre .. cnlS the ,"slab,llly An effecllve method IS needed to determine the 
In Situ chuactenSIlCS and stalus of the uack, such that unnecessary slo"'downs can be aVOided 
or SO that pre\ientau\-e measures can be undertaken ",hen necessary 

11115 pAJ'ft consuters the use of low· frequency Vibrations of Oe .... ural mollon havlna lona 
",nelengths 10 determine the ..... IaI comprcssme load In raJls and the literal stiffness al the lies 
The nell ural vlbrallons In bendlna ate dl~perslve In nalure, ",uh different ",avelengths travelling 
at different velocitIes The frequency of vlbrallon depends on the bending stiffness, Ihe laleral 
sllffness per unulenglh of the foundatIon, the I)(lai compression and on the mass per umt length 
of the raJl IS "'ell as the wavelenath 

A 16' lona S,h11 beam supported by lateral mechanical ~pnng.s WIth tWO dlfferenl sti ffness 
located at every 2' \!tIS submitted to a measured vanable compression load In the laboratory 11111 
beam WIS Impacted laterally With I hammer at vanous POints along IIs1enKlh and the honzontal 
acceleratton at a pOi nt was measured The resonant frequencies of vibration were determi ned from 
the frequent) response functions 

Contour plots of Ihe measured values of these frequenCies as a functIon of the Sliffness and aXial 
compression Inlers«1 al Ihe correspOndmg values of suffness and lJuai compresSion aClIng on 
the raJl In particular Ihe mtersectlon oflhe lowest frequency, wllh I Wlvelensth of )2', and thai 
asSOCiated ","h a wlvelength equal 10 tWIce the spacing of the later.1 stiffeners, Ie, 4', Yields 
the eSlimates to Ihe Sllffness and lJuai compressIOn Additional resonant peaks In the frequency 
response functions can also be used to determIne these lWO parameters 
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I~TRODlfrno~ 

Thermally-mduted buckllna f •• lures of tTacks are usually honronlaJly bul can also be lIertH;aJ on 
occasion They onen occur on hOI days. usually In Ihe early .nernoon. with no tram on the track, 
bUI can also occur "'hen I trim IS ascending or descending or bruin&' .11 of which add to the 
axial compresSion In Ihe !rad: ironically thiS budding 15 more susceptIble 10 occur after a 
segment of track has been maintained, before traffic has seeded the lieS InlO the ballas! Since the 
rl,l, are Imled together by lIes, both fllIls buckle together along WIth Ihe lies as one unit The 
phenomenon 51111 defies deu~cllon . smce curren t warning systems ..... hlch sIgnal track faIlure rety 
on • small ele<:tru:a1 sIgnal which 15 nOI broken due 10 track buckling 

In 1917 alone there were 109 train derailments allnbuled 10 bud:ll"g of the irIck II I The 
expense In preheating ralls dunng track laYing and the monetary costs aSSOCiated With slowdown 
orders for trains on tracks ""hlch Ife thought to be In danger of bucklin. all add up to Important 
economic conSiderations The use of strain gages IS not practical for determmln& the v:lal stress 
due to the time and COSIS Involved and Since they need a pomt of reference, I e zero Siram 1\150, 
the aJual stra,n along the rail IS uro m plane stram slluallon and measurements .... ould need to 
be based on Ihe pe~dlcullf strain due to POisson'S effect 

Much of the theorellcal research on Irack buckhng has dealt either Wllh the analyllcal 
conSlderallons of the posl·bucklml behavior 121, or with the e'(pt:Tlmentai measurement of 
Vlbrallons al hlah freq~clC~s Il) There has been "ery hltle e'(pt:nmenlal research on the elasllc 
pre·bucklln, behavior ofnach and the measurements of VI bran on! allow frequenCIes .... hlch Ife 
senSlllve to the IXial load and lateral SIIffness 

The most reliable melhod for oblamlnl these two cnlleal parameters IS based on sta"c force· 
deflection relatIonshIps (4) Flrsl, the ~Ikes .... hlch attach Ihe track 10 the lies over a rill segment 
are dIsmantled over the length of a r&llfoad car This IS followed by the apphcallon of a SialiC 
load applied ver1lcally by a hydraulic Jack located at the cenler of the car A beam-column 
subJecled to IXial compression deflects more for a lateral load applied a' the middle th an a beam 
with no IXial compression The estlmaled buckhng load IS typIcally on the order of 200 metric 
Ions The procedure outlined can be as far off as 6 melTlC tons (125 kIps) 

For laleral stiffness, a hydraulic Jack buttressed on one of Ihe ralls applies a hOTizontai force to 
a he ""hlch has been unfastened from the rlJl Graphs of the force versus honzontal dIsplacement 
for dlfferenl types of ballast are e'(penmeT1tally obtained, from ""hlch both Ihe strength and 
Shffness of that partIcular tIe can be determined USIng a number of IICS, an averaae value for 
the Irack stiffness and strength can be computed 

There currently Ife no allallable techniques ""hlch can SImultaneously assess both Ihe lateral 
stiffness and Ihe "'CIa! load In the rail ConsIderable ume, effor1, and el(pt:n~ are reqUIred to 
unfasten the rill from the lIe and perform the SialiC operations descnbed abo\'e for both the tie 
and the rlJl Funhermore, Ihese Slalll: IC$lS musl be rqJealed man) limes for a lrue represenlallon 
of the track A more effiCient scheme IS therefore needed If thermo·buckllnB of continuously· 
welded track IS 10 be aVOIded 
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AI low frequencies of ",.bratlon, the relationship belwffII the frequenCies of the nc'(ural motion 
are hl",ly dl<perY\'C, Ie . the \.elocuy depends on the ""'H!lena1h Recent field m ... est'aauon of 
Hrtlcal Impact of actual uacks ha,'c demonstrated thai the fHOnant frequmclet can be 
del~mlned from frequmcy response func1Ions lSI The lonl WI"ciengths u ... ehnl at rel.llvely 
(jow \'cloclbes and \,brltlnl In Ihe low-frequency range Ire KnSlII\'C to both the u,aJ load and 
dtc lateral stiffness 

This paper presents resull. of laboratory expenmentJ ",hlch demonstrate the prlCtltllll)' of uSing 
measured resonant frequent .. :s of fk(ural motIon In determlnallon of Ihe axial load In beams and 
the literal sllfTness 1 he theory of the nexural VibratIOns of III Inflnl le Euler beam l ubmlued to 
an axlll load and resunj on a Winkler foundation IS first presented The boundary condi tions I' 
the end of the beam and II Ihe Intermediate supports provIde equallons ",hlc.h lead to • matrix 
wtuch IS smlular at the reJOnant ~equencles 

The resonanl freq\M!ncles can then be ploned on three-dImenSion plotS \en;u. the lXlaI 
compre.aon and the lateral .Ciffness al the supports From these cu .... es. contours COrrC!lpOnrunl 
to the measured re.onanl frequenCIes are dr • ....-n as • functIon of the .uffnea and compresston 
For a number of measurtd frequenCies. these contours Ihould Intersect at appropnate \a1ucs of 
the lateral slIffness and "",al compression Measurements of the mode shapes .. e not u~ e'tcept 
10 determIne ",h.t mode sh.pe a partIcular remnant frequency corr~nd!> 10 

fLO.lRAL VIBRATIO'S Ot' SINl SOIDAL 'lODE SIIAPES Ot' AXlAU~\ 1..0"0[0 
[l L£R BfA't 01\ Wt: KL£R t'OlNO T1O"I 

The equations of the forces perpendIcular to the on&lnal lXlS of a beam v.hen the rotallonal 
Inertl. IS neelected IS (See Fllure I) 

(1) 

where V represents "'eft,,:al rOtCe perpend,cul .. 10 me onlmal lXlJ or me member and nOt me 
shear The bendml momenl uusfies the equauon 

H EI 82.", 
ax' 

ewton'J equatIon for \ertlcal motion JIves the equallon 

m ;p" 
at ' 

e3) 
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F'iure I Beam Element Under A~laI Compression on a Wmkler Foundation 

The partial dJll'erentlal equallon for elastic flexural wave vibrations of the litera! mOllon, W, In 
doubly-symmetnc Euler bum " 

(') 

The Tali malena!IS c:haractenzed by the modulus of elastlcll)'. E I IS the moment of Inenla of 
the cross-section about the vertu:aJ axiS for honzontal motion m IS the mass per unll lenath. K 
IS the Winkler foundauon stiffness per unit length of rAIl , and P IS the axial compression In the 
rill For Sinusoidal mode shapes In space and time 

..... N 8in¥x sinw t (5) 

There resulls Ihe following relallon between the frequency , (0 , and the wavelenath, A.. 

(6) 

The elasttc slabllity load of the track IS liven by 

(7) 

The rail will buckle II • much IOYo"er load because of the post-buckling behavior and the fact thai 
the stiffness does nOI remaln elastlc(2) The thermally Induced IlXlalload In plane stram SHualion 

" 
(8) 
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In ...... uch A IS the cross-secllonal area, E If Young's modulus of elasllClty. a IS the coeflicllenl of 
thermal t'llpanSlOn and aTI$ Ihe Increase In temperalure, and 6P IS the Increase In vaal 
compression 

For beams WIth • finite length. the mode shapes of vibration mull sausf'y boundary eondlUons 
I' the ends of Ihe beam The lona wavelengths. lSiOCllled WIth small w ... enumbers. Vibrate I' 
low frequenCies For a member of length L With slnusold.1 mode shapes there results 

~}. I( 2'r rnA} I'-'OR CABLE 

(o) ~. EI( 2. r FOR BEAH rnA} 
It) w,. EI( 2. r -1'( 2. r FOR COLUMN mTj mAj 

w}- BI ( 2. r -1'( 2. r .~ roT; mTJ m FOR RAIL 

In .... h,c.h the tension In the cable IS the nq_lIve of compresSion, T -p. and the formula for the 
beam assumes no uaaJ load The wavelengths are given ate related to the dlSIInee between Ihe 
two ends I distance l apan by the equation 

(10) 

Th frequenCies for. uble In tension (EI K- O, S) are multiples of each olher, I II they are 
harmoniCS, whereas those ror a Simply supported beam(K P 0) have ratIos of I , 4, 9, 16, etc 
Ax,aI compress,on decreases Ihe frequenCies for a column (K 0), whereas tenSion, P- -T Increues 
the frequenCies For the rall. the mode shapes with large wavelengths have a frequency equal to 
(J) "'" m, whereas those with short wavelengths are Independent of K, Ie , the square of the 
frequency decreasing linearly WIth the lX.Ial compresSion, P 

For the Tlmoshenko equallons WIth no foundallon 5uffness, K '0, there results the follOWing 
partial dlfTerenual equation for the flexur,J bending Vibrations of. beam Including the effect of 
rotatol)' Inertia and shear deformallon (6J 

(11) 

In .... h,ch the sear fKtor , k', IS 



k'._;-~I~' __ 

"[ <O/ t)2 dA 
A 

which for I rectanaular se<:lIon IS k' 8Jl G IS the sheal modulus of na,dlty 

E/2 Gy;-; 

(12) 

(13) 

fo r v Ihe POluon fallO of the rl.l mau~n.1 Assummg sinusoidal mode shapes Yields the followln. 
quadrallc equation for the square of tke resonanl frequency co· 

(UI 

The lo~er of Ihe two rOOIS Yields a correction factor for SinUSOidal w ... elen&lh'lll 

115) 

In which r IS the radlld of l)"llion 

116) 

Althou&h Euler theory "adequate for the lona w .... elengths. II IS nOI for Ihe 5ho"~ wavelengths 
and Ih" correction should be Incorporated 

AXIALL\ LOAD[O BEAM ~mt DISCRETE S lPPORTS 

The prevtOUS equationS deal! wuh • beam on • \\ Inkier foundation Ratls. however. Ife 
longitudinally \-cOically and lateral)" stIffened I' discrete POints, I e the lies The nnural 
vlbrlllOllS for the w ... elenglhs ""lIh ~ner mode shapes do 001 sal1sfy the prC\;IOUS equallons 
SInce there IS no Wmlder IIffn .. between the 1.leral SUpportS .1 the IuS The SlnldOulai 
...... \elenalhs of Ihe elahl mode! shapC!S for I 16' 54'1(17 cross-secllon 'Aotuch was 1C!$IC!d In Ihe 
labor. lory ue, )2', 16', 1067, 8, 64', S ll , 4 57 Ind 4' respecllvely ue shown In Fllure 2 
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For. lI \len resonant frequency. CD, a. satisfies the quadrallc equation 

(21) 

The two equation al each end orlhe beam and the four equallons.l lhe n-J intermedIate luppom 
UI\ be fOfmullled as 4ft tqUIUOOS 10 tolve for the 4n constants of Inlear'lloo, 4 In each bum 
leiment Furthermore. these equation! may be wnnen In • c:nuaCICflJluc: main..: (onn 

(22) 

[XP[RL\1 ENTS 

A 16' lona S4x71 beam II,eraJl), supponed about It! weak AXI' every 2' was loaded In 

compression up to 20 kJPSI7J for .. bum WIth 8 segments. A of Eqn 22 IS • J2:d2 mltr.x and 
C II. veclor of the 32 constants, 4 per Mam sq;mtfll Since thiS IS. homoaeneous equation , the 
solutIon IS \\'hen the Oetemunant of the 1211tJ2 square malnx IS UfO, "",tuch &l\'es the resonant 
frequenCies of vlbrauon The: C vector II the COne5900Wn& e1lenvector of the mouon For 
cbl'ferent comb.nauons of £I . m, P, and k. three dlmenSionaJ plolS of the square of Ihe tl&hl 

natural frequenCies versus the lateral sllffneu a. the suppon, 11. . and the axial compreulon. P are 
1l1o'eti In Fllure 4 for wI\"elenlths flOm twlc.e the dIStance betVlo"ecn the tWO ends (Mode III) up 
10 tWIce th. spatlnl belween the suppom (Mode N8) 

Contour plots of the measured frequtflCles as5OClat~ WIth mode shapes 1.4,.s,7. and I are II ... en 
In Fllure ~ for lWO dIfferent Illerll SlIffnesses II loads of.s and 2~ kIps In compression for Illeral 
Stl(fnm of 2 7 and .s 4 kips/inch Modes J and 6 had I node near the acceleromettr loelllon and 
were nOl conSIdered In the diu. Similarly. Mode shapes I and 2 nearly had the same resonant 
frequency and were not dlslIn&ulshable from the data 

The Ihree dimenSional plols for the frequenCIes are adjusted 10 accounl for the Tlmoshenko 
mo<hficauon 10 Ihe hlaher moOes The end It which Ihe load ","u applied wu relau ... ely neJuble 
s!nce II dId nol have lateral rtSlrllnl A numencal Siudy of lateral surrness at thIS end showed 
that Ihe hIgh frequencltS were very 5enSIIIVe 10 thIS II'eral slIfTness An esllma'e 10 the SllfTness 
was obtAIned whIch would account fOf the hIgh frequency dati and Incorporated Into the Ihr. 
dimenSIonal plots of the frequenCies funher del .. ls are BI ... en elsewhete (7J 

The COfIlOurs of the first and the e.atll mode shapes InlerKCI In the area ntal the actual "alUfil 
of "'"ness and axIal compretston In all four plots shown In Fllure ~ S,mllar plolt I' load! of 
.s, 10" I~ , and 20 kIps also ..... e esllmltes to Ihe parameters The estlm.,ect "a1ues of the axial 
load flOm me Inter1«tJon of me first and eteht mode shapes IS shown "trSUS the applied lo.d In 
Flaure 6, ., both 27 and .s 4 kips-mcn lateral stiffness The measured rdOflant frequencltS are 
ploned as • funcllon of the applied 10*l In F IJure 7 They malch ""ery closely the theoretical 
values Wana account of the Tnnoshenko beam effect for the hlah frequenCies and the ne.lublilty 
of the end WIth the hydraulic actu.tor 
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f'lur •• ".tural Frequencld for Mode Shapes 1·1 VefSII1 "",a1 Compr""OfI Uld Lateral 
Stlffneu 
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The measurement of rl!SQnUl! frequenaes of vibratlDO can be used In delermlnlnl the L'u.1 load 
In • member and Its lateral Sllffnts' II equally·spaced points along the beam thiS procedure 
pro\.,des 1 tool 10 assess Ihe In .. 111,1 Ialenl stiffness of tracks and the ull1load In the rills With 
th,s Informallon Ihe usc~tlblhty 10 thermallY-induced bucklin. can be betler asse!"sed Good 
resolullon of the resonant frequencies IS required to obtam accurate estimates 10 Ihe axul load 
and lateral StllTness Mode shapes are needtd 10 associate Ihe resonant frequencies With the 
appropriate mode shapes of VibratIOn bUI need nOI be used In de1ermlnma the parameters Finally. 
Impact le5ung "hlch vcnerales I broad frequency IS appropnate to cl(Clle the frequenCies of 
mlerest 1111$ method IS easier 10 Implement In the field than shakers providing. Sinusoidal 
exClIallOn and requires much less lime and data anllysls 
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lLTI\I ATE STR E' GTII ANALYSES OF A NO RT H SEA 
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11us paper focusc:s on assessmg the mean resIstance capaclt)' of an ofNK>re platfonl1 In the 
context of ~tnK:tural assc.»mrnt practices. The pa~r presc:nts an O\CrvICW of structural 
assessn~nt procedures used In the offshore Industry to evaluate fitness for purpose of 
offshore platfonns. An Important com~nt of 1I1is procedure IS lhr ·pu~ver anal~ls' 
mrthod used to esum:ue offshore platform mean ulurnale strength. 'The pumo\er anal)'Sl~ 
methodology uses e"(pl~lt modelmg of the UltuT13te strength of plalfl'Jl1l\ stru(:lural 
components (braelnl members. tubular JOmb. etc.) In • non-hocar, large-dl piacrment. 
static, flnlle element analYSIS to define a global platfonn colla~ load. Resulb are 
JmSented from pusho\er anal}seJ performed by cngmemnJ contactan of an Amoco 
offshore platform stant.lmg m 84 m (275 ft) of waler In the ccntral l'orth Sea. 1llc~ 

results show IlnlficalIt variabdity In the ~ictcd uilimatc strength as wcll as surpmmgly 
high prt'dICIK)l\" of platform coIlap5C load_ Rcsults arc pttscnte<! from Amoco In-ht'lu.!,C 
analyscs of the same platform done In an effon to uOOcrstand both the high "nriablhty 11 

pmhctcd platform ultimate strength and the pmhcted high Tt'scrve strength Ie\cl~. 

Introd uction Ind Background 

Ultimate slTt'n&th analYSIS IS beconung more common •• fnot T'OUtme. Ul filnc)$ -for-purpose 
assessment to Clotabhsh whether cXlstln1 offshore structures can safely meet their ongmal 
or modified requIrements. Before dlscussmg ultimate ~trength analY~ls specifically. II is 
useful to und~rstand philosophically the funCtIon of a 
fitness for purpo:;c aS5CS~ment. Figure I illuSlnllcS a 
probability densllY function (PDF) reprtsc:ntatlve of an 
ongmal suuctural de!)!gn. Shown on the plot arc the 
PDF,. for both load and resistance, With structural 
(adure rqwtscntmg the probablht) thaI the load IS 

greater than the resistancc. 

Figure 2 IltuSlI1l~ what might happen 10 the load· 
reslStancC PDF o\-er the hfctmlC of a structure. 
Damage 10 the ~tnlcture or delerioratlon such b 

CorrosIon and fallguc can Tt'duce the strength of the 
structurc. sluft.1nJ the re5ISunce PDF 10 the lefl. II IS 
also po5.)lble for the loedmg on a structure to lI'\Crease 
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M.~lurallon of Am p •• hIe 
fail ... ", PrOO.bUll)' 

be)ond Ib delliif' lord, shlftmg the loed PDf to the nghl llu~ mere nught occur ",hen 
dcMgn cnlenl of 10 or 20 yean. ago lS \hoWn 10 be: uncon~l'\Iatl\'e or wht:n additional 
~ul~nl or Ippunatal"k;C\ are addc:d 10 • structure. ~ rc.wh of da:rtaKd rt(ISt.mct. 
and Incrc.3~ load I an mcrtased probablllt} of failure. 1$ <,ho""l1 m 1"'lure 2. It I thiS 
I~ (or pnuucd Increaw:) Jf1 ru.l. of structural faIlure .... hll:h deru.fa the. nred (or • 
time: for PUrpoK' Iru~luml a~»menL Strul.:lural nstiSmtnl and remethal I'q)3lr. ( 
necc'\AJ)'. are ~rf~ 10 rHI(lf"r an acceptabk talluft probablhty. as hown In Figurc. J. 

Strullural "~'oC' mtnl ~lflcaJly addre so the mk of $lrUI.:tural IlJiure. ""'1m n!.k defined 
Ai lhe produd of the probability of (allure and Ill. ~oru.equmce_ C~erK;C§ ~ often 
ddmed In ~nn of an econumlC los . RI k can ~ controllc=d In two pnmary ways 

Conlrol con~mcc If the prob.1bthl) or failure l!o high. stet" can be: taken to 
I'l!duce the polC~ntHII for IO!>!> 01 l1fe or property or dam3ge to the environment. In the 
off~ uxlu(U')'. tlll~ might cnulIl re'moving UK opc'faunS CI"C'W frtom a platform and 
~llIung the platform l"C'~ely from shore wnh OC:CA'lonal VI'lts by ~I. 
R~ducrd ~nvltoomentJI consequence!!> can be achieved by In tallmg Automatic 
~hu tdown val\'e) on .... ell!. nnd plpelmes to en~1"C' mUllma! damagc to the envlronmeOi 
111 C4l:)c of an Incident. 

2. l ')t mnu cngmcmng technology to better defme ttlt probability of fallun: and 
Ju .... lfy that the ri'l.k i'l, Ik:ccptable Any or all of the fou r follow mg nx.'U15 mlly achieve 
thl~ gDiI 

Ju)ttfy I~ mean value of stM:tural ~nglh (.tuft the f'n1'otanl.:C PDF to 
the right): ThL) can be achlC\ed b)- removmg coo!oCf\amm .... hlCh "",ht be 
tnhc:rtnt In I 'first pass' e~unalt of structural trtngth If the onamal 
WlKtural ~n$th estunalt .. ~ bbed on a hnear uuctlIral anal) Is., • non
h~:l/' analy IS Includmg m:ucnal noo-hneamy and forcc mltsmbuuoo may 
achlC\C the dclolm:i goal A large portion of thl$ paper foc:u~ on dcfinlna the 
~n value (or !otructural strc"ngth w.mg ultmlalt ~ngth anal~1 proccdUrt, 



J\btlf~ • miu,"'cd roelll(lmi of \an3uon (('0\ I I,,.. Inn.lural "I~ngth ~m the 
1'h1,I.n.:c: PDF. redUl:t thr ~ad abool the me.tn I Onlit" l;uo.lc ftjuallt'ln't f,,.. 
lht Irl'nilh (II \1N\:tur31 componenb soch a\ bnklog mtmlxr\ and tubular 
Jomt 1Irl' formul:llcd 10 co\~r a \to IlJe varxl)' 01 l'(Impoo~m gr~ml(,11) lind UI1l 
uw.:tuJt ... >mr cOIl'oC:f'V.mm Scrttmng comlXlf\C'nt 1('\1 datil II,.. rt..ult\ ITIP'-l 
rl'prt:1oCnlallv(' 01 the grorTlt:try pre~nt ttl Ihe 3I.:lu;l1 .,!rUlIUf"( moly 'Nlf) 

rtJucrd \ilnallon lfl component ~Irenglh and-tll' In..:rtao,a) mcan cO'I1l(Xlfltnt 
Mren,th RC'Jul:cd COV., for componC'nt \trul:lura) Irtn~th l.rn .1'1(1 Ix 
JU>llfieJ by perfomung dc:l.nilw structural m~pec.:llon 

JU\III)' .lb:rt.~ lOran nluC' for loads (!Juft k1llld POlio lhe kill: Decrta~ 
lo.h can be khl('\N by n=mo .... ng cqUlpmrnt and load gcnc=mlmg 
appurtC'rtan\:( ... they become rrdundaru or ob5alrlr Con'oC'l'hUIVr <"tmlalC' 
of the klaJ .. on. tructure are oflrn usW In the dc,.," prnlr" A tkulbJ 
"udy ollht .x:lu.1 m«na loads rna) JlblJt) m1\k:mg the ~lmatC' o( IoaLb 
on lht trW·UR:. In (he off~ IlIdu\.lr', • Ie 'JX"1'tI; Iud) ~ the 

I1k~Kal. O(e~plilc. or St:ISIruC condltltlf\~ l:iUl o,omctlmt kicrillf) 
con.",,,u\m In the OIlillnal dc~lgn cnICna., 

JU\.III) a d«rtMed (OV \'aJuc tor k>ads (miuec the preaJ at-..lUl the JIlrM'l ,Jt 
the to.! PDf)- llll rna)' Imohe uu.J)lng the approach 10 delimn, Io.d and 
de\e1orm. a bener untkr..undmg ohhe IOa!h thai kl on a panKular \tru(;lU~ 
or \tru<:turnl component 

It )hook! be ob!<n cd thill the abo\e four means are nol Intkptndcnt III each other 
TyptallI} the n~ v-al~ and codTklCl\b of \:uialJon mU\1 be detenmnet.lto,cther alma 
..... lth the dlM,nt'Utltlfl t)pe~ (e .•. , n<'lImaI. Iogn0rm31. etc.), v.h ... h can have a IgJllhc&Ill 
efftct on the re)ulb of the anal) '1\, 

An ll'Iere~ III reM\t.mce andor ~rea!oe In load rna} be JLI,lIf.rd by dem1lfl,Ir.lUng Iholt 
SUUe!urn ha\C wf'Vlvcd eltlR:mt ioedln, le\eI~ In the vtl~ IndU'try. ptl¥ocrtul 
humcane c n prm Kk the eJitreme loading, It I) Impon3n! 10 nule that olhhorc plalkrnh 
(al lalol an the Gull 01 MUlcol are de~manned dunng humcane~ \0 Ihl\ c"reme loadll'lj 
doe-$ I'I(lC PO!oC: a mk 10 human ~Iely 

For t)pacal ('ofl~ platfomu.. II has been Wlown th:u the prubablill) (II failure under 
e\treme kJlidln, CondllJon can be IlpproUTIl3ted b)- con ldermg the klMl dl..mbullt.lfl and 
the 'tEA": of the rt\1,tWlCC III The COV of kJadmg l)plCally (bmn:tlr: the Ml31)'1~ IU 
the euen! thaI Iht Cov of re~I\IarK:e can often be Ignored. l1\C locu\ Ilf Ihl' paptr 1\ Ilil 

""1111 the mean re l'itance OIpKlly of an offshore plalfilfm u"m, ultlnYte \trtn,th 
anal) procedum In the cunk'!;t of l>tnk:lural as.:.ewnent 

Structural ~menl: A S lep.~l.se l'rOCt'SS 

The~ are thrtt pnmary steps In.l Irucluf'3.1 b~~ment (I) iO'p«lIon ()I the ,Iruclure 10 
delennlJ'le Its In-'\Cf\'1CC condItion. (2) dcflmuon of assewnent cnlr:na vr ·fallu~·. and (ll 
anal) I~ of lruclunll ~n'lh ¥ohlCh Iyptcall)' If\\ohes tiMe dr:mmt If\lt.lural anal)M\ II 
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is lemplJflg ((If" t'ngmttll 10 perfonn the mmi step WJ!hoot recogmzlng the Importance of 
the lin.! two Sle~. The three !itep ti~menl procedure pro~d by the wnters IS III lme 
~llh. ImlUr step·wl~ approach 10 $truclural as~ malt rec:onlrr~nded In Draft Scchon 
1710 API Rp·2A (2JJ. 

[kt311ed In\ptthon of II Mructure !>hould ldenufy Its p~:.enl coochuon. noting specifICally 
the a~·t)l,1I11 condition and any damage or deterioration that has occurred wIth LLme. These 
da, .. ~ (lflen u.\oCd 10 IXIiId a fiOile dement computet ~truclUr.11 analYSIS model 
appropriate (or the a .. <,c~n~nl, v.hlCh can be signifICantly dIR~n=nI chan a strucrund 
anal)Ml> modellyplcal for new dtslgo 

II IS Important that the assessment emeriti be defined before starting My asse~sment 
calculauQlls. nus dfort might Involve selectmg approprulte loadmg crlterm such [hil t a 
lolnictulT ~wn 10 wLlh\taod thiS loading criteria p:lSlICS the a>Sess~nl. The assessment 
cnlc:na could al.110 be a definition of ·fallure' or II could be a ptclr.c pnxeu for 
perfonTllng an ultlm.1te strength ~ructurnl analysiS. 

A~J,l>IlX"nt engll1eer1Og 10'0'01'0'1118 cUlculation of the loads on the structure and the 
J,truuul1ll f'C!,1\tance constitutes the thmi assessment step. These calculallons can range 
from rebtndy ~mplc Imear-ciasoc analy1JeS to satillfy prcdctemllncd load1Og cnlcna. to 
progft<o\l\el) ~ compk'( melMtlo.: ulumate trength anal)scs. 10 upilCit plalform 
reliability analyses. 

A step· WI~ approoch to lotructural analYSIS for aS~J,sment. such as thaI propo!ICd for 
oft h(ln~ \tructure .. the Draft Section 17 to API RP·2A 12,31, IS hlghl), recommended. 1ne 
MCp- WIJ.C anal)' 1\ method III generally eff.cienl. With each !oUa:e5SUC step \n\'ohmg more 
engu'lttnng enort 10 charactenze platfOfTTl perfonnancc. 1ne lep-wl'ie procroure Ilo 

getX"rnlly I"ollo .... ed only until lhe 1I1ructure IS shown 10 pa!.!, Its pre-defined asses.)mcnt 
criteria A tYPical approach to 311SCSsment struclurnl analysl!. of an offlthore platform 
might be a~ follow .. 

I. [k Ign lc\cI imear..:lttMic anal)sllt uSing typICal deltlgn procedures and component 
~trcngth fomlulBtioOJ" Includ10g all factors of safety. This an.11)'1IIS IS elttremely useful 
tor Idcnufymg Critical components and focusing the efforts of later, more complex 
r1Oal),<,es. 

2. 1k~lgn le ... d hnear-cl3shc analysis removing faclors of \afet)' from component strength 
hnnulauollJ, 

3. Mrmber ~mo ... al nnal)scs Ulolng hnear-eI~K analYSIS nnd remOVing 'Collcnl' 
componenl!l from the model 10 1n"csllgate load redlMnbullon through the MructufC. In 
)(lffie CaJ.C" thr components shown 10 be cnucal In delllgn-lc .. cI anal)!oC can be mllre1), 
remc't'd fr~"IfTI II truClural anal)'ols model Without any ad'o'C:rse c:ftecl on O\c:rall 
«Ilk:turallttrength. 1bc:se 'cOIlCal' componenLS can thu.\ br shown 10 be non-cnIKal 
In tc:nn!t of platfmn u!tmute strength 



4 Local ultimate ~~nglh anal)~s modehng the localized noo-I\nea.r efltt~ (If 
compoMnl rilllu~) .... ,th ~ ~I ofthc analysl mood llnear-dibl". 

S. Global ulUnl3te strcnSth analysIs usmg non-hl1C'aT stNClurul anal)' IS procedut'C\ to 
modtl nUmrl'(lU) COfllpontni rJllure~ and component ~I fa,lure lrrngth 1be 
remamder of ltliS p3lXt rocu~s on 'pushO\cr anal)'Sllo', a partM.:ular mt=lhod of JIobaI 
ulum:lIe W'tnath anal)')Ji cornmon In the offshore IndUStry 

Stalic Pushotet Anal}IIb 

Tht cit-facIo standard for uhun:u.e urt:ngth analySt) In the ofl~ ITklu\U')' has dc\elvped 
.s MSlatl1;: po M\C'r analYMs", a u=rm refemng 10 thrce--dllnt:n~llml, 01'10 linear. large 
duplacemc:nt. ~tatlC.: flnlle elemt:nt analyses m whICh the honzontal force on. r1allorm 
(~UlU\e 01 .... -a\c farce ) ~ I~ unul WUctund collapse:. ~ fallut'C and 
poM-fa.lure beha",JOr of platform components such as brice mt:mlxn ,rod tubular 111m 
cannrcuc'IrU. loR modebi C\placlU). SlgmflCant dfort h;u. bttn dc\OlN o'er the )cars ~ 
tht oft~ tOOu'\U}' to ~ckJpml ~l&hud sof'''''"lfe to pnfonn tM!ot IINII)' ~ and to 
c,tlbrallnl the method 10 'real "",ark!' behavior. 

1M' underI)lnJ ANOmptttln u\. statIC puslKM:r anal)lIols arc thai 1M f.,luTt of an off-.hcn 
platfann (!ccu" ~hen. InSic IM,C .... a\'c lIotrik('s ~ platform and th.1 ~ wa~(' pt'nod II 

fftctrntly lonBtt than lhe natural penod of the lnu.:tUI'f!' so m.1 dpw1\M.: ('fI(,Lb art 
nqh"ble h". mold fhal platform the:.e are TtaMllt3bl(' ~umptl('Ir'I lrK:e .... a~e forces 
OOnllnate the struuural IDIIl,hng and COIl!>klenng that 1M t),plcal off.Jklf'(' pl.ufol'm has • 
natural penod 01 "'1bn!.UOO)n) than ) Sot'Corll,h and • dt"sIgn·le\cl or ulum.lte o;.tl'tn&th Ie\el 
c:x.:e.n ..... ve hu • w.~e penod grealer than 12 seconds 

1k 1lRa1)" tool and melhodoJoaIt.li used In the off~ mduUt} lor puWlo\er aMI) I 

M\e rt'ulted from \IIOIrw::am )Oint IndulloU)' funded fl'§C::an:h over II nunt~1' of )el&l'S 
Numerou\ full )Cale labonuOfy lest! hJ.\e ~n perfOl'l'l'led of t)p".1 ofl.Jkll't platform 
compontnb (0 dt"\elop and cahbratr anal)'tICa1 models (If component lalluTt IO,'kb. and 
~I falluft behaVior MOliot recenlly. II calibration effort of the enllre pu,hl)ver anal)~,s 
proc:es wa~ underta"en U\lng e~pffit'nce from lIumcane Andfl'w 14,~I, nil 'lk lIn 
bel torm paWoed through ~ Gulf of \1exlCO In Augu!.t of 1991 and tlu\Cd stntuura/ 
damage 10 • fe.... on~ platforms 1be cahbr3110n effort f(K;u\Cd on performing 
pu~er anaJ'tte$ of selo:t on~ platforms and compann, prNll..led ~ngth to 
obIer\.ed tlt-ha\K'Ir dunn, Ar..Irew In genn-a/ ~ SUlIk: pu ho\er 1nil.1) I~ mtth<Jd,)lngy 
\Ira shown to tit- con!ooCf'\Iall ... e (4.51. 

Amoco 110 de .. ek'1M& a 'reclPC' for perfonmn& StlIIK pu\.ho\er analy~ of (tll~ 
platform., ThIS I'f!'\;Jpe. ~hlk SlIII ~vohmg. IS based hea\lJyon 1M e\ptrtnk."C ftom the 
Humcane Andrew cahbnlKln dllll1. 1bc recipe 5pCClf.:a1ly -'dret.lioC 1M follo .... m' 
--. 
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Ret:ommcndatloo~ for typteal sleps m 1m m\l~lIgatlOO of platform ultlnult 
trt:ngth. I,e. tilt Ic\'cl of compleXlt} m w anal}lolS Kfl(' bl.uldmg up 10 • fuJI 

Ik~-III'I(OI( coIl~ anal)lols. 

Method for ~Img platform compone:nl strtnilh and pOM-fatlun: beha ... tar, 

tncludm, the! bod"hng smngth of pl31fCll'Tn brkC\, the uilimate sirtnath of 
lubular Jl.llnt coonccllon . the i'e)ldual Slttngth of damaged member... and mean 
(IS ~ 10 Imu=r Ixlund) malenaJ propenlts. 

Mcthoo(llog) lor chafOK;leriz.mg soli strength and procedures for modthng 
\OIl pile \Iructurt: mterxuon 

Me~)(b for calculalln& wa\le forecs on platform member\ IJ\IJ tntrebtn' mtl;e 
wive lorca 10 platform coHa~ 

Method for cakulallOl "u"-c forces 00 platform deds and dcd. ~UI~nl 

Amoco l K ' Lomond ' IJfalrorrn 

The Iffipel\ , for ... nung Um p3ptr and dt-.. clopmg ." ultImate stren,lh _I)~u. 'Ja:lpe' 
came pnmanly from • SomIe' of u\tmJate strtngth anaI)5ei v.hll.:h 'lltCR: perf<'lfTTled (or the 
Amoco l'K 'l.omand' platform. This platform stands In 84 mtlCrl 01 ""'Iter U1 the «nlral 
ro.;l'lrth ~a. appt'U\lmaltly 250 "I~en off~ duc EaM of ,\be:rdetn, ~ucW1d, The 
pl:ufnrm wa~ m\Ullnlln 1992 and was designed to upport 21 \\.elh. ] ptpelme n.)tn, and 
a tl'lp~I<k~ productlun I.h:It \\.'~Ighlni 16,500 metrK: tonflC'~, Tuul jaCkel \truttunli teel 
W~I&h1 "Jppro~Im.l'ely 4,800 coone! wllh approxim:uely 5,400 meUlC toone of PIle: 

~ Lomund platl\"""'I~ a 4-ltg lo\\.~r structure With 4 kg plle~ and 8 "'In pile ' The 
~tru,curt' ha~ klllr \MM:al X·braced bays (wlI11oot honzonlal~) on t~ four platform ( .. :~s 
and \ttood.\l)' X-bracing at fh-~ honZOrltalle\'e\s at th~ top and bottom and be:1\\.e~n each 
\Mlul bay_ h gurt' 4 IS a plot of a fimte ~kment model of t~ platform ~hM:h IlIu\lrate 
che may,.. plJlform ImmlOg. It ~IJ be: not~d that the dedr; frammg ~)\\.n In hgurt' 4 IS 
Mmphfied II .. the fiml~ ~kn'ICnl an:!lyses. Figure 4 also !i.h()\NS the plle~ ukndlO8 below 
'h~ 'leabed at the hoIt()ft1 (If tM platform. 

Orlglnllilltimace ScrenKl h AnDI)scs 

11K' on&II\81 ulun\;&te trrngth ana.ly~ of che Lomond platform \\.~re pcrformrd b pan 01 
an efton to ddm~ the approprlat~ lime mterYai betWeen un<k ...... .al~r InsptttK'lfl of the 
pbtform ltil Thll rtqUII"ed pu~\er analyses of the platform m us mlkt stale and 
Unl'IUS dama!l~ t.ltn (memhc:rs rt'ffiO\ed). 



The origmal ultimate )trength analyses of the 
Lomond platform IOCorportted 5C\'eral 
Slmplifymg assumptions. partICUlarly 10 that the 
platfonn foundation was modeled \\ nh 
eq\Jlvaknt hnear pnn&~ and tubular JOint fallu~ 
J'I1()(ks \\e~ negleckd This effectlvcly 
ellmmated twO very Important parameters whICh 
hali(' S1J'ICC been $hQ\\.'lI to mfluence the collapse 
lTength of the platform. Also. the methods for 

J'I1()(khng brace failure were somewhat smtphflOd 
and these methods were not proven to be 
conservative. The orlgmal analyses showed that 
the Lomond platfoon had a Reserve Strength 
RIIIO" 4.99. Platform ultmlite strength IS often 
charactenzed by this Rescl'\le Strength Ratio 
(RSR) ..... hw:h IS defined as follows: 

RSR • ~(u="="",,-,F..:,,",:::;.,::'::.' :.:PI:::"~fonn:::.::.:C::O:.:II='!::Pse~) 
Lateral Forte Calculated 

USing Cum:nt Design Procedures 

The value of RSR .. 4.99 Kemed eJtlJ'Cmcly high 
to Amoco engmeen. Other englneenng firms 
were relluned to perform a Similar analyses. 
producmg RSR v-alues ranging from 2.90 to 
S.08 Analyses A lhtough E m Figure 5 show 
,*-dlsplacement pIau from these: uuual 
anal)liC$. All results shown U1 Figure S art for 
force from the platform W('SI dU'e(:tlon and all 
RSR val"" ha\'(' bttn ca1culatro usmg a 
common 'deSign lat('fal Io.'\d' denommalOr of 
35.014 kllone .... toos. 

14' 

Surface 

t1llurr " 
KAR.\t \ \todd of Lomond Plalrorm 

The Figure S plot clt:arly LlJu5tral('s the vanablhlY thai can rt:sult from ultLmatc strength 
analyses "'hen the Input parameters and anal)sls assumptions art: not clostly controlled. It 
IS Inlef('stmg to !\Ole on the plot both the slgmflC.1llt ..-lInIbthty U1 prechctro ulumate 
strtngth and the sLgnlficant d.ffert:nce In Initial suffnc)s. SimIlar ... anablhty has been )00v. n 
U1 recent JOint IIldu~ pc'Oj('Ct v.or" U1 .... hJCh • number of compan)C's pc-rfonned ulumale 
Strt:ngth analy-ses of. smgl(' platform (7.81. 

The v.nte:rs wert: asked to Inv('sugale the: mlt181 ulumate strength results and to 
suppk:menl these ruullS wllh m-house analyses. In ·house anal)ses .... ere first performed 
usmg slmphfymg assumptions Similar to those of the orlimal engm~rmg consu ltant U'J 

or<kr to better understand the work that had been done 1llese In-house analyses showed 
that RSR values from 4,02 to S.78 can be produced Simply by varymg cenain mput 
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assumptlOO) relalf:'d to member failure. AnalysIs F on !-igure 5 illustrates resulb from one 
early Amoco m·hot!:Ie pu!Jlo .. er analysIs. 

Subsequent Ultimate Strength Analyses 

Subl.tquent 10 thiS 1Il1U31 series of analy~. certain of the contraclon mvohM were a!.led 

10 re-run anal)~s lOdudmg more detail in the model 10 represent tnelf best practice for 
perforTlllng ultimate strength analysts. Spe<:iflC3l1y, a full foundauon modd and bener 
IlIIcntlOO \0 Fllni failure were Included III the analy~ lllc=se analyses are bemg finahHd 
as thiS p:.per i~ bemg wrrflen. 

Amoco has performed subsequent m-hoo'le analysts usmg our evolving ultimate 51rength 
an.1tyslS 'recipe' 11IIS analYl>is work and the devdoprncnt 01 the analysis 'recipe' are still 
In progrel>!.. but preliminary ~su1ts have been produced for wave forc~s from the Pllltfonn 
West dlm:uoo. 'The~ result!> are Included 00 the Figure 5 plot as Analysis G 

lbe RSR value pmhcted by the Amoco m-house analYSIS lor the Platform West wa,c 
approad dlrtCllOfl I shown as 4.7. Ho~c'er. thiS value rTl.1y rrouc~ \OITlCwh:!t as 
appropriate care has nOI betn fully taken In characlenzmg lubular JOint strenglh and tlnk:e 
mrmber ultmule ducullty Ie\·cls. Figure 6 shO¥os lhe defonncd wpc of the Lomond 
pl:llform al ulumale strength With displacements rTl.1grufted 10 tllnes fOf" Iliustr."lllOO 

purposes. 



The platform collapse ~u~nce from Analysi.\. G IS summaru:ed as folll, ....... "-1m ~ar.;h Itrm 
number COCTt pondmg to a number label In Figure 6 

I. F'tsllMJa)tk: rt<;ponse In Iht- 3nal)'SIS occurs In the tkclc kg) al !he botlom k\(~l of the 
d«l Sl~ ~Jther the d«l framing nor the load di)tnbutioo on tht ckd. I) modded 
\t1')' lCCuratt:I)'.thl.s e\~nt IS not of slgnlrICant concern. 

2. The second ~n~.s of ev~nt.s Involves yielding In the top brace bet ..... ~~n the kgs lind the 
.!o~:.lrt pile .slee\'e!>. This I!> a bendlnglCompres)lon Yielding In II mll'k.W' brac~ Load p:llh.s 
are a\'llilable for load redlWlbuuon 

3. The IKlIt ev~nt IS the onset of y~ldmg In the piles below the seabed. FI~' y~1d occurs 
In the s1l1rt pile with the hlghe.!ot compression load as a comblnatl('lfl of bendmg and 
""al Compre~lon !>tress, Yltkhng follo,,-!> In Q(h~r .!olin piles and tht moun leg pll~s. 
A the load Increases. Yielding extends along increasing I~ngths of the pile!>, 

4. The first pnrn.vy X-brace ~mber fails Ul Comprnslon Thl ~mber IS m the second 
bay from the boltom of tht platform. Thl failure IS followed faJrly qu)dJy by \Inular 
conlpres.!olon X-brace failures In the same bay on op~lte IdeS of the pll!.tl(lllll It IS 

Intt:restlng to note thaI e ... en Il<lth CompresslOfl 
aU compre Ion X·brace buclled In one bay 
the platform IS !.tIll able to carry adlhllonallood 
m portal frame acllon \Upplemc:nted by the 
tefulOn capkll) of the ~nlng X~brxe 
""",bm 

S. Compression X-brace!> fall In the thlr(i framing 
bay lrom the botlOOl 

6. The ~XI .!.lgnirICant event I.!. the ylClding of the 
fif'it t~nslon X-brace nlCmber In the ~cond lxiy 
from the bouom of the platfonn. This IS S 
followed by ~lmllM fallure~ on opposite sKk.!. 
of the platform, buckling of compression X· 4 
braces In other platform ooys. and contmued 
l~nslOl'J X-brace fallu~s At thiS POln' lhe 
.!otructure IS ~~lstJng loads pnmanly through 
portal fmme action, Significant softening and 

latgt: displacements are evident in the global 
kJeoJ.-dlsplacement plot \ho"-n m Figure S. 

1. Final collapse I.!. caused by 
benJm"com~iOO faliUl~ of a roam Irg 
member after numc:rou ,'mlCal X·brace 
f.,lures cause slanlrICant portal frame llC1Jon 

6 

7 

2 

3 

Flcun 6 
DisplIIttd Stul~ -' "'I lform CcWtlpilt 

IDbfN.lNII"lfItd I(h.) 
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SlgmflCam lOelastic behavior is expc:nenced In the pile foundation but no foundation 
failure mechamsm is formed 

Wine .' orce "rome 

Common mduslry prncllce In modelinS lateral forces for SUlue pushover anai},S(:s IS to use 
• fora. pat1cm based on • design W3\1C height and Ii~y scale It\J~ force p3nem to 
platfonn ultimate cofJapse Increasmg wave forces on • platform. p:u1K:ulariy of the 
magmtude required 10 produce collapse level loads on the Lomond platform. can only 
come from 1I1creascd wave nelght. Calculations wert perfonned to show thaI for 
Lomond, collapse k\.'cl loadmg can only Ix: achieved when W3\1e5 are high enough 10 hI! 
the platform dtck levels. When the wave reaches the blocky areal> of the deck, vcry large 
forces are c"cned at the dccl. level, resultmg In a signific3m change In the wa ... e force 
pattern. W.vc·m-deck forces and the asSOCIIUed change In wa\iC force pattern ",-ere not 
Included by any of the eng1l'lcenng contractors In their Lomond analyses. TIus factor was 
mcluded m the I:ltest Amoco analYSIS and II IS the feehng of the wn~rs that thiS effect 
should be Included in a pushover analysis, 

Sourccs or II lgh Resene Strf:ngth 

One might reasonably queMlon why a platform might be pre<hcled 10 be able 10 wllhsumd 
forttS on the order of four limes liS ~Ign level loadmg, II might ~m thai the platform 
was O\'er«slgnc;i and that VlfT\e cost savmgs could ha\'e been achlC\ed by opumlzmg the 
design. The wnters have attempted to understand the sources of thiS high resen.e \trength 
and have come to the follOWing conclUSions: 

The Lomond pbllform components were 10 general not designed to code strength 
IOtCf'IICUon ratios of uactly 1.00. The tubular JOint connection de~lgn~ were generally 
controlled by faugue. which resulted in the brace ends belOg o\er·sized for strength 
To ease fabrication. II IS bellCved that the enure length of the brace was locrea!>ed to 
the wall thiCkness reqUired at the brnce end. llus resulted 10 a number of members 
haVing strength IOtel'3ctlon muDS on the order of 0.5 to 0.6 under design level loadlOg. 

The platform design process Included a large number of load cascs' extreme storm 
environmenlal ConditionS from eight approach duttllonS. a vanely of topsides 
productIOn equipment layouts (both present and future). loads from the dnlltng ng 
located over a number of different wells. fabrication and 11ft forces. transponauon and 
rnslall:mon forces. elc. Each platform member was siud for the worst loaO case for 
thai partICular member. With the resulting com~lIe structure bemg prrhaps 
overdeslgned for any IOgle load case. 

A three-dIOlCnSKJn.aJ X-braced structure. by lIS \CI')' nature. has a tremendous number 
of redundant load paths and can tolerate numerous component failures before ,lebal 
platform collapse. 



Full} opclmlzlnl lnKtural Reel ~~Ighl for the Lomond pbtfOlTll fl\1.) noc ha~e bttn a 
rna) .. : .. pm,lttl ob,Jttme F.cOOOJnK.: anal)~ of COO~tructlt'lfl Pft'IJt<'1 lor off~ 
h)drocNbon prodl.K:uon often sho~ thai mort bentl)1 em be I&Jned b)- mJocm, ltv 
time pc:nt dt I,run,. flhncaong. and mstalhna I platform (WlYby ..rouun, lime 10 
first h)'drocarOOn productlOll) than can br glulrd b) 'Ptfldlnl (');11"1 lime In dtslg" and 
flbn~aunn optlmllln& !otJ'Ut.;t\lral steel ",eight. 

Conclusion!! 

The: anal)'~\ of the l..omond platform hnt' bttn an Intere\C1na proJtCI few the wnte" "The 
Lomond plalfmn IS probably atypical of the platforms fllr whICh M!'\It:tural a~SClil>menl and 
uillmate $ll'cngth t1nllly~s are generally performed, Since It wali de\lincd and mstalltd so 
recc:mly <1991-921. Tht: motivation for these studlt'\ was m~uon planom,. not 
~swnenl for !oO"\'1Ct' hfe UlenSIOO. HO""t'H'r, the platform proved an cllc('lIenl lUI of 
SUle·ol-tht an ulumatr slI'r:ngth anal)sls procedures and the pruJt'1 howe<! that the 
ofl~ U\du\U) nttd 10 !k~ote funher effort to reducm, the \laI'lal'4hty an the ~Its of 
thne comrhca~ anal»)C') 

The authors belJC:\c that ultimate: smngtb anaJ)~.) (an the ICfIX of SOfTI(thmg Ix)ond 
deIIp btl lineN atW) a) I I mal part of lht suucru,..) ~!IoIl1en1 proctdUrt JI & 

hlahly recommmdtd thai a ItP-"lse appl'OKh Slmllar 10 the one pf{~ In thl paper or 
III API RP 2A Dnafl Section 11.0 [2.3) Ix uStd III bulldml up to an ultlfNl~ tmllth 
anal)W from a dew", k"d 11Th&'" analysIS. 

AU sumptH'lns tUtn an ultimate ~nglh anal)~ must Ix rusonable and JUSClrttd 
These: mpttoo art numr:rous III a fully non-linear anall'~ and un~bOnabk 

\Umpllom or nellecled component failure modes can draSllCally alttr the pw.hctcd 
platform collalhC trength and lead to high d('grees of vanabllllY In th(' anail'si ruults. 
Gu!dt:hnts for uillmat(' §~nlth anaI}slS art oet:ded 10 aSSist dt'llfIC'n and cngmttn 
.... t.o.e ('kptnrnce het pnmanly With hnear~lasttC anal) 

"''hue appropnatt III ,taue pusho~('r anal}:;es. ctwl~s 11'1 ..... a~·(' force profile should Ix 
Included For the platform dl$Cussed 111 thiS paptr. It can be shown thai eollapse b~1 
loedlng IS ooly po. Ible If tht wave reachts the platfonn deck d('vatlOf1 TIus cau~ a 
IoIgnlfJCanI ,tuft an the \alml fora: profile thai .... 1$ 1'101 acc:::oonlw for by any of the 
enltnOCrU\l COOlnk:lun. l!'ICtUSing the: lateBl k>Id by scallnl a lnak ~a\e fora: profik. 
a rrocedure follo .. w by ~t analysts an tht: IJ'Idustry. should not be u~d .... hen the 
~Ibtllt} 0( v.a~b reao.:htnllhe deck (''(IS(S. 

Modem offlhnre platforms V.lth lhroe-dunensKWli X-bractd framing can be upC'Cted to 
el}ubll high Ie~els of resene ~~ngth due to the high number of redundMit load paths 
prD\'1ded l:Iy thiS fTammlleometry. 

'" 
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ABSTRACT 
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In this paper, nondestructive methods for expenmental field testing of bnd~e5 are 
diSCussed Procedures currently aVllllablc: can be used 10 evaluate the many aging and deteriorating 
bridges on our roads and Interstates, USing a diagnostic field test. a posted, three-span, ~Iecl 
glrdrr-and-sJab bndge was rec:entJy evaluated. nus papt.r Will prescnt aJ1 overview ofttle testing 
whICh look: place. as ..... ell as how the load lest data was used 10 evaluate the bndge's load-c.anylng 
capacity. 

INTRODUCTION 

A pcbted bndge .• bndge which is signed to reslnCt traffic crossing II ~d upon • weight 
111111111100 below the normal legal lIrrut, represents an economIC hardship 10 the regIons KfWd by 
the bridge. The costs to society of !he posted bridge can be measured In tenns of miles and 
nunule$ of the detour mjulrcd for commercial traffIC, as well as !he tra .. e.hng publIC 

1lle cost of replacing all of the nations' defiCient bndges I prohlbll..lve. One ahe.matlve to 
replacement IS to strengthen or rehabilitate sub-standard bridges. 1I0we"er, before thiS option IS 
uerclscd, It 1$ useful to be able 10 evaluate the actual load-canylng capacity and slablllty of the 
bridge In question 

Tn.dltlooally, a OOdge's load-carrylng capacity has been based upon conservative, non 'Slle 
specific. calculatIons. As a result, many bridge-specific sirenglh and stabllJlY considerations can 
not be accurately addre sed. One method of more fully evaluating a brldg~ afe load-carrylng 
c.paclty mvolves field expenmentatloo. Due 10 technologICal advances In thiS area, the cost of 
field testing OOdges IS now relatively small m companson With the cost of rehabilitat ion. or lhe 
M)Cletai cosu associated With restricting traffic on a posted bodge. 

Through research supported by the Delaware Depanment of Transportation, the authors 
have evaluated the use of expenment.al bridge testing to determme accurate capacitIes of posted 
bndges. and have conducted a dmgnostlc load lest on one of Delaware's posted OOdges. 

This raper Will briefly review the current state-of-the-art m expenmental field testm& of 
bndges. and present one method for evalual.lng a bndges Ioad-carryma capacity based on a recc:ntly 
conducted field test. 

OJ\CKGROUND 

Cumntly. most bndges art: evaluated uSing Simplified ITlOdels that rely on structural 
dll'nenSIOll\ and properues delenmned from onglnal design plans and/or observallons made dunng 
oo-slte inspections. A a resuh, current ratIngs may not alway accurately re{\«.1 a bodge's afe 
INd-carrylna capacity. In fact. researchers have found that traditional load nltmg methods art: 
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Iyplcally qUite conservamc (Aklan CI _L 1993; BUIll and J~lcr 1990; CommlJldc:r 1989; 
uchtcnste:m 1995). 

E~n Jf an adunced analysIs of. bndge IS performed. tIWIy SOUrccf of cap«lty are 100 
bndge·speclfK: to be Included wlthom flCJd cxpenmc:nWlon 1'hese sourcc.s mclude the unc:xpected 
existence of composite KlIOn. umntended support fixll),. bencr-lhan-eJtpecled ialeraJ dlStnbulion of 
live loads. partiCipatiOn of secondary and non-§trucluntl components, dfects of acometry. and 
effects of two-way KUon 

One method for quanufylna bndge-speclfic sources of capacity. and more accurately 
determlnmg a bridge' load-carrylOl capacity. IS 10 conduct an cxpenmental field leSI (Schult 
1993). A state-of-the-art survey of cJtpenmenlal fitld tcstln8 of bndges by Edberg (1995) 
Indicated that many researchers are actively warl'.!"g In (hiS arca .ncludllll AX'I" and 
R •• havcndrachar (1990). Bakhl and Jaeger (1990. 1992), Burdcnc and Goodpasture (1988), Fu 
and Tana (1992). Goble et aI (1992). Moses et al. (1994). and PlnJarkar et al. (1990). Work. on 
developing appropriate. nondestruCllve test methodoloa1es for bridge t(Sona by the~ researchers 
and Others, combu\ed with the Increasing capability and affordablhty of teson, eqUipment (Schulz 
1989). has made the prospect of conducong rouone bndge load tests I realilY. In m:oanlllon of 
thiS, • ~ Manual For Bodae RIM, Through Nondestructl ... e Load Te tln'~ has recently been 
wnlten (LIchtenstein 1995a). In fact. the Ronda Department of Transportltlon (EI Shahawy and 
Gatti' J 989). the: New York Department of Transponauon (Fu el a1 . 1992). lhe OntariO MiniStry 
ofT~sportatJOn (Bikht and Csagoly 1979; BUh! and Jae~r 1990). and SWitzerland (Mark.ey 
1991) ate already mabna exlen5I\1t IJ5ie of expenmental f\ltld test1na to,..~ bndges 

DIAGNOSTIC AND PROOF LOAD TESTING 

EApenmenw f.rld IdUna of bndgfi can be divided Into 1""0 catea0ne5. dlaanostte tC:SlJ, 
and proof test. In I -semHtaoc· <h.,nostic lest. I truck havlnal predetenruned ",elahl.typlCAlly 
near Ihe bndge's rated capacity, IS slowly doven ac::ros the brldae on IC"eraJ different paths and 
the bridge response is measured The use of demountable Sirain transducers, descnbed by Schulz 
(1989), makes II posSible 10 fully InSlrumenl and tesl mosl shon-to-medlum span bndges In a 
sln,le day. The tranSducers conSI t of four foil resistance SIr&1n Iqes In a mo(hfied Wheatstone 
bndle configuratIOn embedded In an alumuJum nng The nn, has brkk.et which allow lhe ,age 
to be attached to a bndle member either by clamping the brack.ets directly 10 the member, or by 
boiling metal tabs 10 the brackets and the.n adhenng the tabs 10 the member Wllh a qUick sellin, 
two-pan epoxy. The tnnsduttrs can be attached 10 concrete members u 109 epoxy 10 the same 
manner as used wJlh led In thiS CIse, an utcnjlon IS used 10 pro"lde a lonler ,ap: lenath 
USlnalhls melhod. II Wide variety of bndges can be evalualed mcludln, sleel (rolled sections. 
plate-girders, and boxes) prestressed concrete (I-sectIons. boxes. etc .). and reinforced concrete 
(slab. and box alrder). Once the field tcst has been compleled. the measured response IS used to 
develop an accurate numencal model of the bndge. and !he model IS used to estunate the: nwumum 
allowable load 

In a proof lest . mcrc:mental loads are apphed to the bndge until either a tarfet load II 
ruched or a predetennu'ltd linut stile IS exceeded. To apply the required load, a pt(lallo3(lIng 
\-eh.c.le IS requu-ed 11Ic same type of IMtrumenlaoon used In a dlagno tiC test can be used In a 
proof test In IIddlOon 10 melSunnl straJM, deflection are otkn mo.utoml d .... nna a proof lest To 
el15lln; that no d.a.JnaF occurs due 10 the tc:sl. after each ",cremenl of load IS apphed 10 and removed 
from the bridge. the recO"ery of the bridge I carefully montlored USlni the mUlmum load 
applied, I sale capacity for the bndle can be detenruned For the proof test. the sale carryln, 
capac"Y can be detenntned ..... "h Jess IMtfUmenWlOQ and Without the need (or extenSlV'C analy I 

BOlh of these nKthods are currently belna used to e".luate bridges. EKh method has 
Idvantaaes and dlsad"anta,es While results (rom "semi-static" dllgnostlc lesU must be 



umpol'l~ In order 10 c lImJ.te II bodge's capacity, compared to proof Icsts they are less 
expensive to perform. reqlure II honc:r lest1Dg time. and CII.l5C: Ie dlV\lptlon to traffIC' The. 
Id"antaca of proof tt U Include the ability to nlle bndtes with leu alen ,'c .zW)'IIS, u well u 
the ablhty 10 evaluate ~ for ..,..h.!ch link mformallOn about the as-bl.ult conditIOn IS avatlable 

With regards 10 IS ue of MlbillIY, dJlgnosuc tesun& is preferable Since Instability IS • 

.sudden phenomena, the bulC proof test philosophy of Incrementally applYlna10ads unl,1 • target 
load IS achlc:\'ed. IS not desu'.ble Rather. by applylO8' -ufe· prWelCnmned load and conducted 
• d.agnostlc tcst, • substantial amount of Information reganhng the 5tructural condJllon and 
behavior of the bndac can be Iithered. This Informallon can In tum be used 10 numencall)' 
Investigate Issues of stllbility . The remainder of the paper will summarize the evaluation of. 
posted bndgc through the U'le of a diagnostic field lest 

FIELD TESTING Ot' A POST ED BRIDGE 

The steel·I,rocr·and· lab bndge tested In lhIs study was builtin 1940. II I located on the 
heavily tn\eled Lancaster Pike. and carnes traffic across the Red CI.y Crec.k In Wilmington. 
Delaware 1ne averlle daJly traffic and .... ertge daJly uuck InIflic for the bndse are 17.600 and 
900 respecuwJy 1be supe:rstructure consIStS o(~. Imply supported span,. each con litln! o( 
rune noo..composlte rolled steel 'Inkn The (ascla ,Irders consist o( rolled sectionS encased In 
concrete , On the center pan. (our equally spaced beams act as end and Intermediate dllpivagms 
1lIc: on&lnaJ ro-dway ConSiSted o( a 216-mrn-thic:k concrete deck With a 5O_8-mm-IhKk asphaJt 
o\'erJay, Secuon. plan. and eJe\'atlOn VieWS o(the bndae are dKtwn In FII . I 

Over the hlj tOf)' o( the bnd&e. a \'anety o( replln hne been made Corrosion o( 
dlaphrqms h been repaued With field -.. 'elded pille One o( the tul Ilrden has also 
upenenced COfT'Ollon In the re&Jon below an expansion JOint and Willi abo repaired with, field
welded pille To prevent (unher corrosIon damage to the Ilrders. they have ftCently been re
pa1nted In another repalf. the ends of the beams of the center pan were welded to their beanna 
plates. thereby restnmlnl rel,uve movement. ThIs condition has led to some. crkkJna of the pier 
caps JUSt below the uppon locatIons. 1be parapets have expe:neoced a conSlder.ble amount o( 
concrete spalhna. exposana iQme of the reinforcing steel Finally. addillonalasphalt overlays have 
been added to the bridge. cO\'enng the expansIon JOlnl5 and brlnlma the thlcknc s of the current 
weanng surface to approxImately 280 nun. 

In March o( 1994. the bndge IUS analyzed and rated by the Delaware Department o( 
Transportallon USIn& BRASS (1987). TIle analY515. whIch IncoflK)rlted an estimate of the 
corrosIon damage to tht IWdcrs. mdlcated that load restnctlons were needed The. computed 
Inventory. opcrauna. and posuna ralJnl (acton for Delaware's seven ralJnl vehICles In: soo ... n In 
Table I TI\e ratlQ, (acton (or pestlna ranae (rom 0_72 to 1.39 Ln Delaware. ratan& ractors (or 
posting are taken to be tqualto t ... o-thuds o( the Inventory ralm, plus one-third of the opcrallna 
faunl . All ralInp "et"C 1O,'emed by InsufftclCtlt nudSpan ~nt capacll)' of the center pan. AI 
a result o( the analysl • the bndge was posted for several vehICle type • partially reitnClin1 truck 
",nk 

Based on the rllCl that the center span control the current pos;ltna. onl)'!hl f'U was 
Instrumented_ Demountable strain tran~ucers ~ere attached to alllirders II midspan and 10 
se~tc:d ,uden at. localIons halfway between the coo or the £.lnkr and the fll'Itlntemal dIaphragm. 
1lIc: ttaNduccrs were cortntclod 10 a dl,ltaI data acqUlSlt10n system. wluch m:onkd stnIn hlSlonet 
caused by the loadanl vehKlc All transducers were mounted uSln, either c-clamps or a qUlck
setung adhesive applied to SpeCial mountmg tabs_ In all . 32 train transducen .. ere used The 
location and number assllned to each transducer are soo..n In Fia. 2 For the numbenn,. T 
S1gruf1C:5 that the traMduccr 15 attached to the top of the ,1J'dcr and B to the boctom 



,>4 

The: INdIO, "chICle used 'NOb • three-axle, ~ln,le·unlt truck (533') "'(llhlOl 223 ItN 
ThIS W(IIhl was s.hghlly les than the rated pasong (23 I k.,."J) for the three-nle confifuralJon 
With the bndge temporanly cJOStd 10 lrllmC fa few minutes at I lime). the truck wu slow '/ dnvcn 
.eros the bridge (al approxlnwely 8 kmlhr) and slta1n data, as a functJon of truck location, was 
recortkd for each channel AI 32 Hz.. Aflcr ach truck raM. SlnJns were mc:"utom!to en ure thai 
they wenl back to zero (u: .• no pennanent deformation). In order to obtain meanlOaful (bta 
re~ardLng bach lran~"crse and longlludtnalload dlsmbullon. the truck's dover-side wheels were 
dmen along three marked paths denoted PI • P) (KC FI,. 2), each having a dlffc~renl If'IInsvcrse 
posllJon on the deck In order 10 ensure consistent re.suhs. measurelDC'nLS were taken as the trucle 
made two passes alan, nch path 5u: truck passes were needed to collect all of the data, and the 
entire rJeld lt'St WIlS completed In a smgle day 

A tYPiCal strain history measured by '-"'nsducen on a Ilrder'S top and bottom n.nges at 
midspan IS hown In Fig. 3. Not~ thilt POSlllv~ slnLlns Indlcale l~nS lon Dunng the fi~ld lUI. lhe 
maxlmom Sirato recordrd WOb 7~ mlcrostnm. This value of .stram COlTtspond to a tenSile stresJ 
of 14 . .5 MPa (2.1 kSI). well below the steel's allowable tenSile stress. 

BRIDGE ANALYS IS 

In order 10 e'llmate a uJe load rallng for the bndge. a finlle element model WIS cn:ated 
based upon the dala from the dllgnosUC test, A planar and model of the own structoral elements. 
combined "'lUI I plate clement I't'prncnttna the deck. was used n.e plate\ aJlowcd lCCorate 
transverse dlSlnbotJOn of w~1 "-is 10 the glnlers. 

From the mcasul't'd dall. IWO Important characlenstacs of the bndge ~I't' Identified Firsl. 
under the load applied. II was evident that unintended composite IK:llon belwetn the 'Irdcn and 
the ded: w~ occomn, (see Fla. J), Second. the lon,llUdlnal §tra.ln dlstnbollon obsen'ed aJon, 
the ,Irorn Imhcattd WI some de~ of MJpport n:stn.ml. n:ferrcd 10 by Bakhl and Jaeec:r (1990. 
1992) as beann, reSlnInl forces. was dev~loped 

The de~munatK)n of composite sectJOn proptrues for the ,Irders Invol\led a senes of s~ps 
,"cludln, (I) the ldenuficluon of the neutral IXIS location from the measured trlJn data. (2) the 
(ielermlnallon of an effectl\le deck thickness. and (3) the final calcolatlon of section properties 
Incio(hng the composite moment of In~rtll. 

Even lhou,h the bndge was dc!ol,ned 10 ha\'e pln-and-rollcr JOints. mexlificallDns to the 
supports by mamten.nce forces (which Invol ... ed field-Welding of the beann, plates 10 the ends of 
the 'Irden) Introduced a mea!iorable amount of restraint. One .... ay 10 model beann, restramt 
forces IS to Incorporate a rotational spnng InlO the model at the supportS, To detenmne lhe 
appropnate: rotational spnna constanl. one can begin by looklng at strain meason:rnents along the 
len,th of, ,Irder when the centroid of the 10a(hn, \etucle Il al nudspan. If there: wen: no end 
restramt <Ideal pm-roller boundary condIlJDns). the str.lJnll would ,0 to z~ro II the reaction In thl 
case the .bsolute value of the end-to-midspan stram ratio would be: cqual to UfO, If the ends of the 
gu'der were: completely I't'stnlned (fixed boundary COndil.ion). the absolote vaJue of lhe end-to
nudspan strain rauo would be equal 10 0IlC_ By computing the measumt end·to-nudspan Slmn 
rauo. the dtarec of rest,.mt or perc~nt of fiXity can be detemuned, and In a('f'f'OPnate rocatlonal 
spon, stiffness. k,. can be found In thl§ cast. the mcasurW end·to-mldsp&n slnun rallo was 
estunated 10 be 020 (ie_. 20 percent fiXity) for both mtcnor and ~tenor ,U'ders 

Once ,II of the parameters for the model II,erc: C\tabhshed. the lest truck was placed on the 
model II J I discrete locluocu aJon, each of the three loading paths (I total of 33 truck POSitions). 
For each truck POSItion. an analySIS was performed In order to compare: the computcd results to 
those measured In the field. compul~d moments were: used to find strain al each of the glge 
lOCAtIons FI,. 4 IUU trate the accuracy of tbt model In predlclln, the 10ngl,,"hn.1 load 



dutnbutJOn by comparml measured and computW strains along the bottom race or grrdel'5 2 and" 
To see how well lJ'ans\erse load dlstnbutlon I prt'dlcted. Fig . .5 compares the measurt'd and 
computed strllJm, on the bottom rICe or each girder at nudspan . In both case • the flolle element 
model does a good JOb or captunng the recorded bndge rt'sponse. 

In addItion to the visual data companson. the accuracy or the model was also evaluated 
staostteally _ By utiliZing 1.0.56 comparisons between measure:d and computed strlJns (JJ truck 
location times 32 Sltaln transducers). absolute error. percent error. scale error. and a correlation 
coeffiCient wert' computed. The absolute error was 18.50 mlcr05traln (on average. this represents 
an error or less than 2 nllcrostram per reading). The perccnt error and scale error were 7.9 lind 
10.0 percent respectively. and the co~laoon coefficient was 0.97. These values. like the vIsual 
compansons. Indicate the: high degree: of accuracy or the: numerical model 

BRIDGE LOAD RATING BASED ON l'IELD TEST RESULTS 

I laving developed an accurate numencaltnodel of the center span. the brtdge could now be 
load raled. However. because the applied load was limited to a 223 Ir.N truck. two Lnlponant 
deciSion regardmg rn<:Kkhng IlSsumptions needed to be made In order to extrapolate rt'suhs to 
hIgher loads. 1be deciSions wert' whether umntended composIte action and/or umntended suppon 
~lratnt should be counted on at the hIgher loads 

Several ractors should be consldert'd In decidtng whether or nOi to utilize the additional 
suenlth caused by umntended composite action. 1bese ractors II'Iclude the curTtnt coO(lItlon or the 
bndle. III past and rmure traffIC hIStory. the amount of structural redundancy. and the potential ror 
ruture !1OndeslJUCll\'e SCruclurai evaluatton. In Ihl cast. the condilton of the deck and Ilrders was 
relatively good. Nellccttng the three: months Immedtately poor to the load test dunna which the 
bndge had been posted. there WIlS no reason to expect a change tn traffic pattcrns from earher years 
Ir the bndge were unposled SII\Ce the bridge had lTWntamed composite acllon to date. there was 
ootlunl 10 SUUeJit that II would abruptly lose compDllolle action in the rutu~. Furthermore. Since 
rune Ioogllud1nalllmm cUT)' two lanes ortraf(lC. the bridge has a high degree: of redundancy. and 
a loss of composite actIon would be likely 10 occur gndually and not result IR a sudden fatlurt' 

Based on thl'i eVidence. It aplXW'S ~a.'>()nable to include the effects or composite action in 
the final load rating of thiS particular bndge. If the bridge rallng is to be baKd on untntended 
composite acuon, a relatl\'ely f~uent IRSpec:tlon program IS recommended. Futurt' inspections 
should Include exarrunllJon or the deck-guder tntcrface. If tntegnty of the composIte atlton IS ever 
in que lion. addmonal load tests IIStng ambienl traffic should be IXrformed to detenmne neutral 
axis locatIOns. 

With regard to the suppons. It rnay no! be as ~asonable to rely on thiS untntended ~stratnt 
at hllher load levels The re.stnuntls a resuh or repair wort done to the bndge. which tnvolved 
welding the ends or the bearm 10 their bearing plates. Ttus restratnt tw. led to ctaCktnl or lhe piers 
Just below the support locations. Because of the poor conelilioo of the piers. which Implies that 
sigmficant beating rorce can develop, II seems reasonable 10 ba.~ the final load rating of thiS 
bndge on a model thllt neglects suppon restraint (I.e .• has Simply supported boundary condlllons). 
In ract, by rrpainn& the suppocu and restonDg Simply supponed conclttlORS. rurther damage 10 the 
p&e~ may be prevented 

Based on thiS reasontng. a finite element model incorponued composite secllon propenle 
and Simply supported ends (i.e., no support rt'stratnt) was used to evaluate and rate the bridge. 
RallOg racton (RF) for each bridge element .... ~rc. computed based on the: equation 



~ A~ 
RF = A l L ( I + I) (I ) 

where C IS the member caplClty based on a specified stress limit, 0 IS the maxImum tress 
developed due to dead loads, L 11 the maxImum stres developed duc to lIve loads, I II the Impacl 
fktor, and A t and Al ate the dead-load and IlVe·load fllCtOni for LFD ratln. R$pcclIvely. Results 
from the load test and lhe finJtc clement analy~ were u~d 10 delemunc the tenns In Eq I 
Member CapacltlCS wcre defined based on the measured ncuualun locatlOll and the Inventory and 
operating StIeS Icvels. In thl case. hmlltng values for Inventory Ind operating stresses fOt'lhe 
!ltul glrders were taken 10 be 124 MP, (18 ksi) and 172 MPa (2.5 k§1) respectIvely. These values 
were based on In assumed stetl r,lcld sIren8th of 227 MPa (33 bl), whICh was chosen due to the 
I~ ofthc structure . An Impact actor of27 percent, IS suggcSled In AASHTO (1989). was used 
LI"c· load and dead· load cffects were computed uSing the flnJte elcment model SII'lCe the entire 
bnd8c IS modeled IS a system, the use of a distribution ractor to detenmne load errects on a 
particular beam was not necessary. Instead, to account for multlplc-Inne loadings. sevcrnltruck 
pat.hll wcre defined for the raling vchiclcs. and stresses computed for each path ...... ere supenmposcd 
to~n the nwumum llve·1oad response 

For cach o f Delaware', seven rauna ~hlc~. cntlCaltn\'cntory and operatm, ratmg factors 
were computcd Based on the analyses, ratmg of the cxtcnor girders ...... as controlled by two lanes 
beln8 loaded, ...... hlle three lane load combmed with the 10 pc~nt l'Wuctlon (AAS IITO 1989) 
controUcd the ratlna of the Intenor gmlcrs. In all cascs. the. final load "'lntE wcre JO\'cmcd by 
nexunJ sttesseiln the lI111~nor~ . 1br computed ralU1& flCton are In--en In Table I 

Su)Ce untntended composite action was uuhud. values of honzontal shear stresses at the 
concrete slab/steel flange mterface ...... ere checked and found to accepllble based on 
teCOmJTIt.ndauOfls made by LlChtenstcln (199.5). ThrJ"e recommcndauons sugest lhat IImltlna 
bond wen81h' of 048 MP. (70 psI ) for non-Imbedded nanlcs. and 069 MPa (100 psI) for 
pattlallyor fully embedded flanges. can be con.servalJ\'ely u~ 

SUMMARY AND CONCLUSIONS 

Nondestructive methods for expenmenw field tesun8 of bndges have been discussed. 
EXlstmg method are rtlatl\'C~ ly simple to conduct. and results can be used 10 xaln a bener 
UnderstandIng of a bridge's structural condluon and behaVior. UstnglnformattOfl lathered dunna 
a field lest. en,meers call evalulle the bndges load-carrytng capacity In addUlon, dat11llhertd 
dunnl a dia,ooshc r\eld Ic." can be used 10 desc.lop al!CUr.\\c, ma\hemattc.! models of a bridae. 
whkh 10 tum can be used to numerically mvestigate stability Issues. 

Also presented In thiS paper is a summary of a diagnostic field tesl of a posted, three-span. 
stcel-gltder-and -slab bndge . Using the test results. bridge inspecllons repons. field observation , 
and ellJ1neenna Judgment, Inventory and operating load rallngs for Delaware's !levtn load vehiCles 
..... ere computed and found to range from 0 _99 to 1_83 and 2.16 to 4 .00, respectively. Usmg t.hesc: 
rallnas, lhe pl5tcd rating fac:tors ranJC from 1.38 to 2 . .55. These re ults indicate that the bndge's 
load-carrytng capacIty may be substanually higher than lhe current load le\'el mchcate (rteaJllhat 
the. cumnt posted taung facton range from 0.72 to 1.39) and sugest that the pGStlOglevcl on the 
bnd,c may be unnecessat)' 
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INTRODUCTION: 

BRIDGE DETER lORA TION 

John T. DeWolf 
Professor ofCiV11 Engmeenng 

Uruversity of Connecticut 
StorTS. Connecticut, V,SA 

'" 

The National Sclcnce Foundation has noted the need for the development of a 
cohesIVe strategy for renewal of the U.S. civil infrastructure Four key research 
areas are detenorauon SCience, assessment te<:hnolc>glcs, renewal enginecnng and 
lllStlnJuonaJ effecuveness and prodUCUVlty_ Included In these IS the enhancement of 
system pcrfonnance and ensunng the longeVIty of eXlstmg and future mfrastructure 
systems A5 noted by Bordogna (I), current methods are relauvely pruruuve and 
unrebable, prompc.mg conservatlVC, often costly deciSIOns He further notes the 
need for research In nondestructive evaJuauon techniques 

With few exceptions, bndges are presently mOOllored Wlth Vlsualtechruques 
It is nOI always possible 10 see all cntical areas, with the resuillhat problems go 
unnOl1ced unltl they become senous This approach also does not prOVIde 
mfonnauon berneen Inspecuons. A bridge Wlth a problem would reqUire more 
frequent mspectlons, requlnng additional manpower Fonunately, frulures have 
been hmlled Those that have occurred have been disastrous (Mlanus bndge U1 
Connecticut In 1983 and the Schohane bndge In New York U1 1987 are examples) 

Work dunng the past decade at the Umverslty ofConneclicut has been 
d1rected toward field monllonng of bridges, U1volvmg both stram measurements and 
vibrational studies We presently have a fully operational monnonng system 
mounted on a Connecticut bridge and portable equipment for short tenn studies, as 
needed This work bas resulted III substantial savmgs to the State of Connecticut by 
providmg mfonnauon in the continued effons to renew and mallltain the state's 
bndge mfrastructure It has also provided research mfonnalJon m field monttonng 
11U5 paper reV1ews some of the efforts at developmg V1bralJonai techruques wluch 
can be used for a systems approach to the contmuous morulonng of bndges under 
normal traffic JoadlOg 
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VIBRATJOi'/AL MOi'/lIORI 'G: 

Many te<:hmques are avadable for bridge morutonog Those IDvolvmg 
deformauoos inc::ludc stram measmemen15 and detemunauon of dcne<:uons These 
are most useful where there IS a known problem so that the sensors may be located 
to determme specific mfonnalloR They do not provide for globaJ mOOltonng. which 
both requires thai a major portion of the structure be under surveillance and requtres 
evaluation of different potential failure mechanisms Furthermore, smce changes in 
strams and other dcfonnalJon! are relatively small. even when there IS a major 
change in the bridge 's structural integrity, these localited measurements of 51 rams 
and deflections are wllikely to mdicate a problem exists. 

Vibrational measurements have been successfully used In many different 
applications for global evaluations Manufacturing plants rely on thiS approach to 
prevent breakdowns ID cntlcaJ eqwpme:nt whicb can result In scnous loss to 
prodUCtion capacities Power plants also use vibrational measurements to mamtam 
contmued power generation One of the benefits m usmg Vlbrauonal data IS the 
Wide vanety of ways m which the mfonnation can be processed 11us allows for 
development of techOlques which can magrufy the changes which occur when the 
structural lDlegnty IS compromised 

An essential requirement in bridges is the need to use contmumg excitation 
for evaluation A momtonng approach which reqUIres use of a test vehicle, or other 
specialized loadmg, is limited to use only when sufficient manpower IS available to 
operate the system nus type of Inspection technique nonnally requires closmg of 
the bridge to conduct the momtonng. This is not readily done with many of the 
more heaVIly trafficked bndges on the nalions's hlghway system 

A Significant portion of me work at the Umvcrsity ofConneclicut during the 
past decade to adapt V1bratlonal morulonng to bridges has Involved development of 
new equipment and adaptlon of evaluative techciques What has been done for 
machmery and power plants, while proV1ding a baSIS of tins work.. has not been 
directly applicable to bridges Typically, bridges are more complex than parts of 
manufacturing planlS, With members which are neither homogeneous nor always 
rigidity connected together The frequency ranges for bndges are much lower than 
most other applications, requlnng special sensors. Loads, I e traffic loadU1g, IS 

highly vanable, with different verucle weights/sizes, verucle suspension systems, 
speeds and travel lanes The exterior envtronment. With all kinds of weather 
condibons. neces Itates careful deSign for long-term use. Much greater care IS 

needed In developing ways to process the data so that the vibrational slgnatw'e IS 



able to renee! that there has been a change in the structural mtegnty 

1be folloWing IS a rcVlCW of some of the studies which are proVldang 
researchers II the Uruverslty of Connecticut W1lh some of the Icey components 
needed for a fully opcrauonaJ contmuous morutonng system 

FIELD MONITORING STUDIES IN CONNECTICUT: 

16\ 

Research In vtbrations at the Umverslty of Connecticut began with a study of 
a four span conunUDUS steel plale girder bridge (2). The bridge longitudinal v;ew 
and cross section are shown in Fig. I BOIh lest vehicles and nonnal traffic were 
used 10 descnbe the vibrational behavior, determme the sigruficance oftbe 
vibrations on the structural tnlegnty of the bridge and make recommendatIOns If 
needed on what nughl be done to reduce the VlbraUon should they have a negauve 
Influence on the bndge's 'lnlCturaI capacny. 

l 
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(a) Bndge longitudinal View (Half ofSymmetneal Bndge) 
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~ 1 'I I' I~ 1 I 1 
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(b) Bndge Cros, See"on 

figure 1 Four Span ConunUOUJ Bndge 
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In addition to characterizmg the behavior and concluding that the vibrations 
were not detrimental to the long-Ienn perfonnance of the bridge, this study of a 
large indetenninate bridge indicated that nonnal traffic could be used to charactenze 
the global perfonnance. The natural frequencies and mode shapes for the lowest 
natural frequencies were discemable from Donna1 traffic loading. Ponlons of this 
mformation do no change with different vehicles, speed or travel lanes The study 
also demonstrated that vibrationa1 equipment, both sensors and processing hardware 
and software, needed further development for application to bridge studies. The 
main conclusion was that vibrational monitoring had possibilities for continuous, 
long-lenn bridge momtoring. In addition, extensive analytical work followed the 
field study to gain a better Wlderstanding how different factors influence the 
vibrational penonnance. 

A model study was developed to learn more about how vibrational monitoring 
might be applied to bridges (3,4). An alwninwn plate girder strucnrre was built. 
consisting of two I-sections made from elements, allowmg for replacement of 
different elements as cracks were mtroduced. The bndge was tested as both a 
smgle span and a two span structure The model bndge IS shown IJ1 Fig 2 
Different vehicles were pulled across the bridge at different speeds while 
accelerations were recorded. The ambient vibration method was employed to define 
the resulting behaV10r 

Degradation tests included both introduction of a crack into one of the 1-
seclions and movement of different supports. The conclUSions were that the 
ambient vibration method could be used for natural frequency and modal shape 
detenninations, that both natural frequencies and mode shapes e,mibited changes 
when cracks and suppon displacements occurred, and that the approach had 
potential for bridge monitoring. 
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I: . 
:IX 

(a) Bridge Longitudinal View 

(b) Bridge Cross-Seetlon 

F'gure 2 Model Bndge 

Addll10naJ field tests were conducted to dctemuoe whether ",bral1onaJ 
signatures In the form of frequency response plots were obtamable for a full scale 
bndge uSing !he same eqwpmenl and methodology employed In !he laboralOf)' 
model study These were also used to defme requirements for both sensors and the 
hardware needed for interaction with the sensors In order to apply the Vlbrauonal 
le<:hnlQue to lang·term bndge momtonng. 

A prototype momtonng system was next developed for continUOus, long-term 
mstallatlon on bndges TIus work was earned out wllh suppon from a State of 
Connecticut economic development InitiatIVe In conJwlcuon with V,bra·Melncs. a 
CoMecllcut Company speclahzing In manufacrute of VIbrational equipment The 
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design of the system included development of specific sensors for use on bridges 
and a complete package of hardware and software for collectmg the data. The 
system is remotely controlled and capable of collecting data on a contmuous basiS. 

The system has 16 accelerometers which provide for detennination of the bridge's 
modal pc:rfonnance 

The monitoring system was first placed on a newer Connecticut single span 
bridge (5). The cross·section and the framing plan with accelerometer locations are 
shown in Fig. 3. 

(a) Bridge Cross-Section 

." ...... -.: .... 

(b) Framing Plan and Accelerometer Locations 

Figure 3 Bridge With Prototype Monitoring System 
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An example of a response spectrum is shown 111 Fig. 4 This speGmnn plots 
volts (proportlonaJ to the acceleration levels) versus naturallTequcnclcs. based on 
data processed from a smallllnlc period. Generally I major peaks lit the response 
spectrum correspond to natural frequencies. In bndges, only the lowest natural 
frequencies are measurable The levels of excitation for higher frequencies IS below 
the system nOise levels D1fferent spectrum clean up techniques can reduce the 
noise levels and unproved system resolutJons can aid In detenmnallon of higher 
frequency levels Most smaller and mediwn span hndges do not exhibit morc than 
about 5 natural frequencies . tn thiS study, the three lowest natural frequencies , at 
2.01 Hz. 2.37 Hz and 4.16 liz, were decipherable at most sensors in most tests. 
Others occurred sporadically 

..... 

t.". 

I .' .. . . II .' 1'".1 n.' "' II.' II. n.' , .. 
Figure 4 Example Response Spectrum 

The frequency spectra for different sensors along wilh phase IIlfonnaiion can 
be processed 10 produce mode shapes. There are both flexural mode shapes, With 

longttudlnaJ vanallons III dlsplacemenl, and torsional mode shape • with both 
longitudmal and transverSe vanallons III dlsplacemenls The mode shapes for the 
first flexural and first torsional natural frequencies are shown III Figs 5 and 6, 
respectively. 
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Figure 5 Mode Shape for First Flexural Mode 

Figure 6 Mode Shape for First Torsional Mode 
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80th the natw-a1 frequencies and mode shapes were used to charactenze the 
hndge, I e to develop a Vibrational signature The data collected dunng a year was 
analyzed statistically for stability 

Another study (6), conducted by Lauzon for the Connecticut Deparunent of 
Transportatton and in which researchers al the Umverslty ofConnecttcut 
paniclpated. involved mtroductlon of a crack into a full-scale highway bridge 
scheduled for replacement. The cross-section or the test span, using a portion of tile 
width, is shown in Fig 7. The crack was introduced inlo girder C near the center of 
the span 

.00' A~ Asph.aft 
.15· Oed< 

Figure 7 Cross-Section of Test Span with Failure Mechamsm 

The results from Lauzon's study are being evaluated co decemline how actual 
field vibrational information can be used to predict major changes in structural 
mtegnry. Preliminary results (6) have demonstrated that changes In speCific natural 
frequencies are not suffiCient to indicate a change In the structural integnty has 
occurred However, additional frequency peaks develop and can be used in thiS 
predlcllon There are also substantial changes in modal shapes which can be used 
for monitoring purposes 

The prototype mOOitonng system is presently mounted on an older, 
continuous two-span steel gtrder bndge. The system resolution has been Increased. 
allowlOg for better detenmnatlons of the response mformatlon One of the 
considerallons Involved In thIS study is how temperature changes and frozen 
beanngs modlfy the VIbrational results This work Will be reported on shol1ly 
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CONCLUSIONS: 

Vibrational momtonng. based on use of normal traffic excnauon, can be used 
to develop a signature for the bndge The goal of thiS contlnumg work has been to 
use this Slgn31W'e as a basis for conhnuous moOltonng to prevent catastrophic 
consequences. 

It has been necessary 10 design special equipment for the vibrational 
momtonng In the bndges studied It has also been necessary to use appropriate 
evaluative techmques This mcludes the choice of software used and delemllnallon 
ofthosc Items which will change as the bndge 's structural mtegnty changes 
Frequency based compansons are In themselves not adequate The modal shapes 
offer more IOfonnahon for momtonng purposes. Statistical evaluation of the 
resulting data must be used with carefully developed evaluative techmques These 
are now under development 
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EXPERlMEl\'TAL EVALUATION: ACin,. IHleriorllled and OamJll w StruCluJ"ft 

Peter C. Birkcmoe l 

INmopUO'ION 

The purpose OrlNS paper is 10 help define Ihe role of"uptriml'lltacion" in the general arca of 
maintenance, rehabilitation and repair and in the panacular area ofSlructurc.s which Ihrough wear, 
ume or catastrophe reqwre eng1neenng evaJUilion and solutions to maintain safe operation or extend 
the use of the structure 10 new functions Anolher aspect of the discussion is that only problems 
rdaled to the stabllny of mellIl structures are addressed 

Expcnmcntation and measurement are VIewed as synonymous in this context and thus whechcr 
• laboratory controlled study or the measurement of geotMtric properties of. structure for 
engtneenng evarualKm. stmi1ar pnncipIes and goals arc involved And II can be shown lI\at laboratory 
and field measurements both contribute to the general kno",ledge of slruclures and hive II global 
effect On cngmeenng practice IN-OUgh the mochficallOn and Interpretauon of codes and standards 

The evaJultlon of structures WIth significant in(ont\flllon often pennits more sophlsllcated 
anaI)'t1Cll techruqueJ which remove conservatism usociated With uncenamtleJ that were present m 
the anginal design tllne Analytical modelling methods which are often evaluated through dire<:! 
companton With phy»caI modelling can now be used to advantage to obtam, for example, impro ... ed 
evaluItlOnsofrelldual strength. including many panmeters explicitly known through rMasurement 

STBlICIIlRAI CIIANG£S 

The changeJ that tend 10 affect Stability rdated behavior are those which affect dm'ltn~ons and/or 
stdfuess. and an Important aspect that separates tlus tOpiC from conceptual design is the fact that we 
are dealing With an existing structure and thus have more information of. specific nature th.n one 
generaUy has at hand In origmai designs StfUClUrai changes that cause reason for any evaluation can 
be classified broadly as follows 

• USAGE 
Funcllonal requirements change with owners, activitieJ, markets etc and generally have 
IncreHed demands on the structure from the standpoint of load magnitude, frequency and 
location Increases in dead load through repairs and maintenance as well as major reduCllOns 
resulung from altemative materials conlribulC: to the structural changes usociated with use 

• VOLUME 
~hleri.lloss through wear or corroSion es.stnllally produces a structure which IS weaker and 

I Professor. Depa.nment of Civil Engineenn&. University of Toronlo 
35 SI George StrteC. Galbnuth Bldg. 213. Toronto. OnWio M5S IA4 CANADA 
Telephone (416) 918-5908 F"" (416) 978~13 
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more f\c.'(Jble u the result of voIumehtuclrness changes Although not tn the same realm. 
structural mo(hflCallOn such u d1C removal of poruons of the structure 10 accommodate an 
unrdlltd activity can be Included in ttus category 

• SIIAPE 
The configuration of. structure may be changed enough to render II globally or locally weaker 
than It WlJ In lIS il'lllial configuration, similarly material propenies may be changed and allhaugh 
nOI "scometric" the resulls may be similar Examples of changts In this category include 
diJtOftion by fi~ toIlisKln lind overload The nature may be locil (denied or panially collapsed 
erOH JeCUOlU), global (frlrr16 over loaded in I storm or colliSion 10 caUIe permanent 
deformallons) .nd materi.1 response (ahered yield strength or ulumale strength in mecal 
stNClures).s. result offire or strain hardening from I setsmic event 

Thus the changes II' JCOITICll)' • .Il1ffness and loading while W1trun these broader changes In structures 
can be In lum rdated 10 stltMilty COfl5iden.uol\5 whlch roost be addressed 10 provtdc I reliable 
performance and Idcquate wet)' From the pou1l of\o1CW o(slIbdllY. these IU\laural changes wruch 
are of concern In ~ structural d~gnJ I1'IJSI be add~ In light of the evaluauons of the 
conditIOnS that oust In the structure rather than those established as the norm or defined In terms of 
accepted stwards or 1cMerance:s II iJ her"e that the measuremenl oflhe CONhuOrt of lhe structure 
becomes an estentl81 element of the evaJuatton and solution 

MEASIlREMENT ! EXPERIMPITATIOiS 

Meastrement is the 1U~anc:e ofwtw one does in expenmenlatlon and thus It CIon be VIewed as part 
of the evaluation and assessment process and may become an Integral pan of the design Three 
speci6c "areas" or "examples" will be Cited here to show the usociatlon Others could be added, but 
these were chosen to cover the SlIUllions described above and to relate to the theme of "aging, 
deteriorated and damaged structures " 

• S!OIC!J,[n "" bl'llf' ,ad " " they Irr Iftcr I "",bile" 

Steel bndge design is an exerCIse In funccional geometry applied to pedestnan, tughW1lY and rail 
transport In fabnclllon the geomdric specificatiOns (tolerances) have a majOf' Impact on the 
economy, rate and cost Dncige standards gencnDy have very scnngcnt tolerances some of which 
are not 8IwIYS II;:lueved In practice 

Korol and Thlmmhardf followed the fabrication and erection of sever81 major bodges to 
determIne the nature of the "u-fabricated and as constructed" ImperfechOns In pille and bol[ 
,Irder bndge constructIOn They devtsed some labor1tory eqUipment wluch had a degree of 
Slmphcny and certamty thaI made measuremenlJ orthe geometry of plates and stiffeners quite 
accurate and straIght forward This study showed, as Others have. that many techniques of 

J Thlmmh.lnJ) , e G and Korol, R M_. "Geornetm IInptrfecaor. and WlIeranees for pee! box 
pnkr brkJld, ClnaJ,~n JourN! ofCivi! Enc!neerinc, Vol. 15 , No. J , !988, ~J7~2 
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Fig I Measurements of Dlstortion Fig 2 Distortion as I Function of Thickness 

measurcment developed for the laboratory environment have direct applici llon 10 fidd 
problems 1"he!.r Sludy foUowed the fabrication and erection of bridges and compared .he several 
Canad.an bridges to the prescribed tolerances ~ deviations from the Ideal were generally 
measured as they art prescribed In I~S of an amount relalive 10 the nonunallenglh of the 
dcmc:nllnvolved. see Fig I A Simple ofthcir findings. in Fig 2, illustrates what IS often found 
in field I1'Ie&SUremcnll the nalure and/or magrutudt oflhc distonion IS nOI .s lI\(hcated by the 
tolerances wroth are prescribed In spcciflCltions The out-of·SlfllghtnesS, IS I functIon of the 
pinel w;dlh, is shown to exceed typical specification requirements of 1 In 200 IS the tluckness 
of the pilit decreases The results of studies of lhis nature should Influence the revtSlon of 
standards to reflect the reahty of what can be achieved and may, as well. lead 10 mo(hficauons 
In specificatlon formulas for design 

• CORROS ION ", s1gwly ,Mosms geommy" 

"The \oog ttm'l effect of COI'TosK)n of met.! structurtS aK many, but from the 5\alnlJty and sumgth 
standpoint It is a simple dimensional reduction which increases stresses and ge~ally causes a 
degndation tn sllffnds parameters which in tum reduce buckling strmgth Current examples 
of corroston probImu are found III the ofUhore oil production industry and In the transponatton 
industry 

In current research at Lehigh Univer$lty under the direction of Ostapmko and Rlcles, the 
corrosion effect on tubular members in offshore platforms are being quantified through 
expenmen1at)()fl on members mnoved from structures taken OUI of servtce ThIS work provides 
an example or expenmentation wl'uch, unlike the previous example which Involved laboratory 
measurements In the fidd . bnngs the reality or the fidd Into the test laboratOfY RIgorous 
mtlSUrement of the ansata geometry is bang correlated WIth mtasured strength while models 
for the analytical determmalion are being de'\leloped to t.SSC5 strength reduChOn and to 
determine the neflt and feaslblhty of repair This joint Industry sponsored research also IS 
tumlntna methods of repair for field application, again, experimental and analytical evaluation 
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are betn. earned 00110 prO\idc: • comprehensive solution One of 1M blUest chaJJ~ts has 
b«n the charactcnzauon of the COfTOSK)fI v.hich may be uruform but IS more commonly 
~mzt.d by. random thtcl:ness reduction WIth kKaJ pcrforahon \i.pptna of the corrOSIon 
condlUon III the r~Jd will be • m&jOI' conStdenllOn III the evaJuauon of the safety of UlIMa 
JUuccura Expenmcnlallcdnques devdopcd In lhe Iabontory ",,11 PfCMde ""dance (or these 
procedures 

The research dcsc:ribc:d above IS dirtC1td toward tubular mml~S. but the approach can also 
belnJ used (or the evaluation ofbridgc and building structures ",hk.h have been exposed 10' 
corroSIve tn\>'1ronmenl 

• DENTING.od QlSTORTION "1S"5smg Yisjble damage" 

The third e".mple of experimental apphcallons duls with the damage through dentmg and 
dlstonlOfl of members ",hlCh re:sults from impact With III object or the experience of In excursion 
of overload which causcs permanent large defomlations In the member or SlruclUre The 
e!lper1memaJ cvalualKMl of dtnu:d lubular member hu been underway for the put two decades, 
spufred princi~lIy by the offlhorc 011 and gas Industry Here. damage of members In heavily 
redundanl Slruclure!! dOe!! not Icad to collapse but rather a polcnual weakcrung and Ihc 
asseument oftheat wcakenlng is a mlJor economic and safCl)' considcrahon 

Rcccnl c:xamples of "patttally" faded structures and structural clements In the carthquake In 

Japan U1dicalc thai a gcncnI need CXlSU for the C\<-.luatlOn structures wluch ha\C bttn damaged 
In thc d,magc afttrmllh numerous cJ(amples ofbocklcd suuccurcs ",hlch wnc SIIII stanchng 
showed thai knowledgc of the poltbucklcd strength could be of arcat benefit In safCl)' 
assaunent. cllJItCll buckling dutOl1IOfU could be rdated to expmmcntaJ SludlCS whtch had 
measurcd and led to the de-odopmcnt ofmodcis rICk! measurement or the configurauon of 
damaged struCCures IS n«essary for modelhng the subsequent ~haVlor and lechruquCJ and 
guldclines mull be dC\-dopcd In dus"new sur.'cy1ng " 

SUMMA RY 

Through a fcw Sodected examplCJ. lhe reillionship has been bctW'fffI MC.'(pmmcnlatIOO" and the 
eva!uauon of"strucrurcs lhat ha\-e changed" has been illustrated An attcmpi has been made to show 

Ihal Ihc cllSsical techniques of Ike laboratory can be cxleodcd to the field and thai anywherc 
measurement is Involved one has the essential dement of experimentation With the growth of 
IOphisticllion in analytical capabilll)' potcnlial practical bcncfill requlrc lhe need for morc "rcal" 
information throop measurement Some InduSlrics haliC been dcalmg wllh Ihil problem and have 
provided Insighl for applications to othct- arcas In dealing with aging. dCleriorated and damaged 
structures thc paramount nttd for quantitative field assessment has been reinforced 
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AN ANA LY11 CAUEX PERIM ENTAL VERifiCATI ON STUDY FO R LOCATING 
OA \lA GE IN STRliCft:RAL SYST":MS 

John B Kosmatka' and JaJ'I'It M RICks' 

ABSTRACf 

A m~thodolo8Y IS pru~"t~d for d~u('tIl18 structural dumag, III slmer"T",! by nond~strnctll" 
m~ans. n" proudu" 1.1 basl!d on usl1lg upulm,nlally mttUurt'd m(Hlu II, CfmJwlction wah (I 
proadurt! thar us,d \·,brlllory rnidual forets and a 'I1'tighwl sl'Iu .. ,Mty una/rIb to {,sf/matt th, 
ut,m of maSJ wId/or sflf!nl'U \'orlUli(JnJ. Th, ml'lhod ~'as applit!d to a 1m-btl,· SpllU /m.u, (md 
is shoKn to accurat,fy prtd,et rh,. Jt!I.,.riry of stijfrtUJ changl' (lJ ",I'lf as lIny ch(m~t' in mass for 
[ou, dijfutn, damu~, sct!norlOJ 

I!'IoT RODUCTION 

SUUCIU~ .systt:rru are susceptible 10 structural damage o\'er the,r operalln, h\'C:s due 10 
Impact. operating 1(Mds, fatIgue. and corrosion Undetected mtmbtr dama&e can rc"sult In the 
(.llun of the cOfflpoMnlS of the SlIuctUfe. mcJudJng fraclure In tenSion or instability under 
COTnpre!Slon_ Consequently, the structural system's mtegnty and safety can bec~me JWPMdlud 
In the past, numerous damage msp«:tlon methods and mo,utonng systems havc been developed 
Examples Ul(;ludc II.-ray: electron scannmg: ult~nd: magnetu: n:owrumce Imagery: com 
tappmg, dyc penetrauon: ViSUal mspectlon. These methods lend 10 be tnne: consumlOg for they 
arc local assc:ssmenlS, often reql.llnng the CII.JlOSun: of structural element!; 10 the mspeclor and 
equIpment ror de:tcctmg damagc 

As an altemallve, and whIch forms the basis ror the curn:nt study, IS to rcc::ogmu that 
modal VibratIon test data (structural natural rrequencles and mode shapes) charac:tem.e the stale 
of a structure (Ewms 1984). Then:forc, modal dala acqum:d II dlflen:nt periods dunng a 
structure's lire can be used to dlsungUlsh whether change (e_g_ damage) has occurred. by 
companng these dala WIth a ~t of baseline data. Modal tesllng as a means or mspecllon has 
many oovanllBes. whIch lead to a reduction In schedule and costs_ Included among these 
advantage arc that the dlrc<:t CIlpo!lure or the structural elemenu III not reqUIred while more or 
the completc structu!'t can be IOspectcd m one modal lest. 

The past use of modal test dala to locale structural damagc has been Ullh1.td to cvaluatc 
the IOlel"'Y of ofrshore 011 and gas platrorms [VandIver 1975: Corpohno and Rubm 1980). 
composite lammatcs (Crawley and Adams 197901]. continuum ii!r\k.:tUrtS (Adams cl al 1918. 
Cl'2wlcy and Adam 1919b. Pad, et al. 1988; Stubbs and Q.cgueda 1990]. and recently large 
spacc structurn ISmlth and Uendricks 1981; Chcn and Garba 1988: Siubbs et al 1990]. All of 
thiS preVIOUS work have a severe limllallon, for they arc based on an approach that assumes Ihc 

• AIaOC'* Prof~_ u( ArPI~ MechUlIQ, [kopartrncnl of A.rPIlCd Mechanic. and En,lnomn, Sue:nca. 
UIII¥C:fAly ofCaI,forma. s.n OIe:ao. La Jolla. CA. 
',,-,1oIU Pro(er.or or CI"'I Ea,IDft'fln,. Or:pwtmclll of CIVil and EaVII'QIIlII(fllAI En,ulCIenn,. LdnJh Unlvemly. 
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system's mass IS constant and changes 10 VlbralJon chllBClensllcs are associated with only 
Sllffnes5 vanallons Furthermore. these approaches do not account (or vanallons 10 the mode 
shapes. uncertamly In structural parameters. as well as Lnstrumentatlon accuracy 

Presented In the current study IS • new methodology for nonode trucilve detection of 
damage 10 nCJuble structures (Ricks and Kosmatka 1992, Kosmatka and Rides 1993) nils 
methodology U,56 measured modal data along with. corTellled analytIcal slru~lural model 10 
(1) first locllc potentially da.magcd regIons uSing residual modal force ,"'ecIOfS (based on Chen 
and Garba 1988); and men, (2) to conduct I weighted senslIIv"y analysIs (based on Collins ct ai, 
1974) 10 assess the exlent of mass andlor stIffness vanallons. where damage IS charactenzed as a 
reduction In stlrrnes . TIle current approach IS umque among all c}l:istmg approachc: • 10 Ihal It 

accounts for. (I) vanallon! In a system's mass. suffTlC$s, and center of mass locations; (2) 
perturbations of both me natural frequeocles and modal vectors~ and, (3) statlsucal confidence 
factors for me structural paramelen and potential experimental Instrumentallon error Re ults 
associated With four structural damage configurations for a ten-bay space tru s are presented 
'T'hese results Illustrate the potenllal of the approach and serve 10 validate Its rellablhty 

THEORETICAL B CKGROUND 

TIle methodology for the non~tnletlve damage detection procedure I shown In FIB· I, 
where the al,onthm IS hown to consist of three malO steps (I) modaltesl1n& and eorrellllon~ 
(2) locallon of potential damage rellon ; and, (3) as~ment of the 5e\'enty of dama&e, In the 
modal testmg and correlation phase, an expenmental modal survey I performed on the baseline 
(undamaged) structUte to obtalO measured system vibration properties which Inclu~ the 
natural frequencies m. and modes shapes ¢I .. These measured properties are subsequently used 10 
develop a correlated (~lInt:) analytical model usmg a system ldenuficatlon techmque, which is 
similar to that (or assessing the seventy of damage and WIll be diSCUSsed more later, The 
cofTCSpondmg analytical vlbl'llt lon properties are noted as A, and Include modes shapes (4),) and 

(requencies (toJ. ThIs analytIcal model IS used as a basiS (or comparison In the remaining two 
steps of the algonthm. The sc:cond step of the algorithm Involves conducting a modal survey on 
the structure after it has been 11'1 service, 11'1 order 10 measure the vibration propertIes A~, wh ich 
include5 natural frequcncies w~ and mode shapes 41 •. The subscript d is used to designate the 
structural configuration that includes the potential damage. The properties A~ are u~d to identify 
regions in the structure where potential damage IS located The final step 11'1 the procedure is to 
assess the severity of damage, by calculatll'lg structural parameters r~ 11'1 damaged regions uSll'lg a 
sensitivity analysis The sensllivlty analysis II'Ivolves the use of the vlbrullon prOperties A, and 

A,. 

The selecllon of modes that are used to develop the correlated analytical model are based 
on three: cnleria; (I) a smaller frequency aro bet ..... een and A, compared to and A •• (2) a 
supenor set of modal IlliSUrancc. cntt:non (MAC) values between and A. compared to A.. IUId 
A.; and. (3) an adequate cross-orthogonahty vector check (COR) betwttn and A .. Consldenng 
the Ith mode, and and A~, the frequency stuft and MAC values are 

(1) 
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(2) 

(l) 

In whICh M, Ii; the anal)'hcal mass maIm:. and) the instrumentation measurt:ment loca"on In the 
rnod&J $un~y The a.ucssmenl (or IS prrforrned by replacln, A, with A. In Eq~ (I) 
through (J) The first cntena (e, Eq (I)) IS sometllnci dlfflCUh 10 IIsfy. and can be omlttro If 
the MAC and croq-orthoconahly "«cor check u)utS In; suprcnor In nature 

Location of J)lmagrd Regjons 

hknllf)'"a the location of damage In the structure II based on d,rrcrtnttS In me uf'td 
modal ~rht IAJ and the basthne ( values through the uS(: of an ulcnded apphcatlon (If 
the reSidual force ITItthod [Chen and Garba 1988]. In concept. the c~ptnmenlal natunI! 
freqloKnclCS and modu shapes must Jallsfy an CI,UVaJUC ~u.tlon. where con uknn& the 1m 
mode of the potent,ally damaJcd strucrure 

(') 

In which K and M. lTe the cJ(pc'nmentaJ (unknown) Sllffnc: and man matnces ti5OClalC'd With 

the damaaro tructure. ~pectl~cly. and ). .. I the upc'nmenlal musul'f:d CIIC'P".luc. 
COI'ft'pondml 10 the upc'nmenlal measu~ fth mode shape t. of the dama,ro SInk:lurt 

Assuming thallhe Sllf(ness and mass matnces asSOClatro with the damagro "ructu~ an defi~ .. 
(Sa) 

""he~ K. and M. are the baseline stJff~s and mos malntt! of the analyt ical model. 
~pcctl~cly. and 4 K and M1 are the unk.nown changes In the SlIffMSJ and ~ matnceJ as a 
~'l.u1t of damA&~. ~ pcctl\'ely Substituting Eq (S) Into Eq (4) and rurranglnl. one Armes at 
the definulOl'l of the re Idual force vector for the Ith mode (R )' 

R, _ - ("" -l.~A.\I~~ 

_(K._l.~ \I.}f.. 

(60) 

(61)) 

""he~ the naht·hand sute of Eq (6b) IS "'nown and Will only be equal to tero If A.. and f. are 

equal 10 the undamaged values of A. .. and .... ~pectl\'~ly R~llons within the tructure that an 
pot~ntlally dama,td c~pond to the degrees or (rttdom thai ha ... e large magnuudd In R It 
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should be emphbll.ed thOll' one hoold calculate the residual for« R USInK • number of different 
modes. foc If. d.una,ed rnemhtr IS locau:d near a node line. iMn the moc:W dlsrlaccmcnl I~ near 
zero and the re Idual fora: \ltdl.lso be neM zero. 

Magnitude pC 'lamape S"cdl, 

TIle m18nl1OOc of the damaat: sc\cnly IS detCTTTllned by e\,abhshlnl a rdiltlOfll1up 
bel\\,ccn the measurtd vibration charactensllcs and lhe SlnKlural parametC'r1 (member mass • 
.stlrfnes~. and \eellem Scome:lryl In the damaged !'eglon uSing. first-order TaylOe' -.c:na 
expanSion 

(7) 

where A... and A. are alTl.)'\ contalnlnl the 'ieleclW exprnmental me~ured natural frequenc ld 
and mode sha(X of the Inillal (undamaged) and damagrd structures. rtspttllvcly. IA' • (co',~)'I. 
r, is an amy or the: unlno ..... n \lructul1Il parameters In the damaged regIon; r the array of the 

Inilial (known) sttul.:lural par_mete" In the same damaged l'e110fi. and £. an array conlaJOlnl the 
.. alUC's of (eslm, error \ocllltd with uch lTlC'&Sured parameter (i.C'_ mode: hape amplitudes and 
nalural fr«jUCncK" The maim: T IS. ~n III \Illy malnx Ihal rt'lat~\ the change In the structural 
pal'2JTl(l~rs 10 ch~ngc\ In the "Lbratlon properties (natural frequenc~ and mock shaprS): 

(8) 

whert' the subscnpt 0 I~ a.\\OtlatW .... uh the InLILal (basdme) configullIIllon The rour submalnce~ 
m the first matrix of T rt'prt:o,cnl\ ralll.1 den\'atl\'l"S of the ~Lgcn...al~ and tnO!k shapes with 
respttt to the cotffiucnl\ of the \)'~tcm'\ \lIfrness and mass rnatnee , .... hereas the ~ond malnx 
of T rt'~ntJo the partl.1 dcnvall\leo, of the stiffness and mass malnCC'I With rt'~pect 10 ~It\k:IUraJ 

pwamel~n r 

The dematm,'~ of the el,~n ... ah.Ks and modes ~h~s are detennmed u!>mg the 
upc:nrTlC'ntally rTlC'obUrW \llbt.uon propc:rtKS of the mltlal (undamaged) ,trl.k:ture and baselme 
anal)'tK'aJ mass nulln, \1 , .... Ilcn: ({If mode.i and 1::000silitnnl m)tfUrTlC'nlatIOfl points, and) II can 
be~wn ICol!ln ct III 1914, Fo)! and Kapoor 1968. Nelson 19161 

~ ~ (90) 

"M.~ 

't.. 
dK" 1: 1 M

'.... /1 &) 
" I r<i-u.;~M... - .... 

(9b) 

'ro/ "I.'t. ••• (90) 
dM ,~ - tJM.+k 
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(90) 

In whIch q IS the number of retruned modes In A." for the assessment and n I the In<kx 10 l<knllfy 
the mode number. For Sl/'UCIU~S having repeated natural r~u~ncles. the calculat«l eigenvector 
denY.llves of Eq~ (9b) and (9d) are no longer valid and one must use an arrroach de\'do~d by 
Mllls,CUR" (1988) 

The goal of the damage 5e\'cnly assessment IS to determine r. 10 Eq (1). 11115 IS 
accomph~hed by first UUllOg the difference (r4 - rJ for all structural panuncu~rs as normally 
dlstnbuted random vanable • haVing a urn mean and a specified coyana~ So (0 dcal With the 
uncenamty In the damage assessment. Treating the test measurtmenl error al'SO as a random 
vanable with. urn roran and specified coyanancc S .. leads 10 the 5OIUIIO" for r. from (Collins C:I 
AI 1914) u 

((Oa) 

~h."" 

(lOb) 

VaJueJ for the dlagonallcrms (eg .• varllltlCeS) In S .. are asSigned In conjunction With the results 
of the reSIdual force analYSIS and all off-dlagonal terms are set ~ual to :t.('ro. Only those 
members suspected of damage are glv~n nonzero variances, and ther~f~ these are the only 
members that are emphas17,cd In the damage seventy assessment. lienee, the diagonal temls In 

So. are In effect welghung factors for the senslllvlty analYSIS. In the current study. all su~~cted 
members With damage were gl\en equal variances of II value of 1.0. It should lle noted that 
unc;:enalnlles asSOCiated With the structural parameters of the analytical model can also be 
conSidered by asSIgning nonzero vatlantes, The malflx S .. is usually treated as diagonal Mnce the 
measurement efTOl'S arc statistIcally mdt:pendenl. 1l\e magnitude of the diagonal value of S .. can 
sometimes be dIfficult to csllmate. and 11 is Important to be conservatIve 

If the relauonshlp between the suffness and mass components and the stlUCtural system IS 
linear, the cumnt method IEq (10)] Will con\'erge In one s~p However. the partial denvah\"cs 
of the elgenvaJue~ wuh respect 10 the stiffness and mass coeffiCients a.re nonlinear If enough 
damage has occumd to cause a ~Ignlficant frequency shift, as Illustrated In Fla, 2a. To obtain a 
more acc::u/'2te assessmenl of the se\'enty of damage. It IS ncces ary either to contlnUOU I)' 
morulor the system or 10 usc the correlated analytical model to update the damage l.~~ssmenl to 
cOIwergc to AI' as IlIust~ted In Fig. 2b. where the subscnplS O. I. and 2 refer 10 the llneanzatlon 
pOints dunna updating Each update ,""olves evaluaung 6.r - r, r . which repK'it:n!s the change 
In the structural parameters where r. IS from Eq (10) consldc:nng the cumnt struo.:tunlll state of r • 
• r . T _ T ,and '"' A Here r IS the curren! value for the structural parameter;. whICh reflects 
the accumulated changes from the prevIous updates and T is the sensitivity matn.ll based on the 
VlbraUon chuactenstlc of the updated ba5elll'le analylical model ror In the case of an on-line 
monltonng sy~tem the measured characteristics at that tllne POlOt). Convergence IS ach ieved 



when dr, dunnl an update becomes less than the tolerance for con"erlence, wIth the predlCt~ 
eltent of damage equal to the sum of dr, for.1I update cycles, as mdlc.t~ In FiB_ 2b 

EXPERIMENTAl.. STUDY 

A hght-WC:IBht ten-bay statically mdetenmnate space truss conslstmg of 135 members 
and 44 JOints (see Fig. 3(a» Wa5 constructed_ Each bay had outer dm'lenslons of 356 by 356 mm, 
with the truss h'''lng an overall longltudmal length of 3321 mm. The members of the truss were 
fabricated from Aluminum tubmg, ha"mg' nommal outer diameter and thickness of 19 mm and 
4.8 mm, respecu"ely. Each lrussJomt mcluded a 2S mm dUlmeter Alummum ball, hl"mg 16 pre
drilled and tapped holes to accept threaded alummum aXial pins The connection of II truss 
member to • jomt Wa5 made by placing a ugh! fitlmg hollow truss member over an axial pin 
threaded mto the joint, as shown In Fig. 3(b), uSing two set screws to ~ure the lru s member to 
the jomt. This method of construction was used because It enabled the. UUlS ,eomelry 10 be 
accuratdy controlled, whIle eltmmatmg any mltlal mtemal member forces that could be pre~nt 
as a result of assembly. In addition, \I penmlled members 10 be easily replaced Without 
dlsassembllnathe. enllre truss. 

The boundary ConditionS Imposed were that of a free-free support This was achle"ed by 
suspendml the sttuC1ure horizontally from a lest frame USing elastIC sUfllcal tubma (,..ellhlng 
I_Mgr/mm) whICh was attached to AXial pins threaded mlO four truss JOmt (see M,. 4). 

Damage was Simulated In the elpenmental model by a1tenng Member A, which was a 
honzontal member In an end bay (see Fig. 3(a», or 115 JOmu... result'"l m four dIfferent 
expenmemal set-ups These four cases of damage Included 

Case A - The set screws thai securely held Member A to the JOmts were loosened, 
so that the. member was free tp rotate on the axial pin of the JOint and could only 
tl1lJlsmlt compressl"e loads 11us test Slmulat~ damage to the JOints of • 
structure. 

Case 8 - Member A was replaced With another Alummum member. where this 
member had a §cnes of four cross drilled holes of 12.!5 mm diameter to reduce 
both the member's aXLal and bendmg stiffness. The new member was firmly 
attached to the truss JOints This test Simulated damage to an indIVIdual member 

Case C - Member A was replaced with a hollow copper member. which was 
firmly attached to the jomts This test SImulated damage to an IndiVIdual member. 
where the copper member had a dtfferent axial ~tlffness. bendma stlffnes , and 
mass than the ongmal Alummum member 

Case I) - A concentrated lead mas (58.1 grams 10 weigh!) was added to the mid 
length of Member A ThLS test was mtended to produce a reduction m measured 
natural frequency, as In the abo"e three damage cases ~ results of thl test were 
used to validate the robustness of the current approach (e.g .. assess whether the 
procedure can identify the difference between a change In localized stlffne~s and 
· ..... allud mass). 
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EXPERIMEf','TAL RESULTS 

~ modal lesllng was ~rformed uSing a small Kistler acttlero~ler. weighing O~ 
grams and placed at the far end of the lruss In the Y-du"ttllon (5« Fig. 41. along with a PeIJ 
modallmpacl hammer and a 16 channel Teklromc 'ijXCtrum anal)'l.er 10 rtt('lrd and ~\S the 
mput and output signals. 1l\e 'ilructurc was C'xClled In the X-Y-Z dU"ttllon'i, 'A-hene~'er pD"slblc=. 
uSing the modal hammer at each of the JOints. AI least 10 I~'erages .... ere t""cn II each e_CllaIl(m 

poml durmg modaltcsung '" order to mlmmize uncorrdated nol$C. T'he qualu)' of the ~a\urcd 
frequency data wa.~ assessed usmg the coherence functions. which were con\l~lently abo\c 09') 
at the modal peaks. A typical transfer funct ion l~ ploued In Fig. 5, where the first two lower 
peaks near the rrequency of f = 97 liz. are asSOCiated With the lil"';\ two bendmg rnodc~ The 
second pcak In the transfer functIon at 136 Hz. corresponds to the fir" tor..lonaJ lno<k. whl1~ th~ 
Wide ~t o( ptili In the range o( 220 to 230 Hz.. Includes the secood loolooal mode alool With 
the "md ~ndlng and first aXial modes The peals abo ... e a frequency of 2~ liz arc a5'1OClatw 
with kx:al member modes. 

The SMS STAR Modal wftware package (STAR 199 11 wa.'i u~ on an AST1386 
comrut~r to reduce the measured data 10 acqUIre lhe (~u~ncy TC:spon'iC: funcllons, A modal 
peaks sutch was performed on the dala Ib well as a viSUal inspection 10 locate all pos\lbl~ 
mode) The dala was then banded and curve fil In order to elttract natural f~uency and mode 
shape InfonnilllOfl (or all of the coofigurauoos, Usmg the measured ba.\Chnc modal In(ormallon 
and the anaJylKal finite dement model, the Young's modulu (E) for the tru~~ memben and tilt 
mass o( the lru JOlnU (m) were delcnnu'lCd by performing a ~paral~ alobal 'l«n!olllvily anal)',,~ 
(i.e. modt] updatmg). The con\~rg~nce cnt~na which was utilized Involved reqUlnng thai lilt 
first bendma mode of both the expenmemal and analytical modeb w~re nearly Identical, whlk 
at~mptlnlto mInimize the amount of ~rror In the higher modes The TC:'iulling value .. for E and 
m W~TC: 64 516 GPa and 629,9 ka, f'e.)p«uvdy 

In the current $Iudy, the re~Idual force cakulauon damage Soe\cnty a.~~umem wa~ "ased 
upon the modal Infonnatlon from th~ first-two bend Ina and torsIonal mod~~. Th~se (our mO<k~ 
w~re selected over the higher frequ~ncy local ll'ICmbcr modcs because they ~xhlbllcd global 
defonnallon behaVior haVing & mcasurablc amount of ~trnm and kmcl1c ~ncrgy In ~ru.:h ('If Ih~ 
truss mem~fi, The upenmentlllly measured natural (requ~ncl~~ of th~ flNt four mode" 
co~pondmg to the first and s«ood bcndmg and torsional modes, re~pectlvdy, are prc'iof!nted In 
Table I (or the baseline (undamaged) truss structure (see column 2) and for lhe (our damage 
cast"s (columns 5 to 8). 'The: sulhcnpt 0 and d are used to d~signate th~ n'ICasurfii frequenclc\ for 
lhe basehor and damaged models, re~pecll vdy. The basdior case mclud~ .. re<ult~ from both an 
uncorrelatcd and correlated analyllcal mO<k1 With respect to the fil""it four tIt~run~ntal mca~ured 
1l'l<Xk~ (see columns 3 and 4). The subscnpts a,u and a,c ha\'e been u~d to ck\lgnate frequ~ncl~~ 
(rom W unc~lated and correlat~d malyucaJ models 

The finite ~I~ment anal)'ucal model of the lh~.d1l1YnSIonaJ pace: truss was de\doped 
uSlnl MSC PAln IMSC 19871, ~here ~ach truss member was rT\OIk1cd u 109 a beam-type 
~kment, and the JOints ,",,~re modde:d as dlscret~ (lumped) masses. Thc re~ullln, model had 1'\2 
Ikgrces of frcedom The natural frequcncles Cit, and nlOde!. 'iha~ 4%), of lhe analytical model ,""CTC: 
calculated by perfonnlng an el,envaltJ(" analysIs of the (rce· frce structure 
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The MAC valuC' .. and COR result associated with the uncolT(!lal~d as wdl ru. corrdaled 
~lme analytIcal model\ are \ummanud 10 Tables 2. 3 and 4 l"Msc results Indlcale: that an 
el(C(!llc=nt agreement e'(lst ~I\o\,ct"n the Ie'(ptnmcmal results and the uncomlated b well as 
COfttlaled moods' fir;t-four modes TIlt: residual (orttS a5\oclated With the X-HI (longitudinal 
aXIS) for the u~laled anal)'tlcal mood are shown In Fig. 6(8). Residual forces are ~n to 
UISI al all mcasuremcnl POlOl.~ "hlch !neheale the ~slble need 10 further update' (eg .• corrdate) 
the analytical modd The ft'~ult\ of Ihlll update is shown In Fig 6(b). where the: re\ldual force-\ 
ha\-'C' ~come very small 

USing the calculated residual force vectors and prev;O\Jsly described sensItiv ity method. 
the change In the slLffncs~ andlor mass of the mdlYlduallruss members for each of the fou r case.s 
of damage was ~rfomlCd, In the current study. the vanables In the ~nsltlv i ty analYSIS Included 
lhe Young's modulus E and mas denSity p for each of Ihe I3S truS members. It was funhcr 
assumed the test IT)(asuremeni error matrix S. was laken as the identify matnx (e.g., full 
confidence m all data). Carrymg out the sensitivity calculation for the. four alleKd \Ct-ups 
produced convergence after a few Iterallons, where the change m Sllff~ss and ma.s was 
neghglble fOf all members ucept Member A 

l1Ic residual forces fOf the four cases is shown In Fig.' 7 to 10. which arc based on the 
uncorrtlaled analYllclI1 model. For Cases A. B. and C the X-aus forces are ... hown, while fOf 
Case D the Y-axi ( ... enlcal direction) are shown. In each casco larger f"CSldual forces are shown to 
eXlsl at nodes 4 and 12 com~d to the other nodes. as well as the b~ll~ results ~hown In Fig 
6. Noce that the \"ertl'411 UIS scale In Fip;. 6 to 10 "'llf1CS In order 10 accommodate the magmtude 
of the f"CSldual forces ((If' each case, 10e residual forces for each mode associated with the. first 
thltt damage Ca.\eS arc \hown to be paned. where a mocbJ rc3lduaJ (orce al node 4 IS equal and 
oppo'jlte to that &Cling at nc.xk 12. TIle relallvely larger paired reSidual fortts at node 4 and 12 
indicate that Member A. whICh spans bet",cc:n these two node , has de ... eI~ damage. For the 
founh case. Case D,large peak reSidual forces are ... hown tOUlst at node 4 and 12. mdlcallng a 
change has occum:d In the regIOn of member A. Thus. e .. en though the analytical model I~ not 
completely com:lated to the basehne e)(penmental results, the ~Idual force ... cctors arc able to 
locate the regions wlthm the trus~ contammg damage associated with stiffness and/or mass 
change. 

The percent change In SIIffl'lCSS (E) and mass (p) for Member A in relation 10 the basehne 
'>'aloes are presented 10 Figs. II to 14 as well as Table 5 for the four case of damage. n.c actual 
change m the ma."S of Member A for each .setup (eg. Cases B. C, and D) w~~ dctermUled by 
welghUl! the member. wherea~ the actual change In stlffOC.'ls of Member A (Ca.<;('s B and C) was 
established by perfonmng a modal analysis on lhe IOd ..... dual member suspended Ul a fltt-free 
state to determme Its "'lbrallOO propenlC'S. from which the stiffness (E) could be. calculated 

FOf Case A. which I~ the loosened screw .set that attached Member A. the calculated 
senSitivity values (E. pl plotted In Fig. II show a small reduction only In stiffness (E). None of 
the other members were found to have neither a change In mass nor stlffl1(s TIle redU<.:tlon In 
sllffness was obtained In a sUl,le Iteration Thus. the approach IS able 10 locate damage. such as a 
loose JOlOt. on a tru structure and t'ltlmate its effcct,"'e ~t1rrness reduction. even With analytical 
models which are not completely correlated to a basehne expenmental model 
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For Case 8 (5« Fig 12). v.hlch Involved rr:plKtng Membtr A 'Mlh the cross·dnlkd 
Aluminum member, II IS ~rved thai the cumnt approach does an DUlslandm, job In 

e5l1maung both the actual reduction In member stiffness and mass of -38 perant and -10 percent, 
respecll ... cly. The com::latcd model predicts closer 10 the actual results. being within I percent for 
both sllrf~s and mass reduction. The uncomlated model produced results within 7 percent lind 
2 percent for stlrrness and mass reduction, respectively. 'The results of the senSLllvuy analy~ls for 
Case C, involving replacing Member A with a copper member, are shown In Fig I J and indicate 
that the current approach d~ an oulstandmgJob In estimating the large KIUIlI change In mass of 
Member A (+28 percent) relauve to Its suffnas (+0.9 pr:rccm). The com=laled model does • 
better Job than the uncomlaled model, where the former is within I percent and 1.5 percent of 
the aclUaJ change In mass and stiffness, respectl\'/!ly, of Membt:r A The uncorrelated model 
estlln&tes • change In mass and stiffness of Membt:r A thai 15 within 2 peftenl and 4 6 percC'nt, 
A: p«:l1vdy, of the actual changC' It IS notC'd that foc both Casc:s B and C thatll1()f'e ItC'talions arC' 

reqUIm:l until convcrgC'nce occurs, ThIs phcnomena IS asSOCiated with the Slmultuncoos change 
that occurs In both the mass and 5uffne55 for these two CllSC'5 

For Case 0, ,"\'olvlng thC' addition of a dlscA:te mass to the mld-lC'ngth of MC'mber A, It 
IS observed In Fig. 14 that the cumnt approach converges towards the exact \Olutlon for a change 
In mass of 120 percent and Within 1.6 percent of the actual stiffness change of 0 pC'rtC'nt for 
MC'mbt:r A whcn the comlatC'd analytical mood IS used. The uncorrelatC'd mood convC'rgC'S 
10 .... ard!i a solution that IS Within 10 pC'rtC'nt and 21 pC'fCCnt of the actual changC' In mass and 
stlffnC'SS of MC'mber A 

A IllC'thodology foc delccung structural damage has been presented EXpC'r1lllC'ntally 
obtatl'lC'd rt'IC'l5u~ modal test data along With an analytical model are used to first locatC' 
potentially damaged regions of the structure uSing residual force vectors lbc test data and 
A:Sldual force vector Inronnatlon IS then used to conduct a 5enSlllvlty anaiysls to assess the etiC'nt 
of mas and lor stlffnc5S vanatlons. 1be current approach IS unique among all elllstmi one' In 
that It accounts for (I) vanallons In a system's mass. stiffness, and mass center locallons; (2) 
penurbatlons of both the natural rrequencu~s and modal vectors; and, (3) stat l ~tlcal confidence 
factor (or the structural parameters and potential expenmental inSlIUmentalLon error. 

Based on a verification study Involving a three-(hmenslOnal IO-bay space truss. the 
follOWing conclUSions are noted 

(I) 1be rt'IC'thod IS able to successfully detefrml'lC the location of potential damage. as 
.... ell as esllm:ate Its magnItude 'The approach woO; exa:puonally well. c ... en If the frequency 
shift due. 10 damage IS smaIl 

(2) A Simultaneous detC'nnmatloo can be made of any changes In both mass and 
stiffness 

(3) A fully cOITC'lated analyucal (finite clelllC'nt) model IS not necessary in order to obt'ln 
• reasonable solution, Modal assurance cntenon (MAC) values and a cross-onho,onahty check 
(COR) can be usC'd to detemllne which modes to ulLhze In the approach. HowevC'r. an Increased 
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correlation of the analytical model 10 the baseline Impro\-es the acctIrKy of the method 10 

estunallng the sevtnty of dllmagt. 

ACKNOWLEI)C1\1ENTS 

The rest'llIth study was par1laJly supported by the NASA JOhnson Space Center (JSC). The 
authors would like 10 utend their thanks to JSC (Of the suppon. and In par1lcular their 
appreciation to David Hamilton of NASAlJSC for hiS mterest, valuable rttOmmendallons. and 
encouragement dunng the course of Ihls study. 

REFERENCES 

I.) Adams. R 0 .. P rawley, C. 1. Pye. and B. 1. Slone, ( 1978). ~A Vibration Technique for 
Non-Destructively A~sesslng the IOlegnt)' of Structures: IWlml! of Ml'jcbaOlp1! 
EngIDtSnng SCtrnCe, Vol . 20, pp. 93-100. 

2.) Chen. le. and Gatba, JA, (1988). -On·Orblt Damage Assessment for Large Space 
Struclures.- AIAA Jpnmal, Vol 26. No. 12, w· 1119·1126. 

3.) Chen. T Y and 8 P Wang, (1988). -Fimte Element Model Refinement USlOg Modal 
Analysl 0118,- PmcwhogS of II" AJANASMfJASCEJAHS 29tb StDlC!ures StruclIIAJ 
DynamICS andMllcnalsCpofcrrnce VoI.II,pp. 1219· 1229. 

4.) Collins, J D, G C. Hart. T K Hassdman. and 8 K~nnedy. (1974) ~StatlstJCaJ 

ldentlficallOn of StruC'!ulU. MAA Jpurnal, Vol. 12, No. 2. pp. 185· 190. 

5.) Coppolino. R. N and S Rubin. (l980). ~Detectabillty of Structunt! Failures In Offshore 
Platforms by Ambl~nt Vibration Monltoring.R Procccc:hogs pf 1M Offshore Th£boplpgy 
Conf~renc~ Vol I. Paper OTC-3865, pp 101-110. 

6.} Crawley, P .• and R. D Adams. (1979a). RA Vibration Technique for Non-Destructive 
Testm, of Fibre Composite Structures; lmlrnal Of CownoS!I!: Malls, Vol. 13. pp 1161·17S, 

7.) Crawley. P. and R. O. Adams. (I 979b). ftThe Locallon of Defects In Structures from 
Measuren~nt!l of Natural Frequencies: Jotlrnal of Stra!O Aoalym, Vol. \4. Apr. pp 49-S7 . 

8.} EWlDs. D. J .. (1984). Modal TesUDg Theory and PracUce. John Wiley and Sons. [oc ., New 
York. N. Y. 

9.) Fox. R L .. and M P Kapoor. (1968). ftRates of Change of EI,~nvalu~s and Eigenvectors. ~ 
AIAA Jpurn.l, Vol. 6. No. 12. pp. 2426-2429. 

10.) Katie. A K .• (I 985}. R Stiffness Malnx Adjustment Using Mode Data. ~ AIAA Journal, Vol 
23. C) . 9.pp.1431 -1436 

11.) Kosmatka. 18 .• and Rldes. 1M (1993). RNondeslructlve Damage [)etemllnation USing 
Vibratory ReSidual Forces and Weighted Sensitivity - AnaJytiCaI and E'(pt'nrMntal 



'" 
V~ritic.'IOn Studies, ~ SINefUral Syslems Research Report No_ 93100, Umverslty of 
Cahromia. San DIego 

12.) Mills-Curan. W. C, (1988). "Calculation of Eigenvcctor Derivative for Structures with 
Repeated Roots.~ AIAA Joomal Vol. 26. NO. 7. pp 867-871 

13.) MSC PAt.n Advanced Siress and VlbratlOO AnalySiS. (1987). MacNeaJ-Schwcndler 
Corporalion, Version 3.0 

14.) Nelson, R 8 , (1976). ·Slmplified Calculation of Eigenvector Denvatlves,· AIAA Joyrnal , 
Vo114, No. 9, pp. 1201·120S. 

1.5 .) Park. Y. S .. 11 S. Park , and S. S. Lee, (1988). · Welghted-Error-Matnx Application to 
[)etect Stiffness Damage by Dynamic Charactenstlc Measurtl'11(nt: Journal pf Modal 
AnJ.b::m. July. P'P- 101 -107 

16.) Rides, J.M . and Kosmatka, lB .. (1992). "Damage Detection In ElastiC Structures USing 
Vibratory Residual Forces and Weighted Sensltlvlt)',· 6(aA Journal Vol. 30. No. 9, pp 
2310-2316 

17 .) Smuh. S W. and S L. H~ndncks. (1987). ~Evaluatlon or Two Identification M~thods reM" 
Damag~ Detection 10 Large Space Trusses," Proo:edmgs of !he 6!h YPI&SIIIA IAA 
Symposmm po Dyn.;umC5 and Comwh for Idlcre Spw;C SmIClUrc' Blacksburg. VA , pp 

127-142 

18.) STAR Modal AnalYSIS Pkka,e, (1991). Structural M~asurement Systems. V~rslon 3.0 

19.) Stubbs, N . T H Broome and R. Osegu~a. (1990). "Nonckslructl\'e Construction Error 
Det«tJOn In Large Spatt Structures.~ AIAA Joomal Vol 28. No. I. pp 146--152 

20.) Stubbs. N .• and R. <hegueda. ( 1990). "Global Non-Destrucll\'e Damage E\'&luatlon In 
Solids." i mcmp)!Ooal Ioymalo{ Aoaly]!,»1 and Ellx(IIl}('OJ»1 Modal ADA!y$JS. Vol 5. No 

2. pp. 67·79 

21.) White. C. W. and B 0 MaYlum. (1976). "Eigensolutlon SenslIiV!t)' to Parametric Model 
Perturbauons," Shock Ind Vlbrauon Bylletm Vol 46. No. 5. pp 123-133. 

22.) Vandl\·er. J K.. ( 1975). ~Det«tlon of StruCtural Failure on FIJ:~ PI.tforms by 
Measurement of Dynamic Response. frncrrdlDgs oC!he Offdtprr Whoo!ogy CooCcu:ncc, 

Vol 2. Paper OTC-2267. rP 243-252 



190 

Table I Natural Frequel\l;:~ of E.J:penmental and An.lytlcaJ Model 

Natural FreQuency· f lHl ) 
Ba'iCllI'~ Model DamagoJ E .. ptnmentaJ Model 

Mode Measured Ur'ICOfT Ani Coo Ani C"" 1 C"" 2 Ca.\C :\ Cas< 4 

r, C r •. r. r. r. r. 
1 96.76 10260 9920 9445 90n 96.10 9488 
2 9846 10404 10LlO 95.16 9310 98.21 97.U 
3 136.05 1~_60 140.70 130.76 12734 13561 132.10 
4 220.60 310.10 23520 210,16 21051 218.30 222.10 

Table 2. Modal Assurance COlen. (MAC) v.luc~· Case A 

MAC 
Mode ... ~ U. • •••• 

1 0.999 0999 0999 
2 0998 0.999 0998 
3 0996 0.998 0995 
4 0995 0995 o 9CJ3 

Table 3. CrosHK'thoionallt)' Check . Measured and Uncom:Jated Baselmc Finllc Element Model 

FEM •• 

Mode 1 2 3 4 

1 0.996 0001 0.003 0006 
Measu~d t. 2 0.002 0996 0.004 0008 

3 0.002 0004 0.961 0010 
4 0.004 0.006 0.012 0911 

Table 4 Cross-orthoaonailt)' Check· MC/lSured and Com:lated Basdme Finite Element Model 

FEM •• 

Mod< 1 2 3 4 

i ~~ 
0003 

Measured .~ 0002 
0004 
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Table S Percent Ch.angc In Sllrrness and M s of Member A of Actual E'(penmenllol Model and 
'ThaI: Calculated by ~n§III"lty Anal)' I 

Actual &n\III"'1 Anal ' \1\ 

E'(pcnmenlal Uncomlated Mood CorrelatC'd Mode-I 
StluP Sllrfne~~ (~ M."(,,,) Sliffness l'l Mass llJ Sllffne\\-.l'* Ma~\ ( I)-

Ba.'othne 0 0 0 0 0 0 
Ca.~A oV' 0 '()675 0 .().41~ 0 
Ca.w: B -J8 10 45 -8 -39 -9,75 
Ca'ot(" +II. .28 ·).7 .26 -06 ." 
C .. ~D 0 +120 +21 +110 .1. +120 

1011111 MD!d.iI n:!dIDI . Modal Butllne SUJ'\lcy -. Camlaled An"'\Yllcal Model - 1\" 

In-&r\'tce Modal SUl""c), • A, 

Loeatt Potential Damaged Rcgloot 
U§mg RC'~ldual ForcC$ R 

A§5e:os Se\cmy of Dama,e by 
C.ku!aung Structural Parameters r. In 

Damaged Regions USing Sen§lUvlIY 
Analvsls 

Figure I Damage Det«IIOO Algorllhm 
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Figure 3 Ten-Bay Space Truss for &penmental Study: (a) Structural ConfiguratIOn, 
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"The paper dcscribe~ the structural damage caused to two Sit-cl brid.l:I.'.~ ~;tuall"d near t~ City of 
B:urnh in the south of Irnq, :is 4 result of .several dil\.'C l air slnkl!$ during the Gulf Wllr of 1991 
One of the hridgcs IS II through type lrun r;lilw3y bridge and Ihc othl!r a dcd.. type highway 

bridge. bolh were rotatahlc for n:mg:lIiofUl purposes. In addition to 'M.'Vl"n.' coml't-.n.:nt tbmagc.. 
the ovctall SI:lhihty or hUlh 1'rid~'C5 was seriously endangl.'n.'d, 1k rapcr dc.-.cn~ I~ strategy 
focmulauxl 2nd ad(l(lted (or the rep3ir and rchabihulion of l!3Ch ("!.:Ihty tlf'Cr;!illng within severe 
constraints on re~(~un:cs. 

I. AL-FAYIIA RAILWAY HRII>GE 

1.1 Urlcf Description of Bridge 

Thu 2-lrlIck r:lilway l'Indge l!i situated 10 kms w~~t of B:l.~rah and $pan~ Ihc ShaH A-Basrah 
waterway. 1be hridgc which has:I total knglh of 21R m comi.~l~ of 10 ~pan~ • 2 ~ntr:ll ~pan~ of 
StecltNSS type with ~ran length of J8.7 m ::Ind 8 spans of prc~lrc.~'it..'tI cunCn.'h! de..:k con~l .. u(;(ion 
of length 20.00 m each which arc symmclriC'3l1y disposcJ on hoth ~Idcs of the w •. -cl ~rans .. ~"\! 
fig.I.1 .The 2 .m~cI . ran! (onn ::I 71.4 m I{mg continuous stL't'1 hridgc which i~ mlJlahlc ahlllll tile 
central rier (or n:tvig:tulln:a1 pUI"p\15cs. Th.: stL'C1 hridg.: comrriscs 2 m:ain luilgltudinal ~Kk tI'\lS'iCS 
ploccd ot IO~OO mm ap:art. a dl'd noor o( cross :and logitooirul hcams ond a .~y,U!m t\f tor bd 
brocin& The. chon.! m..:mncTS h:av~ ho,-, ~\icm$ of \)'p"-"I di"""'lhi~)f\. ~~n 1I. 1100 mm m~ ('If 
16-20 mm thick pl:ales, 1l\I! wrticah. diagonals and hracing mtmhcrs :Ire of (ahnc:aIL"tJ I \L'Ctlons 
of typic:ll dlmtf\.~ions SOO x 500mm. The tl'\lSS joints cOf1!ain some 22()()() high ~Ircnglh (fICtiOn 
grip bollS.1be sut.-stl'\lcture consISts of solid R.C. w:alltype Pk."rs c~cept for the! ccntral pier which 
IS II hollow cylinder h:aving til mean diameter of 12 m . The roof slah o( thiS rller acts II.~ a plalfonn 
whu.:h houses the cqulpmc=nt for supponing and rotating the bridge. 11k: pier elllCnds dnwn to 
river hed le~'d and like 1I111he (\ther rk'rs is founded on 100() mm di:lmcll:r hon:cJ plks 

1.2 Damage Due to War 

AI leut 4 :lir In surfacl' mi,'~Ik.\ hit the tMidgl' c:tu~ing l'xll:n~i\'e damag..: tl) 2 CIInCn'IC ~pans. 
n.:une.ly spans J & 7 :lnd 10 pl..:n P~. P6 as ~cll as 10 thl' s!L'C1 ~pan\ Of mll'R'S\ hen' IS thl' 
damage cau~ 10 the sli .. 'C1 ~ran~ and to their supponing piers P~ (lk\.' ccntral pll'r) and P6 . TIll 
damage. c:au~d hy 2 mis.\ill' hll\. IS hriclly de~rihed here. with rckrcocl' U1 fig 1.2 In v.-hl(;h 
disconli(luous lines indicatl' ~riou~ly dam:agl!d mcmhers.llnd In Ihl' pi..:turcs in Fii;< I .11n 1.7 
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The first missile hit was near the spln cnd 3\ pier P6. The force of iml'3c1 against the slCCl 
members a.nd subsequent explosion on impxling pier P6 caused the following: lo\S of members 
I' • 2' • 1'· 3' on the downstream side. loss of the end cross beam on axis I' as well as of 3 • 5 
m lengths of 5 longiludin:al beams close 10 thaI axis. The hit caused .se .... crc disintegration of pier 
P6 and the resulting wide vcnical crocks extended fuUy down through the pile Cllp. Subsequent 
demolition of the pier lind examination of the pilt! hl!ads showc.:d Ih:1I these had heen displxed by 
amounts varying from 370 to 2080 mms. 

The second missi le imp;lCICd the steel bridge ncar axis 7 on the upstream side hcfnrc reaching and 
exploding against the cylindrical central pier. The entire pier was toppled and a lars\! hole of 
tlpproximate si7J,~ 3 x 4 m was created in ils waU at the water line. As II l'CSult of thaI and of the 
serious damage in the vicinity of pier P6, the two span truss bridge suffered gross dislocation. It 
rested critically on pier P4 and on the toppled central pier wilh a longitudinal tilt thot c3u~d the 
bridge end ne3r pier P6 to descend ahout 8.0 m from its normal ~ition. A transverse tilt of 10 
% was also produced across the dcck. The damage to the steel bridge rc~u1ting from the SI.."cond 
hit can be summari1.cd llS follows: 
· Extensive tearing and I or twisting of mem~rs 6-7. 7·9. 5·7. 8-7 and 8-9 on the upstream ~itk. 
· Twisting of bottom flange and web of the cross hcam at axes 7. 12. and 4' 
· Out of str.ligbtness in the upper downstream chord with a lateral displxc.ment of ]40 mm . 

principally caused by a Iaternl k.ink at joint No.5. A similar situ:l.tion was found 10 e)[ist In the 
upper. upstream chord with a max. I:ucrnl displ3cxment of 125 mm. 

"The two missile hits also caused rupture and connection f3ilures In more than 50 'J. of the top 
bracing members as WClillS numerous local damages including shrnpncl holes to severnl memhen 

1.3 Repair Stra tegy 

1.3.1 Ove r ridi ng Cons traints: 

The severe POSt Gulf W:1r c(mditions created corn:sponding[y severe eonstrJints on m:1lcrial 
resources. Th3t h3d:1 strong impact on the fonnulation and the implementat ion of the solution .. 
The possibility of dismantling the ooltl.'"<I stl.."d truss bridge to straiGhten up or replace every 
member neatly was ruled out, as it was impossible to replace the 22000 holts involved. [t W:lS aim 
quile unfeasible to replace full lengthS of damaged mcmhcr.i dUI! to ~carcity of ~ted pln!e~ tlnd 
sections. The shortoges :llso extcnded to jacks and relatl!d equipment .Such W3..~ thl! task and thl! 
inherent challenge. 

A separ.ltc basic issue conceming the working environment had to he addrc~~'(j from thl! 
beginning as it had an impact on the approach to solving other i$.~uc.~. This was whether to work. 
in a. water environment or on dry land hy tilling aeross thl;! waterway. This choit\! wa..~ pns.~ihle 

bcc:luse lhl;! w:1terw:ly WlS inactive at that time dUe! to the d:1mage caused during the Gulf War 10 
navigational locks furthl!'r downstream. Work.ing in .. w:lter environment would havl! the 
advantage of mak.ing it possihle to load the whole of the truss bridge onw twO large pontoons and 
to move it to II suitable location downstream or up.~tream for repair u.~ing the pontoons 3..~ 
workshops allowing. in the meantime, work to proceed on the ccntr.al pier. Sl,H;h diSl.:ngagcmenl 
of functions cou ld shorten completion time considcrahly. In this case ho ..... ever. :1 dry enclosure 
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must be fonned by. 53y. sheet piling :arouoo the topp1t:d p!Cr. Working In dry c<'lnduions • on the 
other lund woukl elimin:lIC the need for the SC3rct: sh~cl rHIes :and cnahlc Ca.ol.er .M.:I..'C and 
\,I.'orkin, conditions. A detailed appraiS31 of the IWO :ahcm:lUve! I.3kln& InlO occounl. :\lI2Ilab,lll)' of 
reJOUrteJ and lhe klgl lie problems of bringing in large pOnl(l(lns, led to :I decision In favor of 
fillm, the W3terway 11.00 workin, in the resulting dry envirflnmenl 

In considerina the major stales of work. llubili1.ing and hfung the trun hOdge dear of lhe 
damaged piers was 3n important critical first step in the re-conSlruclion effon. Cnnclu(hn, thllt 
successfully wou ld enahte work to sIan on the supporting piers. The stabilizing and Mting tad .. i.~ 
bricny described later. 

1.3.1 Objeelivu or 51H I RelHlirwork : 

I. 1be achieV1:rTlCnt of ,truelul'lIl stability throughout the vanous phases 01 n=p:nr. and the 
wur.ance lh:n while a rntmbcr is being repl3ced or repaired the mhel'$ :are nOl over slressed 
2. 1be achievemenl of lin acceptable geomelry (i.e. alignment and levcl~) In tht final ~tructure 
The question arises hc=re u to ..... h:1( is an accepuble geon"ICll)'. In II simply supponL'd ~p3n an 
acceruMe geometry iJ pril'lClpally provided by a fUl'ICunnally and IICSthetlCa.lly suitahle rrofilc. In 
sumcally indeterminate constructIOn the geometry mu~t olso produce tht Intended dl~tntlution of 
reactions between the supports. In the,: present case. where the hridgc must retain the I.:apahillty to 
rotate. II funher requirement exi\ts. namely thc= assur.ltlCe Ihal Ihe repaired hridJ:e can dlscngage 
frttly (rom the end pien and rota!&! in a true horil.ontal plane aOOut the: central plVOC 

1.3.3 Technical Criteria for Repair: 

In considering II damaged ctlmpt>nent II criterion h;xl to be ~tahli~hed :l.~ to wh:u con""ulcd An 
accepuble deviation from Ir.llghtness. pi:lnarily 3nd sqLlareOl!SS and what did not. Rcview of 
av:ulabk: ICChnicalliter.uure showed how ~ry few nonns ClI.istt,.'(! 10 :ud m Ihis kind of SlluallOO. 
Eventually it wu decided 10 adopt the toier:lOcc lim its given In BS 5400 Pan6. 

The next slep WlU to decide on the action 10 uke with re5pt.'Ct 10 a component that did not 
conform to the adopted tolerance hmll~. Replacing a damaged component with a new one would 
be the e:uiest and safest course of IIClion to Lake. But in VICW of the sc:trClIy of matenal n:~(lun:e~. 
INn option could only he invokL'1l II ti'k:re was no alternative. Although somc ll.'Chnlr.:al ~t3ndards 
pennll the use of IimltOO he:.:lllOg for repair. this procedure w:t~ nOl fol1owrd here du~ to the 
difficulty of closely mOOltoring and cnforcin~ the rna". hmit on Icmpcr:llure. enid prc."~lng of 
gentle curves was pe.nnincd. eOmronenl~ contlinmg ~harp 1mb or olher 'iC\·cre local 
deformations were kknllflCd .:lnd m.:lrkcd for repix..:m~nl. Due \0 scarcity of boll~. eut~ h~ to be 
made outside the bolll.'1l joints and weld conncC"ticm delalls h.xl 10 he clahoralL'd 10 tnln~ml\ Lhc 
Internal fon:es. paying due attention to n!.~idual..:ftCc\S lind f.:lllgue r.lllng. 

Quality control of faMe.:ltion and welding in panieul.:lr wl$ con.~ldered critical ror lhe ~ucceu of 
the whole rep.:lir effnrt. Only welden with n.'Cognll.l..'"d qU.:llifll.·.:llloos were tmpillycd 
R:kiio~h;c testing W:lS clltcnsi\-eiy used. Regions in .... lll\'ing wckling of 4() mm or thicker rl:U.e5 
were liven post· heal lre.:ltmtnt u..~ing electric he.:lung coils. Ibrdne.~s of the heat affe(k'\l 10nc~ 
wu melLSured before and after the hc::11 treatment in order 10 ~riry the adequxy 01 the trcalmcnt 
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1.4 Stabilizing and Lifting the Truss Bridge 

A c:areful siudy W3.5 made of the damago.-d st.:lte of the memhcrs and (If the way the IvKIlt by ~ 
wu 5upponed. in onkr 10 dclcnmnc the most suil:lhk method ('If hfting II. con )definE (wcr:all 
stability lind streSs kvcis in ffi(!mOr:rs. Coosequcntly il W:L~ dctidc:.'11 to sUflflOn nnd ~uh.'il!quenlly 
11ft the bridge 3.1 the twO 3;oo;CS 7 3nd 7' . Howc\rl"r un!> I\.'\juircd slI\!nglhl"ning. tcmplll'lllnly. key 
elemcncs of the d:amat.ocJ \tun such :u chord dcml"nl~ 6-7. 7-9 di3gonal ckmcnts S-' lind g., nncJ 
venical element 8-9,:a1l on the up~lrc:lm. 

The :lmngcmcnt for ~up('lOrling and 1iCting Ihe 800 Ion hridge COnsiSLCd CJf introducing steel 
girders ttansvencly undcm.!alh Ihc hridge 31 axc~ 7 and 7' 10 suppon thc ur~tn:am and 
dowR$lreOlm trussc.~ at their lower chonls. The Slc!I!l gmkrs Wl"R! cnd supponcd on troUp5 of 6-
700 mm dia tubular sh."c1 piles which were driven jU~1 ou~idc Ihc o\wlying Steel bridge. The 
contact detail between the' lower chord bOt. :lIld the sup('IOning ginkr mcorporatL-o :I curved 
bearing which protected the contar.:t ~urface ... from wmage due to con~"tntr.ued rom' ar.:llon, The 
suppan amtngemcnt of th~ lifting eirders at each pile group involved a hearing beam a.~<c!mbly 
which occommod:Itt.:(! :l flick nnJ two tempor:1ry $upporu. The biter were u~-o 10 ~urpon the 
load ICmpornrily while the jack W:lS heing reset a.~ it r.:ame to the end of it~ stroke. For ~t:ahility 
reasons the height of the tem('lOrnry suppons wa.~ limited to about 1000 mm and repre~nlLod a 
sub-staa;e in the j.xldng up process. At the end of each sub-st:lgc the bearing bcam :i.'iscmhly was 
re-mstalled at a higher level on brnckcts projecting from the pile as.<;emhly. rtady for the ne .. t 
series of sub-suges. 

Prior to commencing the ja~'king up proce..u pn!CautillOary TTk:3.Surt~ h3d to be taken to ~l:Ihili1e 

the hOdge longitudinally hy tymg it to the pier Pol hy ~tl'Cl Wire mpe.~ ""hlch UK:Orpor.Ilt."d 
adjustable tum·bul.:klcs.Thi~ w;!. ... ranicularty J'k.'CC~~ary a.~ th..: jacking up procccd ... -d III the litag\! 
when the bridge was di,o;cngaging fmm the centrnl pier which hoo tx.-cn provklinJ: the restraint 
against longitudin;!.1 ~liding. The ten~ion in the win: nlpc~ w:u continually maintaiJ'k."tI dunnJ: the 
jacking process. 

1ne transverse lilt of the hrklge was first targcb!d for correction by operating the Jacks on the 
lower (upstream) side. dunng which proce..~s temporary retr:lcung J.xks were oper:lled on the 
downstream side.1ne Jacking up pmcess. es[)Xi:tlly for com:cling the loogitudinallllt. pm...·t:-eded 
slowly but quite smoothly There W:lS a point of some anJticty. however ...... hen the ~tL"C1 hridgo: 
was about to disengage from tho: centr:tl concrete pier. The two were entangled 10 a eomphcall.'d 
way and it W:lS nccc.\sary to ensure that they separah .. "t! Without C;!.u~in8 ahrupt fon:e. th,lt cuuld 
endanger stability. This wa~ done by hreaking the concrete at the junction using hydrnulically 
operated pneumatic hammers. thai workctl their way around the cntanglL"t! pans. The whole 
bridge was eventually r:li",-od to a hori7..ontlllevcl. SI..'C Fig. I 8 The r:liSL-d level waJ I ,n m highcr 
tN.n the final correct level in (lr'l,Ier to provide enough room for n=-constructinc the.' ccntrnl pier 

1.5 Phases of Sleel Rcpair"ork: 

To meet the objectivc.s of the I\'p:tirwork. it was important to Tl.'Cogni~ the Ik.'t.'d for careful 
planning of the wor'" into phases su,h that the ~'ork of each phase did nm ar.h'\'ncly ani.·(t the 
repair objective of the other ph:ues. To rectify the lateml kink in thc twO upper chords for 
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example. it was important thilt the upper Ien:1 horizont:ll bracing wa.~ Just adcqu:lIC for Milhihty of 
the choros yet W35 3S flexlhle as possihh! in order to cnlblc the requin.-d n.-pair 10 he c::IlTied out 
wi th m:an3gt:1ble repilir jacking forccs. and min induced residu;ll s[re~~JII. With comlick:r.lIions 
such as this in mind the m3in phases of work were : 
~ : Fabrication and erection of the hridj,,~ t!nd mcmhers ncar pier P6 In order to otahlish 11 

support cap3bility on the re-conSlruclcd pier. 
fha.s:J l.: Rcclilic:Hion of the Out of 5trnightn~s in the upper chorus. 
£:b.i1.st...lJL: E"panding the siruclunli support system or Ihe hridge from thaI Initially csl:lblisht..-d 
along axes 7 and l' by introducing 14 other suppons which had two aims: 
I. Ensuring stabi lity of the bridb'C as a whole and in pan and mamuunmg Ilcceplahlc levels of 
stresses as key memllers ncar axis 7 were replaced. 
2. Providing the means 10 adjust the levels ( profile) of Ihe bridge befOre cn.'Clini; lind welding 
into position the key truss memhcrs near axis 7. Failure to m:lkc this adju~lmcnl would /\!Suit in a 
geomelric configur:ltion that does not :llIow Ihe bridge 10 function as :I rotating hridge. This pha!;C 
had 10 be performed after completing the re-conslruClion of piers p~ and 1'6 and IOWl'"fing the 
steel bridge down 10 the.~ and onlO pier P4. The cltp:mdt-'d suppnn syStem compri~ I!I 
suppons as follows: 

4 permanent suproru along axis 12 on the <:cntml pier 
2 .. each of piers P4 and P6 
2 temporary suppotts introduced hy IransVl'1"SC ginJcrs 1101 each ofaxic~ 4 , 7 and 7' 
2 te:mrorary suppotts over the e.;nlrnl pier at each of cross beams 10 and 10' 

EIw<lY : 
I. Introducing tempornry streni;ll'M.:ning 10 the upstream truss around node 7 to cna~lc Inc phasr..'d 
replacement of the damaged key memhers around thai nnde 
2. Implementing the: phased repl:lCt!menl of the damaged kl'Y mcmhcrs around node 7 and 
removing lhe temrorary strengthening 
3. Completing the hridge repair. including main 11001' ml.'mhcr<i and upper level hrocing 
~ Restor.uion of position. alignment and level of sleel bridge and anchorage to bearings 

1.6 Struclural Analysis for Field Repair & Erection : 

The analytic basis for ochieving the desired final b'els may he clarified wilh the aid of schematic 
representation shown in Fig. I.9 . 
Curve I represents the denccted shape of the undamagt-'d slnlclure.having overall stiffne~ KI. 
under dead weighl . 
Curve 2 reprcscn\.S the defl4,.'Ctcd shape of Ihe damagl-d structure.having a reduct-'d oVl.'ral1 stiffness 
K2 .underdcad weighL 

Applying the forces PJ where J is typical of Ihe n jacking poin\.S, cau.o;es II denection V Ii at 
suppon POint i. and leads to the modIfied geometry representt-'d by curve J. 1be repair work 15 to 
be carried OUI al this geometry. thereby upgrading the stilTness from K2 10 K I The ~trut:turt' 

must be locked al that geometry. In the present case this is done by the proposed ICmpornry 
strengthening, around node 7. _If the lemrorary suppons an! now removt-'d, i.e: 3pplying Pj in the 
reverse duectlOn " cOrTl!SpondJOg dcnectJon V2i at suppon POJOI I will result lI\(hcatJOg return to 
the original geomelr)' (cun'l! 4 ). Putting the above in symbolic form . 
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v" a i C. P, ......................... .. . ( 1) ., 

V" a i 0. p .. (2) 
,-

v, a V" - V" ........ ..... ... ....... (1) 

y •• t. C, P, • t D~ PJ ................................ ~) 
J.I ,., 

Where Cjj and DiJ are the deflcction coefficients. associated with Ihe damaged and initial 
stifTncsses K2 and K I re5pt."Clively and vi is the addition:!] self weiGhl ddlcction at point I cau<cd 
by Ihe drop of 5liffnes.s from Kilo K2 Wi caust'd hy the damage. 

Now in order 10 repair the key mcmhc~ close 10 axis 7, the bridge hoo to be lowered down :md 
supported on the ccnlr:ll pier along lUis 12 yielding n:: 14. These supports represented It:xt;nn 
point5 lind lhe quanlille.s Cij . D;j :md vi were calcul:lted by stiffness :malysis for such houndary 
conditions. Evaluahng the undefonned stiffness K[ was standard enough. hut evaluatmg t~ 
stiffness K2 of the damaged Slate required paying careful :menlion 10 modeling the resldu.al 
sl1ffness of:l p3f1ially d:lmllged memhc!r ; say:l ooJl. or an I section with II partial dam:agc to II weh 
Of' 10. flange IIlong pall of ilS length The models wert:. \CSted by comp:mng calcuhucd v:dues of 
Vi wilt! observed value.~ In ortler to :l.uure th::u im(lOrt:lnt modeling em'lf'li were not m:lde. 

The solution of the 14 5imult.1ncous equ:llion~ (4) gives the fol"Cc!.S Pj th:lt would mng the n pre
seleclCd points back to the OOgln31 (undefonned) configur.ltlOn.At UUS point 2 remaoo ment 
specifIC mention. The first concems the numher of points n. In order to get the bridl:C h3ck to the 
original eeomctry everywhere. an ,"fiMe numher of points with applied I"llrces would hi.: nQ.-dcd 
Hence a practical 51tU3tion calls for a prudent Sl!lection of the salient points which should fall on 
the required profile. Bridt;e hearing points are ::Imongst SIKh points. The second remark concerns 
the nature of the numerical l'C5ults. DifTe;:rcnt trial runs showed that the P rOfCe~ were quilt! 
sensitive to the pre~nbcd disrlocemenlS. A trade oil has had to be made between :tecurncy of 
kvels and the magnitude Bnd sign of the forces th:u could be surplied l:Iy available J3cks. Such 
tradeoff eventually led to a manageable SCI of jacking forces having max value of l~O tons. Upon 
fmal seuing of the bridGe on its central Ilearing the cantilever deflections at Plt!rs P4 and P6 "'"t!re 
found 10 deviBIe by nOI more that 20 mm (rcpre$Cnting 15CJ.) of the designaled v:alues in the 
original design The magnitude of this deviation was well within the tolernnce limit of 7~ mm th31 
would impede: deck rot.1tion 

1.7 Position Restoration of the Stee l Bridge: 

Upon completion of the steel bridge repairs lhe final lask was 10 restore proper IOC::lIion and 
ali&nment. The center of the bridge h3d to be moved 270 mm longitudinally. no mm l:uerally and 
be rotated about 4 degrees about the central piVOt . A system of 150 mm diameter steel rollen 
was designed and manufactured from hardened steel for this purposc. The horizontal movements 
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were produced by horizonlli Jacks of up 10 100 [on ClpJCity react in, ag3insl steel fr.lm~ ..... hl\.·h 
had been constructed :lfk! anchored into the:. concrete of ricl1 p~ and P6 for this purpl.l~ 11k! 
ume rollers were U5l"d 11'1 producing onoo£oo::l.1 mOvt"~nLS hy r:li~lng the wholt: tlrid~ on It\< 
ccntr:l.1 pier by 500 ton jxk.s 3nd turning round the mllers. The ~ge WlS (Iflally 3ncholO.l do""'" 
to a .set of ICmpor;1ry be:lrinp pendinglh(tr future repba:menl by the pivot and wed"e beano, 
Units ,hat would then ronn pan of the: bridg~ routing c4U1pmcnt. sec: Fig 1.10 & 1.11 

Th:n concltxbl the IlSl m3JOr step in :I re-conslruclion efTon thJI slaned in July 19')2. Th~ 
bnd,e p:wed 3. lood ttU with :I 94 Ii elastic l\!Covery and was I'C-(lpencd on Dec,2~. 1991 
Penodic inspections mll:c then tuvc: shown no 51gM of problems 

Fig 1.1 AL-FAYHA RAIlWAY BRIOOE 

A\;t",~/> ;1\ ~ ,;1\/1\ 
Ilr., ,~r"'J 
~--------------'~-~------------~ 

Ol.JJU/'."E F STI.EL BRJOOE. 

" 

,rE'=.::-~:··~ 
-"' \. , '1. 

~J,T FiR. 1.9 

~ SCHEMATIC REPRESE!lITATION FOR A.."iALYSlS 
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2. FIRST GARMAT ALI HIGHWAY BRIDGE 

2.1 Brier Oescrilltion or Bridge 
This bridge is located just 10 the north of the southern City of Ba.~rah on G:um:u Ali. II trihut.:lry 
of Shalt A1·Arub River_ The 407 m bridge consists of 9 • 37 m long simi'll)' ~upported rre.~trc5SCd 
concreae sp:.ns and 2 cenlrnl n3vi&:).(ional continuous twin steel spans. of IOlallenglh of 7d m, St..'e 

Figs 2.1 & 2.2 . The steel spans twicaUy cOnSisl of 2 longitudinal girders, cross hcams and a 
deck pl:lle which is longitudinally stitTened by trough stiffeners. The steel con$lruclion comrri~~ 
7 segmenlS of shop fabncated welded con~tnICtion. except for the hohcd cross hcam .... The 
segments were site bolted on erection. The lOtee! spans are supported nn to the central pier 
through a 10500 mm dia 1[00 mm decp circular SIl."t!i girtlcr which h:w.l a turning capahllity on a 
circubr rail mount(.od on lOp of the supporting cemrul pier. l1lc !w(') supportmg end plen whi<:h 
are wall type and the centrnl pier which is :l. hollow cylinder are of reinforced ,oneretl: 
constf\lclion and are founded on 1000 mm diameter vcrtiC:l1 and incllncd piles 

2.2 Damage Due 10 War 

The bridge was hit by sevet;llllir 10 surf3Ce mi~silcs which cllused serious damage. to two concrete 
Sp3nS lind to the steel spans. Attention is conlined hc!re to t~ slL'e1 s('Ians1'nc d:lmagt 10 ~ 

was c:nJ5ed by I sinpe missile hit which ('ICnttt;lted the web of the circul:lr ~1L"e1 gll1kr anJ 
exploded In the space enclosed by thaI girder; II sp:ace which housed thl: rotating m\.'Chaniw of 
lhe bridge. The resulting cbmages m:llY tie summarised :IS follow~. ~ Fig. 24 & 2.~ 
· Destruction and twisllng of the hydraulic j:al.:ks and other mtch:anK::a1 eqUipment 
· Comple1e. Iknilmen\ of the ci1'Cu\:Ir steel girtkr and I'.!nU! the wt.o\¢ of the \\I!CI hrid~ tSl1:l:1 

spans) from iUi proper location on Ihe central piCf. The &roilment :and side ~hirt c:au'iCd an 
ovtr:tll body shirt of the steel bridge horizontally:and venally IlS well Il$ I t:aler;al ull of tho! 
dock: :about 2()tit .TIle Mwizontal shift lit the central pier wa.~ l7~nm lind III one plcr P8 was 
375Omm.~ conligurtltion of the steel hridge considering the way il wa.~ supponed was quite 
unstable. 

· Bulging of the web of the eireu1:!r girder in many locations :!round the cireumfcrcnl1! in ;)tidition 
to the ho\e created by missile pcnctr.nion. The! n3t1ges 31so Jl:vclopcd ov:a1ity and genllc 
twisting. 
Disconnection and complete dl!.~truclion of 18 radial beamsth:at cnnOt.'Ctct.ithe cireular girder to 
the central pivot 

· ExtenSive damage In the fonn of severe twi~ling to the cro~~ beams above the central pier P7. 
The cross beam over pier P8 developed :l. sh:arp kink a.~ result of thl: :.bnonnal he:arin, situ:!tion 
10 which it WAS subjec!.ed. 

· o\C.nsive <b.mage in lhe fOO'l'l of \e.;u\ng and bulging \0 the deck plait:. and iu 100&\\OO\l\a\ 
trough- type ribs over the are:a of the explosion to :an extent of 16 m length 

· Various local damages in the nanges:.nd webs Clfthc two longitudinal stetl girders. 
_ Extensive cbmage 10 the cenlr:al Re. cylindrical pier ch:ar:atlt'nsed by dislnt~gration:and hc:Ivy 

cflcbng in the roof of the pier and complell! failure of the connection hctween t~ pIer and II 
of the 12 supporting plies including SIl:apping of pIle remforecment whIch wa..~ Il(Igmally 
:mchored in the pier. The pil:r leJncd out of vertic:!l:L~ it res\ecl on (1nly (11'lC '· ... rtu.:al r1k , 
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2.3 Repair Strategy 

The con Ir:lints on m:Urri:lI resources described (or the AJ F3)'ha BridGt ""rly htre In :I large 
extenl except th:u with the impkmem:lti('lnof this work hemg carTit.:d OUI c~her. shllna~s wen,: 

not ;u severe. In view of the serious d:lmage 10 t~ C'Cntr:ll pIer and to some of u.s upponlng 
piles. dismantling of mOSt of the steel bridge 2nd demolition of the rncr w:tS l'Il'Cessary 
Dismantling .... ould abo cn:abJe II beller repair of Inc h:xJly dama~1!d stl"Cl c(lmponcn~ However 
the first and most imporunl (:uk W:l5 10 :lddress the qu\!~tion of Ihe slahility of Ihc ~Iccl bridge. 
This is considered nCJl:I. 

2.4 Stabilizing the Steel Bridge : 

In view of the unsUible configurntion of the damllged ~tecl hridge. 1\ w:u fir~1 I'K%c.~~ry III dc~ign 
and execute measures thai would ensure the stahillty of the SlructUn= tlll=n and :llso during tn.: 
ubsoqlJCnt dism:lnlling n:ages. In addition 10 lying thc do.--ck :It various Ioc:uion to CJtlSiinil fcnder 

piles by steel wire ropes. 1'0110 Icmpol11ty support woes ~re ~I up: ZortCs AD and CD (see 
R,.2.3). Support Zone AD consisted of sleel platform supportl..od on 10· 7{Xl mm dHltuhuhlr SIi..'CJ 
piles.2 • 100 Ion jacks were mounted on tht! platfonn to fonn pan of the lining '1 up, SuppOrt 
Zone CD cansi led of 2 SIi.."C1 girdcrs ..... hich wcre erecl ... od undcmc:Jlh the hOOtc d...<d. clo~ to Ihc 
bolted joint between parts 2 Ind 1. and supported on 8 luhular sleel piles II cat:h end. Jad.s v.cre 
also su\,!phed over this lOne 10 facililalC lifting, dismantlin& Ind suhM.'4l.K!nt re-Cl'C\:uuM In 
addition 10 Zones AD and CD. locations EI. E2 and F pro ... ided fulther J:adlng poinl~ 
The 350 lOn steel bridge was reston:d 10 J..:...el J'IO"iilion prior 10 dismanthn, U\lnl! the ((llluwlOg 
J3Ck conngu~uon. 
Il) Liftin, j3i:ks JI and J2 and l'etrxling pcb n and 14 ~re po!iltlOn...-d at the four uriguul 
polnu which were allocated for the lifting of the wholl! d ... '\.:k during rootln!! hrKlgc malOh.'l\3.ncc 
b) Jacks 1S 10 18 were mounted in lhe! tcmporary Support Zonc CD 
c) Jack J9 W:lS mountL-d under the di~locat ... -d end comer F of the 10ngiludlO:a1 girder III pier Pit 
The Jlcks wcre operaled manually and their actiOn was carefully coordinated \tl fulfill t ..... o 
purposes_ The lifting rcquin..-d at 1 I and J2 '011:15 of the onkr of I ~OO mm and il wn nlll ['Kl~~ihlc 10 
achieve th:1I ill one stroke with the avail:ahle jades which h3d a max stroke tl( I ~() mm. It was also 
necessary 10 instl.ll tcmpor.uy suppon.~ TS I. TS2 :and TS9 10 ~nahk the n:-seulO£ of 1:U:k..~ J I, J2 
and J9 respectively. As lifting progressed Inc tension in the steel wire rope t"lecame ~Iack and had 
to be cootinuously 1I,:nsionL'd until final sllblc confiJ:uration w:as ohtained The PI(,:IIH'C\ in Fi~.~ 
2.6 &. 2.7 show the sl3bilil..cd posilion of the bridge. 

2.S Dismantling or Steel Bridge 

A delailed CJ;;lmination of the: stccllkck show\!d Ihat segments I and 2. ahhllugh wen: dldocated 
from their pmper ro~III(·ln. v."\!re hasically unmmaflL-d CII:CCpl fllr ~h~pncl hok~. For thi~ reason II 
was decided 10 keep them III pOMtioo :l.nd to re·I ... ate them to currect J'IO-'IIIIIfI at :a \uh~-qucnt 
S13.CC. The ~~clion I ~pl~ l'"nl5 t.:lwl..'en the ,·mouot, 5(:Bmo!I\t~ wo!ft. the: I\:l.Iural K1Cat\on<, hlf 
dlsm~lIing. The. size and wcil!ht of the di(mlnlled ~i!menl" v.3..~ dKlat ... 'd hy the u.re lifting 
c:a.p:acilyand m:u"lCu...er.1hiluy of Iht! craOl!S Iolohich v.cn: ;l.v:l.iilhk 10 llper.llC I'rom n,er cr:aft 
DismlntJing rroceedi..-d Il\ the folluwing ordcr: Segments I' _ 2· . ]" . 4 .:\ :and cln:ular ccntrJ.1 
guder. The joint betw ... -cn c;l.ch 2 segmenlS had high strength fricllon holl~ In tht! i'o(l\tom nangcs 
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and .....ebs. The Inngitudin3l1y stilTen..od dt.ooek riait' also 3C1t •. -d as top flange' for the 2 loo£lludirul 
girders. The deck pl31e W:U wcldo..-d :11 the joint. S13ning from segment 1'. cl!rtain pn'f"Ol'1i(\n nUl 
exceeding 50"11 of the holts ""'t'1'e removed bcf,.1'e the !iCgmcnl was ~Ur(XlnccJ by 2 cl'3ne~ frum 
pre-<hosen 4 sirong !X>ints. The remo\"31 of the rt"m:uning hohs and the gouging of the lb:k "hUt! 
weld was done with crane ropes oclflg just or ~1ightly taut until cllmpklC ~r3r::ltion 1l1c tl!n~i,)n 
in the steel ropes h:klto Ix- caICfully monilOreJ anJ controlled 10 l::Ike ac..:ount of th..: tIdal CfrCt:L~ 
and associated change of waler \c.vel. Dismantling (If the tllher segment.' pnx::ccd .... d m a similar 
manner. 

2.6 Repair or the Steel Components 

The dismantled bridge scgmcnlS wcre SCI up on :I k"cl conCfCte h:lsc whcn! t. .. Ir\:ful re
examination of their dam:lgc5 was m3de and documented. The cnteria :10<1 pmcc..-dures cilL-d for 
the Fayha Bridge. conceming 3Cccplahle loler:ances for d.!vialion from ~Ir:aishlncs~, plan:mlY and 
$(Iuareness aoo as 10 the method of repair of com["ll)nenlSwt.'re followed in the pl\.'\Cnt ca.~ 10(1, 
Based on tllcse criteria the f,)llow;ng cl)mponentS h:ld tl) he ~utmanlial\y I\'·fahricaled 

. the cross Dcam over pier P8 :md the Ih~ cms.s !leam.\ ova the! central ruer 
deck fibre aOO its ionJ;iluJUl:a1 stilTening (ot mt:l~t of ~gmcnlS J':and 4 
olen.moe rep:air 10 clt'Cullr ginler uOlkr segment 4 Thi abo In\·"I\"01 refl1>11."CITICnt uf lal");e 

areas of .... 'Cb and lhi: C\.mpk:ldy dcslro)" ... '<.1 r",li:al !learns hy new onc.s. Due 10 dd"nnal1on of lhe! 
nlnges, their rep;tir was only J"lO~~hle afccr c(.lmp1ctdy di'il.."OO",-'CtlOg .... eh frt.m nanges. The weld 
was removed hy gouging. RCSlOnng this ginkr with ilS 2~ mm .... eh & 4(1 mm nan~~ 10 pn1J"ICr 
circularilY. plane upper :md lower flange facc~ anti n;tnge III weh ~uJl\'nc~( was a considerahlc 
challenge to the fllhriClllion tcam Figs 28 ;:101.1 29 show pictures of lhi~ glnler during and after 
rep:m. 

In view of the SCttrilY Ilf tho! d:!.maj;e Ihal occurred It) Inc d ... "Ctro/mochanil.:al '-'qulpmcnl n.'qUlred 
(or rot:tting lhe Mdge. it was doxidt.'d to utili/x Inc hridge in a fixl,,! f,lnn and yel rel:.in Ih..' 
potential for future cap;1t.iIiIY for mt:ltion The sll...:1 mller :and rail amngement were therefore 
rcpl3Ctd by an amlOgemenl of 18 equally spaced fixl.,,! ~Iuh Steel columns 

2.7 Erection 

Erection starled by fixing Ihc III 5IUh ciliumns around the upper wallnf the central pICr. Their 
boiLS were anchored in prc-pl\'pan."tJ holes. 1k circular \ted ginkr W3..\ th.:n It)w~rcd and Ihed 
on Ihe stubs. Ereclil)n of I~ Mdge. UOILS pnx. .... 'Ctkd In a ,--anLi1c\.:r mann.:r Marting \\<Ilh \Cgm":01 
4. and was (ollowl.'<.I ~ymmctric:llly wilh Sl:J;lTlents :\ :md l' The comhin...'lI SCl:menlS I and 2 w..:rc 
then rc·aligned inio final po'iilioo anti conOl.""Cled 10 ~~ment:\ Fine 1cvd adJu\tment was mad.: 
by thej3cks 15 :md 17. Thcscj:lcks were then utili/A.-d III lake a pre-cakul:ak.'lI ~hare of thl! .... l!il;ht 
of Ihat Sp;1n until the cI"I..'"Ction of S(gmcnl~ 2' and I' wa.~ l'omplcto..'d 

Hoi.sung:rnd erection of each of the C3ntil.:\·.:r scgments 1. 1'. 2'. I' was carTir..'d out by crawk:r 
crnnes operating from the platfllf"ffi of floaling rontoons. Web .splli.·e ",IllS .... ere insencd and 
loosely tightened first, followed hy hclllom nange holl~, slmultanc.."*Ou.~ly .... Ith .... hll.:h ~1t.'"Cllul:~ were 
.... -clJcd across the tr:Ins\·cr.< JOint f3.P of the d..,xlr;. plale. The lup .... ere lIf \UrrK.·M!nt ~1I..l! and .... dd 
to supply tempor.lrily and 11'1 conjunction with the lower nmge tho.! m"m.:nl rc.\iMance for the 
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cantikYU IClion. ~ prrcem3i:e of boiling and .... 'I!ldmi: thai h3d 10 he :k.:hk:Vl.'d bdtl!'\: t~ I:r:ll'd 

could be relieved was c:aicul.:ued a.nd specir.w. Fip. 2.10 mJ 2.11 how mtcmlt.'dl3t1." and final 
stillgeJ of ernction. 

1be original splice holLS were: 24 mm dia class 109 high strength foeti l," boiLS. At the 11m\! II' 
n:consltUCtion of this hricJge II wu still pos~ahle 10 ool!lin new rcri3Ce",,-,ol fur mou of I~ htllts. 
Fbnge "llCc bolts were 3v:J.ilabk:. There W::l~ however a do.!rK"k'ncy of ahllut 2~~ of weh \('II lee 
bolts. The question of utili/.-me re·use bolts was cx:unir'll.:d. In Inc lightllr 1\".~c3rch work hy Boyd 
and I lylcrjlJ which ronns the background \0 the A1SC ".·commcnd;lIion.~, AccCHtling II) lhe~ 
recommendation, ung:!.lV'.tniscd A 325 bolts may he re·uscd for up to 1 IIrnc.~ while A41)(1 1'K11L~ 

ate nOi rccommcnded for re·usc. With boilS grade 10.9 being closer til A4t)() Ih30 10 A 1211i holt 
qwlity it W:IS decided to search for 3n alternative 10 re:-using thl!sc bollS. A J2:'i holl'l were 
evennl3lly found. To supplement thl!ir strength it was dt.'Cidcd. aftl!r consultation with thl! C1i..=m. 
10 Idorn II. hytmd connection involving lillct wckhng in addition 10 the AJ2:'i oollS. BS :\4(10 part J 
penniLS this type of conTl(ction 1bc weld si/i: w:as 10 fxt con.-.cf"ati,·dy dc.~igrlt.:d 1(1 l:arTy the 
whole load 

The tip elevation of each erected segment was measured in order 10 \wify that it did nOi depart 
signiflCal'lLly from alculated values. It was imporunt 10 ensure thai the canuk,'Ct eievalilln l\f lhe 
end se,menlS I nnd I' was Within prescribed tCliernnIX5 Ih:u a..~.~un:d the rUI'K:IIlxulilY ,,/, the hridJ:':: 
as a tumlnl heidgl!. With the dlm::age to lhe mam klOgliudm.:a1 ginkn hem!: uoly local. II WOl\ nllt 
diffICUlt to preserve accurnll! vertol profile::and no pn>blcms \\.ere clk:llunterW In ~unl the 
aforementioned tokrnOCfi 

The I:riJge passed a st.:md.:ard lood test with 96 ~ claslic recovery. The work on Ihlll hridgl! 
suncd lfI June 1991 :and the bridge was re-opcllt.-d nn May 4. 11)92 l\'rilldK.: mSfll-'CIUln since 
wn showed no signs of pro!licms. 

Concluding Rema rks 

In tnc. aflcnuath of !.he Gulf War of 1991. an urgent need aNse 11\ Ir"4 flIt the !'I!l'Jlf, 1\:. 

habilillltion and re-conslructinn of vilal infr:Htrul:turc facilities su!;h as hridgl!s. eit.'Ctril: power 
SlDlions and refineries. The structur.l l failures WI!I'C of II. nalure qUlle uncncountl!rOO in modern 
history. llIe methodology of repair ::lOd itS lI,Ssociak'd engineenng pmhkm~ \\.cre :also IOlnn~lC3l1y 
differenl from the well trodden path of sundard new constllJClinn. New are3.~ of rc.~:arch hl'l:ame 
~."mt-di3tely apparent. Such areas il'ldudl! the! study of the pcrflmnant:e uf dlHeo..'f\t ~trul.:lural 

systems under c::atastmphic forces. the struclllral Ic~wns to he learnt fnlm the nature of L.lIlure~. 
findlOll answers 10 technical pmhkms assrx:i:ltt.'(\ with the repair prtN:C~\ and thl! appr:mal of the 
technical solutions adopk-d fnr the.'iC n:pairs. Most uf thc.~ :lSpe~;1S Will he "\I.:rea~inl!ly rekvanl 10 

the future re-hahililatilln of infr:l.-struclures that may he ~uhJl---ch..-d III detl!rillr:l.tllln hy YoIfiClUS 

c::aU5eS. n:l1ur21 or otherwise 
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Stup unloadm are normally subjected 10 • very heavy duty and therefore wear and cracks Ire not 
uncommon In their stm structures which often need some repatnng and upgrading This pa~ 
focus on the interactive theoretlcal-txpenmental-numencal procedure which was used 10 model 
the structural·mechamcal system and the: dynanuc loading, 10 then UJeJllhe structural behavtOf, 
fom:asc rltlgue-erac.ks and eltlmlle the ulterior setVlce life of IWO SlIrnlar wgt stup unloaders 
that \lotte on duty for • pmod of 10 years A summanzed account I' IPven on how, after the: 
OCCUrTence of one the predicted cncks. the same procedure wu used to design the needed 
structur1.l te.nforcln&/ltlfferunl detAils wruch were earned out to upgBde these largt machrnes 

I Introduction 

Sl~ structures of 1Alat macluncs IUCh I.lII stup unIOiders In busy ports "'e subjected to • very 
severe duty and therefore sh('lild be deSIgned under ngorous dyrwmc cnlena If liS raugue bfe 
expectancy In )'ear1 IS taken IS one of the mam Indexes 10 measure Its structural performance 
Wear of the rTIOY\ng paru and cnlcks In the sted structure resulting from heavy dUI)' are 001 
uncommon In these large ItructuraJ-mec::harucal systems which often neut some rep&lnng and 
upgrading In some el5eI flllCtures ma)' propqate qUlcldy and WIdely, decreuang dlllSllcally local 
strength and leadln. to kJcahz.ed buckhng and even collapse The laner e\.'eI'It c:xctuded tms was 
the case of the analysed unloader'. sted fmne structure (tee Fig I) composed of wge and 
slender dun "..tIed bo"'-KClIon members 

11ut paper focul on the nwn aspects of the mlenctlYe thoor"ehcal-expenmental-",,1InencaJ 
procedure ,,"u;.h "u uK<! to model the structural-mecharucal .ystem and eyehc loacllng, a.JJ6J 

the structural dyn&mlC behavior and 10 esumale lhe ulterior SCfVIce bfe of two sunllar unloaders 
that "ere on duty for a penod of 10 years 'These Jailer esumales were lhen used to forecut the 
occurrence of fauaue encks In mIJOf box sections that could have led 10 the collapse of the 
"hole structure of one of lhe unloaders Under the repealed acnon of heavy mc)Vlng paru the 
undetected (ahhouah predicted) endt grew 10 dangerous proportlOf)J., and trus aevuely 
wealr..ened the structure llul occurred exterwve fracture, caused by fatigue and Initialed al a 
poml of hlgh Jlfess concml11llJOn, corroborated Imlw predlctlon, and comprllrd 10 de51azt lhe 
nttded structural reinforCing and stlfferung details whlch were earned OUt 10 uPSlllde these two 
wae machlnet 

It II Ihown how lhe dynamiC characten.Sllcs of the lied structure and of the moVing parts 
of the machine "ere firstldentlfied by expmmental measurements, wruch In their lum were used 
10 formulate a theorettcal model for the dynarruc loId and 10 cahbrate the FEM model of lhe 



216 

whole structural-medwucal system, In terms of natural vibnuon fr~uencJes and mode shapes 
and also in terms oflnne response amplitudes MorlCO'o'ef, II is shown how the most stressed box 
section wu modeled and analysed by comblrung firute element techniques and cxpenmental stram 
meuuremc:nIS, and how the resultant stresses were used to design the needed structu~ 
strengthening Correlation of cxpenmental and numerical results are &,ven to demonstrate the 
effectwene5S of the used Inttractive approach to tlus eng1l1cering problem 

2 Ceneral description of Ihe structu ra l-mechanical system 

A side vicw and overall geometry of the unloader's steel structure IS shown IChematlcaUy In Fig I 
together with some of Its main accessories bucket and trolley, hopper and apron feeders The 
material (e 8 coal or iron occ) is unloaded from the ship in the following operation sequence the 
bucket is lowered Into 1M: ship and bites the material, then is lifted and transported by the trolley 
along the boom to throw the material inside the hopper, returning then empty to restart the 
unloading operation 

When the bucket filled WIth material and hanging by cabl~ from the trolley IS transponed 
to the hopper, It perl'OmlJ • coupled pendutar-translationaJ motion that creates a dynanuc force 
thai makes the unloadcr to oscillate In liS way back towards the boom tip the now empty bucket 
cre.Jtes a slnular force of oppoSIte sign and half magnitude Structural stiffness and resistance to 
these oscillatiOns IS rTIllnly offered by the pair of invcned L-shaped plane fra.mes. Indicated In 
Fig I The serrll-'Phencal beanngs at the top of the two columns In the lower rear-portal 
mounted on trucks serve 10 attenuate the stresses induced by the dynanuc force and make these 
columns to work as plnned-ends struts The two legs of the mast, at which top the tie-rods are 
lInked, Sit on senu-n&!d COnnectiOns that allow small rotatIOns caused by dynanuc VU)'Ul8 
stretching of bolh tie-rods and rear-rods 

3 Interactive thcoretical-cJpcrimental-numerical approach 

An interactive approach was used to caJibrale a FEM model of the prev10usly descnbed 
structural-mechamcal system that constitute the ship unloader The structure was dlloCretlzed by 
428 space frame elements - leading to a system of 2122 linear equauons - and the numcncal 
modelhng allowed for all the distnbutcd and concentrated masses due to rnecharucal aC«.Ssories 
and eqUipment mstalled on the structure The FEM model is illustrated in Fig 2 together WIth the 
unloader's dommant mode of osciliallOn. i e surging motion 

Experimental dynamiC responses of the structure were obtained for two distInct 
conchtlons 

free vibrations under Impulsive loads produced by instantly starting and Sloppmg either the 
lifting operation of bucket or translation of the trolley 
forced vibration caused by normal unloading opctation 

Free vibra tion analY5is 

Fifteen I1llcro-accelerometef's (KyoWl, Is) were mstalled on each unloader and used 10 record 
the dynanuc responses m terms of 10ngnudinaJ, transversal and VcnlcaJ accelerauons of various 
POints of the structure The filtered and amplified recorded analoglcal Slg.na.IS were then 
dl81tahzed and used to identify the donunant vibratIOn mode shapes and thetr UJOCllted natural 
freqUencies. the latter through the frequency spectra obtamed by applYIng the Fast Founer 
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Fig I • Unla.der's structural-mechanical S)'SIml 

Fig 2· FEM model and nwn oscill.n mode shape 
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Transform (FFT) a1gonthm to these SIgnals Damping facton for the lowal Vibration modes 
could be e&SIly evalUlted through the Ioganthm decr~1 t«:hmque. resultl"a In ~ 6'1, for the 
1~6t frequency g10ballXlal torSIon mode. and ~ 55' .. for the dommanl kmgItudmal (surge) 
mode shape sho",,,, In Fia 2 

Table I prtK'ntl the condlllOn between exper1~tal.nd theoretical results for natural 
VibratIon frequtnClH UIQCII,ed WIth some few mode shapes 

Table I - uptrimtnlal J. ThHmiul Fnqutncin (liz t 0.04 Ib) 

Mode ShaDe Exoenmenlal Theoretical 
Axial Torsion mode 03. 038 
Suriie mode FlU 2 048 03. 

SWlYmode 092 080 
I- BendinaofBoom 124 120 
TransvcrsaJ BendlnR 188 200 
2-1 Bendm of Boom 324 300 
Lo IUdlnaJ Bend--;;- 45. 450 

II should be c:mptwazed thaI calibratIon of the rEM model In terms of ,;brlltOn 
frequencies was .clue .... ed SImply by rtfiruns the ~ constdenng all the 1ltlcu1aled beanng.s and 
adJuSI1n8 the locallon and OVttall dlJlnbulion of conce:ntrated maues due to ~ 
InIChU1Cf)' and eqUipment, according to the -as built- drawings of the unloadtrs 

Modelling of the dynamic load 

A lheorrtlcal mode! for the dynam.lc load was forrr&l.l.led from nperimenw observation and 
measuremcrus of the motlon of the tr'lvdm8 bucket ThIs dynamiC load can be dC3Cribed by the 
tbUlon rorce In the 1Usprn$l0ft cmln, according to the sketch shown In rl, 1, lJ rollows 

T m,s(",,) ,0 < 1 S tl (I a) 

T mll1.sl.l~ + m1L4l + mlS~ , t, < I S ll (I h) 
bemg 

T. TSlnt (a) T, " Tcos+ (h) (2) 

It I components 1ft the Xl plane. and 

\1 m,lI(. II) O< t S II (la) 

A-h( mll T,kl x) 11 < t ( 12 (3 h) 

the rorce mo~t In relation 10 the y axiS pHSIng through the cyhndncal bc:anngs or the hftlfta 
boom. where 
ml - mass or the trolley (20 1) 



rn l mass ohhe bucket full (40 1) or empty (20 t) 
L length of the suspension cablet of the traveling bucket (-10 m) 
I distance bet ..... een Irolley's extreme poSItions on the boom (-30 m) 
+(1) angular coordinate for the bucket penduJar motion 
Kttl . "(t). x( d displacement. velocity and acceleration of the traveling trolley 
8 accderallon of graVIty 
t tllne (sec) 
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' •• 11 time Instanl! corresponding respectively to the end of the hRmg (11 6!ee) and 
lransponmg (11 16 sec) operation steps of the full buckel, being I 0 the beginning of step 0 in 
Fig 4 

Based on experimental observation the velocity of the traveling trolley was assumed to 
vary as I half-wave Slnt function of lime. 

so that, 

~h«. 

I, '" 
X(I) &110 &" 

'" " s-Icos 
~t 

, >It 
it(t) '( - cos

-& At 

(4.) 

(4 b) 

(40) 

x_ 1'1( / 61 (-94 mlsec) and 61 - (Il-t.) 10 sec are respectively Ihe maximum velocity 
reached by the Iflvehnglrolley and the traveling lime oflhe full bucket to the hopper, accordmg 
to the steps of unloading operation as clearty depicted in Fig 4 This figure shows the vanation 
With time of the experimentally measured axial strain al a section close to the semHigld Joml 
focaled at Ihe base of one of the: two legs of the masl The: elapsed travehng lime of the full 
bucket is clearly shown by this slow varying strain, measured at a specially selected spot to ~nse 
the applied dynamiC loading 

F o r c ed vibralion I na lysis 

With the previously described dynanuc load the responses of the unloader ..... ere obtAIned In terms 
of nodlI displacements and acceleralions and also In terms of resultant forces and stresses In lhe 
elements of IU space frame sted structure A mass proportK)fJaI damped modal anaI)'SIS In the 
time donwn. wlIh 10 superposed Vltnlion modes, was used to obtain the dynanuc responses 

Straightforward corn:latlon between numerical and experimental responses were made for 
accelcnllOns and displacements at • few pOints In the structure, the moSt n:levant betng those 
related 10 the donunant longitudinal (surge) motion of the unJoader Supenmposed In Fig S are 
the «penmental and numerical 10llgltudinal acceleratIOn responses at the JOint (i e cyllndncal 
beanng) of the bfbng boom, and U It can be seen they correlate favoably Table 2 shows a 
companson between expcrimental and numerical averaged peak amplitudes of longltudmal and 
vert,calaccelerallOfls and displacements al the lip of the lifting boom These results logethef" With 
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Fig J • Theoretical model for dynamic load TnveillOg trolley WIth pendulum 
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A • EmPIY bucket is lowered inlo stup 
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Fig 5 serve to demonstrate that the numerical result$ obtaaned WIth the cahbrated FEM modd 
correlate very favorably, both qualitatively and quantitatIvely, WIth their expenmental 
counterparts 

Table 2 - Comparison bet~Hn numerical and nperimental nr:nged peak (Hponse 
amplil udH al the tip ortifting boom 

P,ak E~-mental Numerical 
amnhtudes DlsnI em) Acce'-/m/s1 Dis I ,m Accel mi.' 

LonDItudnw motion t 3 30 t o 13 t J 50 t o 10 
Vertical motIon 1-990 . 090 t il 00 ±IO 

Under the cyclic aClion of lhe travehns trolley with the oscillatins bucket the structure IS 
pot mto a ItJr8lng mohon that IS well depIcted In Fig 6 by the tIme response In terms of the surge 
displactment al the level of lhe semi-sphencal JOInts What can be readily notICed In Ims figure is 
the compound type of motIOn wruch results from the superpoSItIon of two modes the natural 
surge mode of the structure WIth a penocl T s .. 2 I sec , and the pendular mode of lhe han8lng 
bucket WIth a penocl close 10 T B" 6 5 sa: 

• 
I 

, 
• , 

I 
, , 
• , ., ., 
• ., 
• " " .. .. 

11"" (- 1 

Fig 6 - longitudinal displacemtnlx tIme response of the structure at level ofttle 
selm-spherical bearings Time interval correspon(hng to steps D and E In 
Fig 4 

Dynamic stresses 

Structural stiffness and rCSlstance to the donunant sur&tng motIon IS mainly offered by the pair of 
Inverted L-shaped plane frames Thus, the round comers of these frames (see hg 7) had the 
most dynalmcally str~ and fal1gue prone box-sections of the entIre steel structure Overall 
geometnc propomons of these L--frames kept the round comers almost stress-free for the 
str\Icture under statIc loads alone and, consequently. under dynanuc loading the arcumstances 
were IUCh thai tugh stresses were reversed repealedly, m the same fastuon as depICted In Fig 6 
for the lon8lrudlnal dIsplacement at the same levd of this focused sectIon 

Sires arWyRs of this L-shaped welded box-sectIon corner (dehmlted by the bolted 
sectIons as shown in Fig 7) ""ere carried out both numerically and ex:penmentally A 3-D fintte 
element model as sho .... '" In Fig 8 \,1,.., used 10 perl"orm the numencal strm ana.I)'SlS under 
prescnbed dlstnbuted boundary forces derived from dement end forus obtamed WIth the 
dynanuc responses of the space frame modd of Fig 2 To countercbec.k stress resuh~ from the 3-
D FEM model, strain-gages were Installed on the thin waIls of the box-section comer and strain 
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mc:aJUrements wert c:amtd out dunng aaual unloadmg openllon 11\t unstlffened rruld sted 
plaits tn t~ waJls wert only 318- thick (frontal and lateral plane walls) .nd lfr duck (curved 
wall) Because they were thm and WIde. and of c:oorse g~caJty Imperfect, these unstlffened 
walls displayed • strong non-linear stress dlSlributK)n across the 00'< se<:tKm This was 
panlcularty so for the tn-plane longitudinal stress dIstribution aero" the WIdth of the curved wall 
In • section line Indicated in Fig 8 The dynanuc peale values (e a maximum tension Of 

compression) of these stresses at the center and edges of the curved wall are given in Table 3, 
while Table 4 shows their average values, effective (bolr) to actual (b) Widths raUO! and the stress 
nuser factors (SRF) u defined ahead It can be obSttVed that In tlus case the shear-lag effect 
pl.~ the role of. stress raiser, leading 10 streues at the edges of the curved wall that were 
over two umes larger than the average stress This was the source of the ·stress rllser f.ctor" 
with values Indicated 1I the bottom line of Table 4 In relation to this malter Lt should be 
emphasized herem thaI the manhole m one of the lateral walls of the bo'C·section comer, as 
shown 10 Fig 7, did nol consutute Itself in any sort of strong stress rAiser, U It could be thought 
al a first VIew StalO measurements recorded from a line of rosettes lOst ailed on the web, in 
between Ihe curved panel and the bottom of the manhole, showed that the principal stresses 
followed a Jongllud.nal stress flow increasing towards the curved panel The inlllalion of crack at 
IhlS particular edge of the curved wall then resuhed from a shghtly higher local strcss (51 U 
compared 51 Ln Table 3) obviously Lnfluenced by the manhole 

Table J - Thwrttical s Espuimc:ntal dynamic lons:itudinal struset at the cun-tel .. all o( 
tht bol·Jtclion comer of the L-shapcd plant (ramet 

Local sues ... Theoretical stresses (MPa) Expc:n.mental stresses (MPa) 
(see Fo. 8) Tengon CompresSion TenSIon Compression 

S 1120 ·798 717 ·682 
S 148 ·125 112 ·153 
S 1120 ·798 620 ·591 

Table 4 • Comparbon bt.lwttn thwrttiui and t:lptrimc:ntal (haractl'rislic uluH (or strus 
distribution in the cun-cd wan Csc:c: also Table J) 

Characteristic Theoretical results Ex mental results 
values Tensile Compressive Tensile Com ressive 

S _(M?,) '00 ·370 308 ·307 
b..,lb) 0447 0463 0439 0461 
SRF 22' 216 217 207 

4 Fatigue analy is 

The: callbrlted models ",ere used to estimate fatigue damages caused by the operational dynanuc 
load al the mo I stressed sections oftne structure [1) Among these sections. those With high 
reversed stresses were lermed the most falLgue prone sectIOns The results from the fa"gue 
analysiS of the box·sectlon com« of the L·frame are brought herein to demonstrate Ihe 
efTectlvc:neu of the used approach 

No COf\Sldenble flaws, notches or nunor cracks In any of the most fatigue prone sectIOnS 
were detected dun", thorough mspecuons of the enure structures of the two Similar unloaders 
Small mlllal defects .ssociated With fabncatlon. mstallatlon and service use are nevenhelcss 
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altogether unavoidable and hard to be detected In such Iargc sted structures No maner how 
small, these ImperfectKXls can introduce non conservative errors mto fatlgue-life estlmltes, and 
this has been assessed by crack growth models derived from fracture mec:hamcs However these 
errors are generally nunor compared to other uncertainties Among these uncenalOtlts those 
related to the modelhng of the dynamic loading and structural system are the most relevant and 
frequent Thus, what IS always required to predict the fatigue-life of large field structures, is • 
refined and expenmenta.Uy calibrated analytical or numerical model 

In the analysed case [2) the dynamic behavior of the structure was so SImple that the most 
stressed and fatigue prone sections experienced only four dIfferent cyclic .nd well defined high 
SIren levels at low frequencies A deterministic approach to cumulative fatigue damage based on 
~und SoN curves could be then rationally applied to fatigue-life estimates of these unloaders 
structures Dy having determined (numerically and experimentally) the hot Spoil for stresses at 
the edges of the curved wall, or more precisely al the welded Junellon between the curved wall 
and the webs of the box-section comer of the L.shaped frames, the aforementlOoed approach 
could be fiJnher used to forecast fallgue-cr.cks to be irutiated at these spots 

The annual number of cycles of openlion was estimated by the pon autoonllCS as n -
2 I x 10' cycleslyear, and thiS wu counterchekcd by momtonng one typical ship unloading 
opeT"auon 

Mn'ler's rule together With the appropriate SoN curves (3,4] were used 10 estunate 
cumulati\'e damage 

(S) 

where, 

n n )f I , IS the total number of stress cycles that the section expenences per year, being J tWIce 

the number of cycles occurring for &t 10 sec , e g for both fiJll and empty bucket travels 
N , .. the number of cycles for fatigue under each stress range &5

J
, J ... 1, ,J, ~ng J the number 

of distinct Siress ranges occurring for the to and fro travehng of the trolley on the boom 

The used SoN curve has the expression [3] 

(6) 

where, for welds parallclto the direction of the applied stress hke in the box-section comer of the 
L.tnmes, s 0 1822, m -4 0, Loslol '" 15 ]697 

By applying a stress ralser factor (SRF) 10 the average stress ranges L\S J as taken from 

Table 4 the follOWing fatIgue life estimates T, was obtained for the selected section 

T, 11 2 years., WIth SRF 2 I , for the most stressed section In the curved wall of the 
box-sectIOn comer 

Tlus result together With a service life Ts" 10 years led 10 an cstunated ultcnor SCMCC 
hfeTu Ty T. I 2 years, that was soon corroborated by the occurrence, almost two years 
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later. of an extenSIve fracture In one of the two Similar unJoaders Under repeated and reversed 
lugh stresses a cnck, initialed at the predicted hot spot. grew qUickly to dangerous length and 
almost led 10 the collapse of the whole structure of one of the unloaders the one most on dUlY 
CoUapse only did not occur because the large crick could be seen by the people In charge of the 
nwntenance of the maclunes A sketch on Fig 7 gtves a glimpse of the cxttfWon of this fracture 
that reached around 980 nun (- 19~) of total length 

S Repairing and upgrading 

1be structural fAllure corroborated Initial predictions and compelled to dCSlgnlng the needed 
structural remforcmg and stlffemng details which were carried OUI to repatr and upgrade the .teel 
structures of the two unlc_den The steel used in these structures and In the strengthemng details 
is. mild carbon steel with yield .Iress ~50 MPa (similar 10 the ASTM A·36) The deSign of 
such detllis was based on stress calculations perfonned with cahbrated numerical models. onto 
"" \uch slnJcturai changes (e 8 plat~ thickness, stiffeners, etC ) wer~ imroduced and analysed On~ 
of the most relevant detail was the thickerung and stiffening of the curved walls or the box
secttOn corners of the L-shaped plane frames Three equally spaced lon8ltudinal stiffeners WIth 
rectangular crou-secuon In" ( ... 12 mm) thick and of smooth varying dqnh (fIW(lmum or 
6"(I5Omrn)) ~ere wdded to the Inner surface, and two 112" (-12 mm) duck curved sted plates 
were wdded "de by SIde on the outer surface of the curved wall As iIIu,tf'l;ted In one detail m 
Fig 1 these curved plates were welded along the edges and the rruddle line of the curved Wall, 
and also along their ends. close 10 lhe splices at the bolted sectiOns The ttuck~nlng of lhe curved 
wall, together WIth the wdded S1nngers. wu done In order to arrest the shear-tag effect and even 
up the dlstnbulloo of 10ngl1udlnal streu across the wall ,,",dth Mor~ extCflSlve piatlng was 
earned out to obviate further structural failures In places where either fatigue cracks could grow 
lnadvenCfltly or localized buckling OCQ.JrTed because lack of necessary slIffness to rC$lSI the 
added dyrwmc In-plane stresses At lhis lIase a r~fined plane stress FEM model of one L-shaped 
frame wu also of lhe great aid to sensivity analYSIS Flat shell dements were used 10 dlscretize 
the two w'ebs while the flanges were modelled by bar dements 

Another relevant rClnfoTCmwstiffening work was earned out to repair the buckled tOp 
flange (see Fig 1) oftke bolt girders of the L-lTames. and also the buckled venlcal front wall (see 
Fig 1) of thest same frames Bu~klin8 of thue flanges were ~au!oed by the ~ombined dyna.ru~ 
effects of the sudden 100ding induced by large mass of mateoal being thrown Into the hopper and 
the benchng moments created when the rear support (semi-spherical beanns) of the L .. frame 
moves backwards Under the sunuitancou, occurence of these two dynanuc effects -and thIS 
could be observed not 10 be a rare event .. high longitudinal compresSIve stresses were Induced 10 
these flanges and added 10 the already installed static compressive stresses For the un$liffened 
top flange of the horizontal boX-girder this Situation was further worsened by the shear .. lag effect 
In the regJOflS of the IIJppon to the con«ntf'l;ted (static and dynamtc) venlcal loads. ",dlcated in 
Fig 1 Thus. close to tlus PD'nl dynamiC stresses lead to cumulallve fatigue damage at the 
flange/web welded connexion. although in a much leu extent lhan in Ihe curved wall, aJ In the 
case oflhls lOp flange there were lower and not reversible strallU Buckling oftM ulUtlffened top 
flange OC(:UrTed to the right and left of this support in a clUSlca1 wavy patlan u Illustf'l;ted in 
FiS 9 a Platina In the region of the suppons and IonSlIudmai stllffenen were then used to 
reinforce the top flange, and tf'l;nsversaJ stiffeners were also welded to the webs. aJ Illustrated In 
Fig 9b 
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Fig 9 • Buckled lop flange of box-girder and relnforcinwstiffening details 

6 Concluding remarks 

The reltability of an interactiVe theoretlcal-expenmtntal-numerical approach to assess the 
dynarruc behaviour of largt steel structure 15 demonstratcd by the Ipplicauon 10 a practical 
enBlneering problem mvolving fatlsue-llfe estimalCJ and buckling of box-section components 
The calibrated numerical model resulung from thiS inter.ctive approach IS then shown 10 be • 
ratlOn&l tool to evaluate the structural performance, to predict fatigue cracks and 10 POint out 
and deSign the needed repainng to upgrade lhe Sl~ strucrure:t of l})eJe.slup unloaders Details of 
the: sliffening and plating carried out on the: box-girders in order to arrest edge stresses due shear
lag and to prevent further buckling ohop flange: are also bnef1y described and serve 10 cmphasaze 
the need for further research on the role played by few and hght lon8ltudmal stiffeners, combined 
wllh thiCkening orn.nge, in the IUtrlultlon of shear-lag IndUCed edge stresses 
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