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Amotipnon kot AvopaOuion Awppopévov Kataokevoy
0.X. pe Xovleta Yaka 1.O.I1.

Y. 1. TAXTANH
Aaktop [Toirticdg Mnyoavikdg ATLO.

Hepitnyn

2TV epyooio avTh SIEPEVVAVTOL 01 JLAPOPOL UNYOVIOUOT O.OTOYIOS
(rcdpyn, O10TUNON KoL OYKOPWOT) OVETOPKMDS OTAIOUEVDY OUIKODOV
OTOLYEIY, VPICTOUEVDV KOTOOKEDDY OO OTAMOUEVO CKUPOOEUO.
(0.2.) mov, emmléov, EYovV VIOCTEL TIC OVOUEVEIS COVETEIES THG IO~
Kpoypoviag ékbeong oe drofpwtikods mapayovres. H diappwon tov
XOADPO1VOV 0TAIoUOD OTOTEAET KpIoIUN TOPGUETPO GTHY ATOTIUHON
THG COUTEPLPOPOS TOAOIDY KOTOGKEDDY WG TPOG T OVOKOUWIN, THV
ovToxn Kol THY TOPOUOPPMOOIUOTHTA, 010TI UELDVEL TO 01008010
eUPodoV omAiouoD, 0AAOLOVEL THYV ETIPAVELOKN UOPPOLOYIQ. TV
POPOWVY Ka1 J10TOPLECOEL TH GUVEPYATIO TV 00O DAIKDV, OnLadn
ovvapela. 2to 0edTEPO OKELOS THG Epyadiog dlatvrwvetal pebodo-
Aoylo. avTioelouIKnG eVIoYVONG / EMOKEVNG, e ECWTEPIKOC EMIKOA-
Aovuevo. womhiouéve moivuepy (E-10I1) w¢ péoo avayaitions g
018fpwang, avaKTNoNS TS OVIOXHS KoL THS TOPOULOPPDOYUOTHTOS.
H droyxwtixn pvon e S16ppmaons, oe GuvOLACUO e ATAOTOINUEVES
OpIOUNTIKES EKPPAOELS, 01 OTOLEG OTOPPEOVY ATO POTIKES OPYES THS
Muyovikng tov O.2., amotelodV 10 LEGO ATOTIUNONS KaL TYEIOTLLOD
¢ eviayvong e E-IOI1, oovoéovtag Tic unyovikés Kol YemUETPIKES
1010TNTES TV TOVOETWV Uavovwv e to Palbuo deppwons kai
OKOTOOUEVY OVTOXT KO IKOVOTHTO, GTPOPHS TOV OOUIKOD GTOLYEIOD.

1. EIXATQT'H

Ot kataokevég omhopévon okvpodépatog (0.X.), mov
éyovv pekemBel pe Kovoviopovg mpo tov 80, avtimpo-
CWOTELOVV TN UEYOAN TAELOVOTNTA TMOV VOIOTAUEVOV KO-
tackevdv otnv EALGSa. Xapaxtmpilovior dg, o¢ Tahotdg
TEYVOAOYIOG, OPOV O GUUUOPPAOVOVTIOL HE TIC GOYYPOVEG
TPOOLYPAPEG OVTIGEICUIKOTNTAG OV ElonyOnoav pe ta
npocbeta ApBpa Tov Avticelspikod Kavoviepot, mepimov
10 1985. Ao v enoyn tov 70 amavtdrol, kupimg, o TO-
7og dopnpatog pilotis, 6OV LVILAPYEL TPOSIAUOPPMOLUEVOG O
LOAOKOG OPOPOC. XTOL VITOGTUAMLLOTO TOV LUANKOD 0pOPOV,
6oV GLVNBWOG LILAPYEL KL 1 LEYOADTEPT] GEIGHIKT OTALTION
YO IKAVOTNTO GTPOPNG, 1] GUYVN OVETAPKELN TOV GUVOETH-
POV ®G TPOG T OLATOEN KoL TG AENTOUEPELES OYKDPOONG
KaB10Ta TV KaTAcKELT WaiteEP EMGEOUAT. Ol EMATOCELG
QVTEC GUVLTIAPYOVY, GVVIHOMG, LE PUVOUEVA 0mocHVOEST|g
TOV SOUIKOV oToLYElMV, eE0LTIOG TNG HOKPOYPOVING £KOEGNG
TOVG 6 KOOEGTAS ddfpmong eite Ady® TG evavOpiKmong
YropinOnxe: 4.12.2006  Eywve dexrij: 15.3.2007

2. I. HANTAZOIIOYAOY
Katnynrpue, Tuqpo oAtticedv Mnyovikov AILG.

TOL GKLPOJEUATOC YOUNANG avToyng (Kot dpa vynAoy To-
pMOOVG), gite MOYm NG BEomg Tov Krtiopatog mAnciov g
napdaxtog {ovng, og mepPaAiov dNAadT VYNANG TEPLEKTL-
KOTNTOG O YAMPLOVTA.

Orav ot d14popot Tapdyovreg S1aPfpwong, OT®S vypacia,
o&vyovo kot yhopiovia Ppickoviol o€ kpioio enineda ov-
YKEVIPOONG GTNV EMKAADYT CKUPOSEUATOS, EVEPYOTOLELTAL
1 Sdwkacio 0&eidwong Tov omAGHOD, 1 omoio 0dNYEl o€
Tapaymyo oKovpldg mov cuviimg KataAauPdvouy oA -
TAGG10 OYKO EVOVTL TOV KOTOVAA®OEVTOG UNTPIKOD PETAALOV
[1] (Zy. 1). Kotd T tpdTo 0Tédte EKONAMONG TOL GOLVOE-
VOV, TOPOTNPOVVTOL AEKEDEG KAPE YPDUATOG OTIG EAeVLOEPEC
EMPAVELEG TOV SOUIKDV OTOLYEI®V. XE TPOYOPNUEVO GTASI0,
T TPOTOVTO GKOVPLAS, AOY® TOL LEYOADTEPOV OYKOL TOVG
£VOVTL TOV UNTPIKOD PETAAAOV, 0CKOVV OTOCYLOTIKEG TTEGELS
070 TEPPAALOV GKLPOSENN KOL TPOKAAOVV PYLATMOGN TG
EMKAAVYNG. Me TO GYNUOTIOUO TOV pOYUDV ETLTOYOVETOL
TO QOWVOUEVO J1OTL S1ELKOAVVETAL 1) S10XETEVGT TMOV AP
YOVI®V S14BpmONG TPOG TOVG OTAIGHOVG. TO TEMKO GTAd10,
Aoppaver yopo  Sappnén kan ektivagn g EMKAALYNG.
Avtov 0V €idovg M PAAPN Elvol KOTAGTPOPIKY O TPOG
v opbn Aertovpyio TOV AyKLVPOGEDY, EQOGOV KaTapyEiTaL
HEPIKDG 1) OAOKANPOTIKAG 1) HETAPOPE TACEDMV OO TO VOl
VAIKO GTO GAAO HECE TOV PNXOVICLOV GUVAQELNS. EmimAéov,
n o&eidwon tov petdAlov odnyei oe peiowon g gvepyow
dwatopng xabadg kot oe yobvpomoinon tov ydAvfa TV
omMopdv. Duoikd enaKOLOVOO TOV KATACTPENTIKAOV GUVE-
TEWDV NG O1aPpmong givar 1 voPadpucn g EEpovcag Kot
TOPUUOPPMOCIOKNG KAVOTNTAG TV GTOEI®MV MG TPOG TOVG
UNYOVIGHOUS KApyMG, dtdTunong kot aykvpwong. H adio-
YN ot HEYEDN KOl OTI GLOYETION TOV SOESIUOV OVTOYDV
oV KABE Unyavicpoh aotoyiag eivol dSuvatdv vo EmPEPEL
OVOTPOT) TMV OLOVEL LEPAPYNUEVOV LOPODOV AGTOYI0G TV
doukav oTotyeimv, Teplopiloviag TEMKMOG T1) CEIGIKT OVTi-
oTooT Tov dopnpatog [2, 3].

2TV TapovG o EPYOCin LEAETOVTOLT Unyaviky BAGSN Tov
eMQEPEL M dradikacio TG StPpwong, 1 ATOTIUNOT TOV ENL-
TTOCEDV TNG 0€ OEIKTEG OVTOXNG KOl TOPAUOPPOGLOTITOG
TOV EMUEPOVG SOUIKAY OTOLYEI®Y LG KOTOOKELNG, KAOMDG
Kot M avamtuén pebodoroyiag avaktnong 1i/kal evicyvong
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NG OEWUIKNG Tovg ovtiotaong. H ypnon tov eotepikdg
emKoALoOpEVDV voTtAGpéEVaV moAvpepav (E-IOTID), eite og
poOLO avayaitioT SaPPong, Eite 0NV EMOKELT / EVicyvon
KOTAOKEVOV TOV £YOVV VTOOTEL dPpwor TV oTMoU®V,
amotelel evepyod medio Epevvag tnv tehevtaio 20etia. ‘Exet
amodeydei 6tL o1 pavdveg E-1I0IT mepropilovv dpactikd v
e&EMEN TOL POVOUEVOD OTN HETE TNV EMOKELN Guvello-
pevn ékfeon oe SuPpwtikovg Topdyoves, sEottiog o) Tng
ANUKE 0dpavoDg KOl adlOmEPUCTNG CKANPVUEVNG pPNTIVIG
Kot B) tng evepyomoinong Tovg o madnTikn Tepiceryén vid
N J10YK®TIKY dpdon TV Topaydymv okovplds [1,4,5]. Qg
TPOG TN UNYAVIKT TOVG dpdor, ot povdveg E-IOIT, dpadvrog
TOVTOYPOVOS MG OTAMGHOG TTEPICOLYENG KOl SLATUNCTG, GULL-
BaArlovv Beticd 6NV OVTOYT], TNV TOPOLOPPOCILOTNTO KO
TNV OmoppOPNOT EVEPYELNG KATA TN CEGUIKT ovakLkALo-
pevn évtoon [3,6]. Enueldvetot 6Tt o1 amopel@pEVOL deikTeg
CLUTEPLPOPAG amokabicTavTal EnapK®s, edv o Pabuog o1d-
Bpwong sivar Teplopiopévog, oyl peyarvtepog and 10% ce
anmAglo palog petdAiov.

Zynua 1: Zvooidpevon okovpidg yopw amd pafoo orAiouod Kot opi-
OUOG OEIKTWDV 010 fpwoTG.

Figure 1:Rust buildup around the steel bar and definition of corro-
sion indices.

1.1 Mnyaviki] oopmepLpopd TV Tpoidvtov oLdfpmong

Ot emrTdGCELg TG SAPPOONG UTOPOVV VAL ATOTIUN OO0V
Baoet OepeMddv apydv g Mnyaviknig, edv givol yvootd
N éxtaon o&eidwong tov petdAiov kot o Pabudc wobvpo-
noinong tov ydAvfa. To TpdTO d€JOUEVO TOGOTIKOTOLEITOL
pe 1o Aeyodpevo Pabog dieicdvong daPpwong, X, to omoio
opietor mg N petafoin g Sap€Tpov TG papdov, sivol
dniadn X=AD,/D, (Zy. 1). O dykog g crovpidg, AV, nov
evanotifetot yopw amd ) papoo, cucyetileTal e ToV OYKO
OV G161]pov, AV, TOL KATOVOADVETOL Kol Gpo. Pe TO deiktn
X ogAV =a x AV_. O 0yKopeTpKdG GUVIEAESTNG, O, , KV-
poiveton amd 2 £0¢ kot 4, pe T peyoldtepn T vo apopd
To A0V ovvVBETa, £Vudpa TOPAY®Y TNG OKOLPLES. YO T
Becdpnomn opodpopeng dtafpwong, 1 evarddeon tov dyKov
AV oy neprpépeto g papdov, kabdmg Kat eviog Tov poy-
HOV, emPBAALEL OKTIVIKY HETATOMION, U, TOV ECMTEPIKOV
GLVOPOL GKLPOJENATOG (6TTOV € M) napa;i(')p(pmcn pnyudrto-

O™G TOV OKVPOSENNTOG O EPEAKVGO) MG,

V025 +(a, - 1) X (2-X)

b Eer

u
L2 —05¢ -0.5

(1.1)

Q¢ yabvponoinon opiletar n peimon g KAvOTNTOS TO-
POUOPP®ONG TOV YGAVPa, Kupimg AOY® TOTIKNG dtdfpwong
(pitting corrosion). ['tla Tov TPOGIOPIGUO TNG OTOUEVOL-
oG IKOVOTNTOG TOPOUOPPOONG, £, G TPOG TV GPYIKH
adtPpwt Tuy, €, VIOOETETOL TO YPOUUIKO HOVTELOD TV
Coronelli and Gambarova [7] (E&. (1.2)), 6mov o dgiktrg o
aQopd otV Oom®AE SLOTOUNG AOY® TOTIKNG Stdfpwong
Kot Aopfaver Tyég og éva gvpog and 0.1 émg 0.5. H ohkn
OTMOAELD TAOCTILOTNTAG TOV YOALPa emépyeTal OTOV o, =

max
Olpi ¢ -

cor

Equ =Egy +(gsu —gsy)(l—rpit), ¥ pit :ap;it<1 (1.2).

max
pit

2. XYMBOAIXMOI

Ag = diatopn otoryeiov O.X.
™ = guPadov SapUNKOVG KOl SLOTUNTIKOD OTAGHLOD.
A 0 = peimpévo epPodov dlapumkong Kot S1aTunTicon
omAMGo OV AOY® S1aPpmaong.

b,d = TAGTOG KOl GTATIKO VYOG SLUTOUNG.
c/C, = xabapn emikGAvyn S10ufKOLG OTAGHOD.
D, = J1GUETPOC St Kovg pafdov.
E,//. = pérpo ehactikdmtog cKupodépatog, xdivpo kot
10711
£ = YMUIKN TPOGPLON.
f, = aVTOYY] GLVAPELDGS.
feor/ ™ =amopévovca avtoyn cuvapelag Aoy StaPpoong
Kot avoktnpuévn i péow E-10I1.
£/f, = OMrTiKY Kot EPEAKVOTIKY] 0VTOXH] CKUPOSEUOTOG.
o = 1001 KOPLoL OTAGHOD OTIC BE0ES TV POYLLDV.
yis = Taon  Owppong SPNMKOLS Kol €YKAPCLOL
OTAMGOLLOV.
fy,strcs = amopEVOLGO. TAOT SLPPOTG CLVIETHPOV AOY®
d1evpuvong TV pOYUOV.
h, = VYOS VELPWOTNC.
of g = pomn OdPAVELDG PNYLOTOUEVIG Kol TANPOVG
dtaTopnc.
L« = UNKOG ayKOPMOOTG OCKEADY GUVOETIPAL.
L, = andoTao HETUED JAdOYIKDY POYUDV.
L, = 310TUNTIKO AVOLYLLOL.
M, /y = POTN PNYHOTOCENDG KOl SLOPPOTS.
N,/, = apOuoc eperkvopevov kar OBouevov papdmy.
P = afovikd goptio o datopn otoryeiov O.X..
R, = aKTiva LETOTOV POYUNC.
s = Bpa ddTaéng cuVOETHPWV.
u = OKTWVIKN LETATOTION CLVOPOL PAPIOV—CKVPOOE

=
°
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HOLTOG.

V. = Téuvovca SOvaun Yo EXiTELEN TG AVTOYNG TG
ayKOPOOT|G.

Viiex = Téuvovca, Svvaun Yo EXiTELEN TG KOUTTIKNG
avTOYNG.

\A = OYKOG TPOIOVIMV GKOVPLIC.

Vil = Swruntich avtoxy, cupufoir] ckupodEUaTog Kot
GULVOETNPOV.

W = g0POG UTOGYLIOTIKNG POYUNG.

X = BaBog dicicdvong dtafpwong.

AV = 0yK0G KATAVOA®OEVTOC HeTAALOV.

€. = gvepyn mapopodpewon 1011

Ay’ﬂex/y’shp: petatomion dteppong amd KAy Kot oAicOnon.

O = ouvtELeaTg Yabvupomoinomng Tov ydAvPa.

. = OYKOUETPIKOG GUVTEAEGTNG GKOVPLAG.

€, = TOPOUOPPOOT) PTYHATOCNG OKVPOSEUATOG,

g = moapopdpewon Opadong dafpmuévon oTAMGoD.

ssy/su = TopOopOPP®OT Sloppong Kot Bpavong omAGHOV.

0, /pl = gAOOTIKT KOL TAQOTIKY] KOUTUAOTNTO SIUTOUNG.

n = oLvtELETTNG TPIPTS.

W, = TAOGTYOTNTO LETUTOTICEMV.

Gy/u/Pl = otpopn Pdong ot dwppon, ™ Opavon Kot
TAOGTIKT] GLVICTMOGO GTPOPT|G.

Pe/nn = OYKOUETPKO TOGOGTO cuvdeTipov kat E-IOIL

Olas = gykapoia tdon mapeyopevn and E-10I1.

o, =opOf mwieon TepioEYENG TOL  UNYXOVICHOV
GLVAPELOGC.

o, = GgLoTOA ERpavong.

3. AIIOTIMHXH ATABPQMENQN
XTOIXEIQN O.X.

Katd tov oviiceiopukd avaoyedocpd Safpopévov
otolyeiov O.X., KOplog 61dY0¢ gival 1 opBn Eepdpynon T@v
HOPPAV 00TOYI0G, MOTE VO EKONADVETUL TPAOTN 1| KOUTTIKN
aotoyia.

E&etaletanr 1o amhd dopkd cvomua mpoPorov (Xy.
2) mov amoteAel TO GO AVOLYUO OTOLXEIOV GE TAGIGLOKY|
Kataokev] Vo optlovtio ook téuvovco. Katd tov
avaoyedIaco, ot avtoyég Ba Tpémel va TANPovV TNV TTolo-
tucn EE. (3.1), 6mov V, _tvon n @€povoa kovoTnTa Evavtt
Téuvovoag, V, 1 TELVOLGH dOVAUT GTO SITUNTIKG GVOTyLa,
OV OVTIGTOLXEL GTNV aVTOYN NG ayKOp®GNG / LATIONG Kot
Vi = M,/ L, 1 ogiopit| téuvovoa dovaun mov amarteitol
Yl TNV AVATTUEN TNV KOUTTIKAG AVTOYNG OTNV Kpiown dia-
TOUT, AVOQEPOUEVT EQEENG MG WOOVIKT KOUTTIKT TEUVOVGO
(L, eivau to Srotumtikd dvorypo).

H e&iowon (3.1) ypnoiponoteitarl 1660 610 6TAS0 ATOTi-
punong g dbéoung avtoyng, 660 Kot Katd o oxedlooud

g evioyvong.

Vu,lim =min {V Vanch’ Viﬂex} (3 . 1)

shear”

Zynua 2: Amwokpion mpofidlov oe oelouiKkn TEUvovoa.
Figure 2: Column response to lateral sway.

3.1 AIIOMENOYXA ANTIXTAXH ENANTI
TEMNOYZXAX, V RES

SHEAR

H pépovoa tkavotnta Evavit téuvovoag, V.,  , amotelei-
o 0o Tig GLUPOAEG TOV GKVPOSENNTOG, V , KL TOV eYKEp-
610V OMAIGHOY, V. Y76 kabeotdg avakvkhilouevng dpaong,
01 600 CLUVICTMOEG LELDVOVTOL OGO PEYUADVEL O 0PLOUOG TV
KOKA®@V Kot 1) TAOGTILOTNTO pETaToTioe®V [8,9] wg cuvénet-
o NG EVMADBELNG TOV PNYOVICUAOV AVTIGTACNS TOV GKUPOOE-
patog Evavtt pnypotocems. Katd myv avakdkiion e eop-
TIoMNG, Ot dnpuovpynbeioes diodioydvieg poypés meplopilovv
™V ovioyn Tov BMTTHPOV TOL 1OEATOD JIKTVONOTOG, LE
GUVETELD TNV OTTOQOPTIOT] TOV EAKVOTIP®V TOL OIKTUMLLO-
t0G Moersch (tn peiwon, dniadt, g cvvicTdcog V), eve
Unyovicpol 0nmg 1 GAANAEUTAOKT TOV adpavav, 1 dpdon
BATpoL Kot 1 GLVAEELD TOV GUUPBAAAOVY GTI CLVICTMOGO.
V. actoyobv ypryopa, kabog dievphvovar ot payués. Ia
™ pofnuatikn datdnoon g eacbévnong g ddTunong
(Zy. 3), vioBeteitan 1 KAVOVIGTIKY EKPPOOT] TNG OLOTUNTIKNG
avtoyng (otabepn moodtTa), otV omoia epapudletor N
pemtikn oyéon tov Moehle k.4. [9] oc:

Vohear (1) =2+ Vs + V) (3.2)
Vi =kgyAgd/s- fy,st
Ve =[eraK(1.2+40py )+ 0.15P/ 4, |bd
A=1.15-0.075us, 0.7<A<1
54 Kopnticr Avioyn: Vigee= M, /Ly
;: [eparrovoa avroyng: Vea
g i Avrom\isxs&(wum'): Vi
z ! —— ——— -
= I
o |
=] !, '
§ 4 !
2|l !
~% <2 _
= . . >
HiooTipétnTO peratomicewv, uy
2ynuo 3: Awopcioon ovtiotoong évava téuvovoog V.,  oovaptijoet

TAOOTIUOTITAS UETATOTIOEWY 1L,
Figure 3: Shear degradation owing to displacement ductility.
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H nocomta 40p, otnv EE (3.2) agopd otn Spdon
BANTPOV KOADG CYKLUPOUEVODL SLOUNKOVS EPEAKVOLEVOD
omAMopov (p,, <2%), u, etvol N TAacTndTTO HETATONIGEDVY
7ov emPaiiel n eoption, K eivar cuvtedestc mov Aappd-
VEL VTOYT PAVOUEVO, KAMLOKOG, A, 10 eupaddv draTopng
Tov otoyeiov kot P to afovikd @optio oyediocpod. Xtn
cuviotdoa V,, 0 s Kot fy’st opifovtat to Prjna Kot n Téon
dlappong TV CLUVOETNP®V, d TO GTATIKO VYOG TNG SIATOUNG,
A 10 cuvoliké epPadov Tov okeAdV evog cuvdetpa kol k
< 1 ovvtehesTnG TOL AOUPAVEL DTTOYN TNV EXAPKELN OYKD-
poong tov ckeAdv (1 yo KAelotobg cuvdetpeg). Tlpoga-
V®G, 0L GUVOETNHPES LPIoTAVTOL EVTOVOTEPN O1APPW™OT), O10TL
dtapopedvovTat amd pKpnS dtatopng pafdovs Kot emmAéov
Bpiokovtar gyydtepa oTig eAeVOEPES EMPAVELEG TMOV JOL-
KOV otoryelov. Zvvénea ovtod eivar vo ghattovetor n Vv,
®C TPOG TNV APYIKT TNG T, KAODG ATOUEIDVETAL 1] EVEPYN
dratopn Tov cuvdetpov og A = A -(1-X)*.

[Tépav g peimong tov epPadod TV cLVOETHP®V, M
A0y S1GPpmong dedpuven TV TOPAAANA®Y TPOG TOVG
KOplovg omhopods peyuov kotd w =t D, (o -1) X, [7],
TPOKOAEL EPEAKVGUO TOV GUVOETHPWOV, HE CUVETEW VO
KatavoAloketor PEPOG g Slabéciung, mpo g dloppong,
TOPALOPPOCIUOTNTOG TOV LAKOD Katd (Zy. 4):

cor 1 WCV _

_LmDy g,
rs
ﬂ Lb,st

st _1)'X
(3.3) ﬂ Lp st

Zynua 4: a) Epelrvouog Adyw diebpovens poyudv kot f) usioon
0100401UNg 1KOVOTNTOGS OLaPPONS TOV COVOETHPA.

Figure 4: a) Stretching due to splitting cracking along the main
bars and b) effect of corrosion on yielding of hoops.

O ocvvteleotig B Aapfdvel vadyn to TA00C TOV pwY-
LOV TOL 0VOTTOGGOVTOL YOp® amd T Sapunkn papdo (m.y.
Yo Tpetg poypég B=3), evad L, | eivar 10 priKkog v okeAdY
TOL GLVIETNHPA. AOY® TPO-EPEAKLGUOV, 1] dtobéoLun, Lelm-
HEVI G TPOG TNV QPYIKN TIUN fy,se Téon Soppong TV Guv-
detpv, fy’st“’s, vroloyiletar amd v EE. (3.4). Aedopévng
NG S1TTNG EVTTABELAG TNG, 1] OTOUEVOLCA AVTOYT] TOV GUVOE-
pov etvor V o=k A fy’strcs d/s.
fy,st -k _ggtor Osgsctor S‘C"Sy

res _
.5t —

(3.4)

cor
0, &g > &g,

e dopukd otoryeia pe apat didtan cuvoeTpwVv gival

GLVETO, TPV TNV evioyvon pe vikd E-I0TI1, va Bewmpeital 6Tt
T0 otolyelo dgv Pmopel vo ovaAdPel avEAUCTIKES LETAKIVT]-
oelg TEPaV TG dtappong (dNA. apykn Sabéoiun TAacTILO-
e petakwioeov p,=1). Ze oot mv nepintmon n covp-
BoAn twv cuvdetpov Aauphvetar og V nstAﬂfyst omov n,
70 TA00G TV GUVOETHPOV TOV Swtrsuvouv mOavo eninedo
pnypétoong kiiong 45°. Otav, ®otd600, TO P S 1GOVTOL
e to otatikd Vyog d tote oY meployn avti 1oydel n =0
Ko dpa. V =0, omdTe KOTA TV AVOKOKAIGT] TNG GOPTIONG KoL
TEPAV TOV 0TSOV PNYUATOONG 1) SLUTUNTIKY ovToyn £XEl
Non anoiecBei [10].

3.2 Amopévovca avtoyi] cuvaQslog, V.

anch

Ipokeévov vo mocotikomomBel 1 enintoon mwov £xet
N dWPpwon 6to puNYaviocpd GUVAEELNG, LIODETEITAL TO OTAD
npocopoiope TpPNg, f,=Cwmn)c +f , 6mov N dTunTiKy
avtoyf} cvvdgelag, f, nou OVOTTOGGETAL GTN) OLEMPAVELL
deBov-cmpoSéumog glvat avéroyn (LEC® TOV CLVTELESTN
TpIPNG, W) pe TNV opdn axtviky wieom, G, TOL EvepyOmOlLE-
T YOpo and T paPdo dapétpov, D, kar e&aptdrar amd Ty
apykf Tpodsuon, £ a (f , =<1MPa). An6 1copponio Suvipe-
@V o€ YKAPOIOL TOUN TG paBSov (Zy. S0), mpokvTTEL OTL M
opOn tdon 6, D, avé pnrog aykdpmong aviictadpiletol omo:
1) TIG EPEAKVOTIKEG TEPLPEPELNKES TUGELS TOV GKLPOSENTOG,
o, = (£ c, omov f = 0.5(f)" n epehkvotikn avroyn tov
oKVPOSENNTOG Kat { cuvtehesTn TOL AapPdvel vIOYN TV
KOTAVOUN TOV TAGEDV 6TNV emtkaivyn (1 yio ehaoTikn kot 2
Yo TAOCTIKT AmOKPLo, 1) ool e£apTdTaL amd TO TAYOS TG
EMKAAVYNG Kot TIG GLUVONKEG TTEpicELyEng), ii) TV ovTidpa-
o1 TOV GLUVOETNP®V OTAV AVTOT SLOTEUVOVV TIG OTOCYLOTIKEG
poyuéG, o = o Ast fy o/N,), 6mov o =0.33 cuvtereoTng OV
KOTAVEUEL OLOLOUOPPA TNV TAOT G, 670 Sidotnue s Kot N,
10 TAN00C TV €PEAKLOUEVOV PAPd®V TTOL nspudeiovrou
a6 To GLVOETNPO Kot iii) TNV 1IGOTPOTN GLGTOAN ENfPaAvoNg,
n onoio AapBavetor wg o, =3f [11]. Zvvermg, n Oeperimong
e&lomon oV TEPLYPAPEL TNV AVTOYN GE GUVAQELL OG GLVE-
TELOL TOV PNYOVIGHOV TPIPTG glva,

2u c adg [y st
=——|{—f4togy +t——— |=
Jb - (C D, Jet ¥ O Ny D, (3.5)
f st
-0.29 +0.86.f. +0.19 22250 Asly,
b é“ Je Se SN,D;

Oleg ol mapamdve cLVIGTOOES, Ol omoieg e&looppo-
movv TV 6, KaBMOG Kar 0 cuVTEAESTNS TPIPNG 1 vVeioTavToL
amopeioon (Zy. 5B,y) 600 av&hver 1o Pdbog dieicdvorg
duaPpwong, X, to onoio péom g EE. (1.1) cvvaptdtor pe
TNV OKTWVIKY HETATOMION 7OV EMPAAAEL TO CLGCWOPEVUEVO
OTPAOUO GKOVPLAG OTO E0MOTEPIKO GUVOPO TOL GKLPOJELLOL-
10¢. Ao apBuntikn eniivon tov mpoPAnuotog ot Tastani
and Pantazopoulou [12] £éyovv mpoteiver v akdiovbn
oyxéon, LECM TNG OmoleG EKTIUATOL 1] ATOUEVOLGH OVTOYN
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2ynuo 5: o) ATEIKOVIOoN TOV TPOTOUOIDOUATOS THS TPIPHGS, B) OmOKPIoH ETIKGAVYNG OE AKTIVIKI] UETATOTION KOL }) GOUVIEAETTHS TPISHG oOvap-

el Poabuod didfpwong.

Figure 5:a) Representation of frictional model for bond, b) response of concrete cover to radial displacement and c) coefficient of friction

as a function of corrosion penetration.

GLVAPELNG GLVAPTNGEL TOV X MG,

fcor _ 2pu(X) . 316
boTT (3.6)
cor pred
Ce R, é«ft_{_cc_RcrO_h +aA51‘ fy,st
Db ¢ C s Db NbS

Zmv e&iowon (3.6), R eivol 10 pérono g poyung
(Zy. 1), 0 omoio vmoloyileTal GUVOPTAGEL TNG UETOKIVI-
OMG TOV £0MTEPIKOD cLVOPov okvpodépatog (EE. (1.1)) mg
Rcr:ur’OCC/[ur’ovLscr(CC - 0.5D))], 6mov C=c+0.5D,. O cvvre-
Aeotng TG @G cvvdptnomn Tov Pabovg drifpwong, WX),
&xel onpeio kopmg mov mpoodiopiloviat wg e&ng (Zyx. Sy):
WM givol 1 XOPOKTNPIOTIKY T TOV GULVTEAESTH TPPTG
Ko g&aptdrar and tov TOmo g papdov (W™ yio pafdo
HE VELPOGELS, 1 ™ yio Aelon paBdo). T v oprakt] Tium
tov X, = 0.001 emrpéneror va avgndei o u™* wg o 20%,
TéPAV aVTNG OU®G opyilel M CVGCMPEVOT TG GKOLPLAG,
HE OTOTELEGLO VO KOTOPYEITUL OTASIOKA 1) ETOPN TV dVO
vAkov. Katdtepo opto yio 10 cuvteiestn Tpipnig amoterel
N nepintoon Aelog Swfpouivng pdBdov, p =, Ty oty
omoio. KATOAYEL VELPOXAAVPOG KATA TNV TTANPT e&dhetym
oV vevpocemv (dnradn w(X =h/0.5D )=p " o6mov h
T0 VYOG g vevpmong). Ot oplakég TYEG TOL GUVTEAESTN
Tp1PNg éxovv mpokvyel omd mewpdpata [13,14,15] og: p ™
=09-14, p_"*=0.15-0.25 kot p_ "= 0.05. I'lo. evdrapeca,
eminedo S1PpwONG 0 GLUVTEAESTNG TPPNG EKTIUATOL HECH
ypoppukig mapepfoine.

Agdopévng g £ and v E&. (3.6), n avtictaon mg
aykvupwong vroroyileton og F <= n D, L, f, ", evdd  avri-
OTOLYN TEUVOLGO, SUVOLT] Y10, TO GTOXEI0 TPOKVTTEL ATTO KO-
URTIKY ovaAvoT TG Kpioung dtatopng oty omola apyilet
N ayKvpwon g papoov (6mov jd o poyroPpayiovag ecwm-
TEPIKAOV SVVAUEDV EQPEAKVOEVOL OTTAMGLOD Kot BABopEVOL
OKVPOSENOTOG) MG,

res ”DbLb fbcorijd+P(d—0.5h)
anch = L

(3.7)

N

3.3 Anopévovoo KOPTTIKNY avioyy, V. "

iflex

H peioon g xopntikig avtoyng o€ Kuplog KOUTTOeEVO
otoiyeia O.X. (6tav dnA. 10 a&ovikd QopTio eivol TEPLOPIOLE-
v0) amodideTol 6To HEIUEVO AOY® S1dPpwong eppaddv Tov
£QEAKVOUEVOL OmAoNOD, A < = A - (1-X)’. Aaupévovtog
VIOYTN KOL TNV EMPPON TOV (QUVOUEVOL Wabvporoinong
otV mapapdpewcn tov ydivpa (EE. (1.2)), n anopévovca
KOUTTIKNY avtoyn, M™, Kol GUVETMG N KAUTTIKY TEUVOLGA,
V> vodoyiCovton omd e&iomoglg icopponiag g kpiot-
UNG OL0TOUNG, OTOV QVTH SLOKPITOTOLEITAL OE 1 GTPMOELG O,

M™ = Z(fciAc,i [% - J’i) + foidsi” [% ~ Vsi D (3-8

Mes

res res cor 4cor

Vzﬂex = L P :Z(fciAc,i + [ Asi )
s

H omopévovoa kopmtiky tépvovcso vroloyiletor yio
Mtk mopopdpmon okvpodéuatog £, =0.004, n onoia
avtiotoryet og Opavon g entcdioymg. Ormocotnteg £, £
Kot A, A " ovTIoToyo0V o8 péceg Tdoelg Kot euPadd okv-
POJEUOTOG KOL OTAIGHOD OTNV i-00TH OTPMGCT OVIIGTOLYO.
INo to okvpddepa pmopel va ypnoiporondei Topofoikn
oY£0M TAGEWV - TAPAUOPPDOCEMV UEXPL TNV TN TAPAUOP-
pwong £,=0.002 ko mhactikdg (0p1ovTiog) KAGS0G uéypt
v aotoyio mov cvpPoiver yio £, =0.004. H péyrom tiun
OlmTiKn g Taong Tov okVpPodEpaTog eSaptdtal omd To Padud
prapng M mepioopryéng, epdcov vmdpyet. Ot GTPMOGELS TOL
avikovv oty emkdivym éxovv avtoxn £, peiwpévn og
mpog TNV ovopactikh T, T, e&attiog g eykdpoiag pnypd-
TOONG 1OV TPOKAAEL 1 SAPPOOT TOV KOPLOV OTAMGUDV Kot
vroloyiletan wg [7]:

res :f 1 £ = Ncb”Db(ars _])X
c c »

omov €, efvol 1 KVPLO EPEAKVOTIKY TOPAUOPP®ST], opboyd-
Vo Tpog TNV katevBuvon g OAiyng, n onoia cuvioTd pia
HéoT EKTIUNGT TOV EDPOVE TOV ATOGYIOTIKOV POYUDV TOV
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avamTTOGGOVTOL YOp® and Tig papoovg g OMPouevng {m-
vng, N, eivar o apiduog avtadv tov pafdov kot b to mAdtog
™G SlaTopng.

H 0Mmtikr] avtoy Tov oKupodEUATOS TOV GTPDOCEDY
OV TEPIKAEIOVTOL OO GLVOETNPEG Elval dUVATOV V. TPO-
cov&nbet Loy g nepicoryéng o, " mov avtol avantvo-
OOVV KOTA TN S10YK®GCT) TOL OKUPOSENATOG TG OAPoOLEVTg
Lovng (pawvopevo Poisson) mg,

cor cor
(Ulat,stfy + O_lat,stfx)
See=fo+31 p =

Jee = Lot LSS o 11

omov k " givol GUVTEAESTHG OmOSOTIKOTNTAG NG MEPI-
ooyéng, eaptmdpevog amd T ddtaln Tev cuvdetpov (oe
avtiotoryio pe To cuviereoth a tov EKOZ, [16]), p_ “ eivan
TO OYKOUETPIKO TOGOGTO TV SUPPOUEVOV GUVIETP®V Kot
f ™ ntdon tov dwPpopévev covdetnpov (EE. (3.4)).

yst

(3.10)

3.4 Meimon dvokapyios oto otadro 11

H Boaocum attio peiowong g KOPTTIKAG SOVCKOUWinG o€
dwPpopévo ctoryeio gival  oarmdAelo cvvapetag. Otav dev
VILAPYEL GUVAPELX, 1] EPEAKVOTIKT dvuokapyio peTad dado-
YKoV poyumv (£, Zy. 6) dev umopel vo evepyonom0ei, evod
ToL 0PN TOV POYUOV avEavouy onpavtikd. I'a dtufpopéveg
AYKUPAOELS VTOGTUAMLOTOG, 1 OAicOnon TV pafdnv, Tov
ovoyetiletol Gueca pe To €0pog TG pOYUNGS, Kabopilel T
GLVOAIKY 6TpoPn Bdomng. Me avapopd oTo dopkd GOGTNL
OV Xy. 2, M HETATOMION KOPLPNG OTO GTASO dappong, Ay,
ouvtifetat amd TV OAOKANPMOOT TNG SIOVEUILEVIG KOUTV-
Aomtag oto unkog L, Ay’ﬂex, Kot oo TN petatomion Ay
GTPOPNG, Ay’snp, 1 omoio. OPEIAETOL GTN GVGCMPEVUEVT OAL-
ofnon g paPfdov amd TV TEPLOYN AYKLPWOONG TNG OTNV
Kkpiown dtotopn oG,

Ay =4y flex + Ay sip (3.11)

1

-D
:§¢y.L§’ A 2 b.k.L

yslip = 8 fcor
b

H xopmodotta Stapponc, ®,, HTOPEL VOL Tpocdloplodel
OVOADTIKA 1) HECM TPOCEYYIOTIK®V e&lomaewv [17] og,

A

v, flex

M M

2
gy D\ L LT | M
! ECOIEf ECO ICI” [CF Igr My

1,, P
.1 L
e

Yy ggicwon (3.12), M, xar M givar o1 pomég ota
oTadW Sl0PPONG KaL PrYHAT®ONG, Igr kot I efvar ot pomég
AdPAVELNG TNG TAPOVG KOl PIYLOTOWEVNG dlaTopng, h Kot

Ag glvat 1o YYog Kot To eUPaddV NG SIATOUNG TOV GTOLYEIOVL
avtiotorxa. H otabepd B, AapPdver vroyn m copfoir g
epelkvoTiktg duokapyiog (o vevpoyxdivPes, B,=0.8 yia
ocvvnon eoptia kar B,=0.5 y1a peydrov gdpovg avakvkAZo-
pevn eoption). [popavag,  didPfpwon emnpedlet v M,
pécw ommAelog evepyod epfadod omAGHoD, OAAG Kol T
otabepd B, 51011 TOGO N GLVAPELD, OGO KL T EPEAKVGTIKT
dvokapyio PEWOVOVTAL [LE T GLUOGMOPELOT] TNG CKOVPLIG.
BOepOVTUG OULOLOLOPPT] KATOVOUN TOV TAGEWV GUVAPELNS
oto Sidotnuo petogd Swdoyikav poypdv £ (Zy. 6), to
g0pog g 1-06TMg pwyUNg, W, oTn BEom Tov EQEAKVOLEVOD
OMAMGHOV EKTILATAL 0O TN HEST] EPEAKVGTIKT TOPAUOPP®-
OT) TOV OTAIGHOV KT PKOG TOV i-06TOV TUNHATOS MG,

cor
fs,cr gcr fb

- (3.13)
¢ Es Db Es

; fs,cr st,y

H e&iomon (3.13) éxet mpokdyel amd 1G0ppoTio GE OTOL-
Xehdeg TpMpa pfovg £/ 4, exet 6mov Bempeitar oL Tdon
10V 0mAMGHO0 AopBdvel T uéon e tyun (Zy. 6). H téon £
ot 0éom TG POYUNG TPOKVATEL OO TN POTN| TNG BLatouﬁg
G,

fS,CV:(ES/ECO).V.gi'(d_x)/[Cr (3.14)

omov x Kot d To Hyog g OMPouevng (dVNg Kot To0 GTOTIKO
VYOG TNG PYHOTOUEVNG dlatopng avtioTolya, £, 1 andotacn
™G i-6TNG pwyUNg omd TNy Kopuen Tov ototyeiov O.Z. (L, =1
L), ka1 V n emPordiopevn tépvovoa oto unkog L. H otpo-
¢n 0, ot Béom g KA poyUrC TPOKVRTEL OO TN O)Eomn O,
=w,/ (d-x), evd 1 cLPPOAN TNG GTN UETATONION TNG KOPLPYG
vrodoyiletar og A, =6,-C, (Zy. 6).

v 4 iflex

—> —— T ~~<
By !
i ,

4

A
. ).\
~

— <
T
3

L, ‘.1‘91_ I, f(,,/ézl:ﬁ 1fb %ﬁ)
‘ . ,.1'_ 'I wi/2 } t
Ifcr JL \l‘\ i \/ ﬂ‘,cr
— oot s
~— pwyun

1

2ynuo 6: Aegikteg mopopoppwons ko’ dwog arotyeiov O.X.
Figure 6: Displacement indices along a R.C. column.

310 6TAd10 6TOBEPOTOINGNG TNG PNYLATMOGNG, TO HNKOG e~
1050 51080y IKOV pOYUOV, L, vToroyileton and v e&icwon
o0 MC *90 [11] wg £ =D, /(3.6p, ;) omov p, =AJA_ ;. Kot
A ; lvar 1 evepyn meployn QEAKVOUEVOL GKVPOSEUATOS
YOpw amd Tov epeAkLOUEVO omAGUO epfadol A . H otabepd
3.6 avarapiotd 1o Aoyo 2f, / f, o omolog otnv mepintwon
oV Stufpouivov paBdov yivetar 2f “/f . Tvvenmg, ue uet-
@OUEVN TNV avToY| cuvapelag TpoPfAémovtal peyordtepa Oi-
ACTAROTO LETAED SLO00YIKMDY pOYH®V (Inhadn Aydtepeg o
aplOpd poyUES, HEYOADTEPOL OH®S E0POVC). Agdopévo OTL
0 avapuevopevog aptdpdg poyudv eivar n=L /€ _, 1 cuovolikn
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petatémion Aoym kapyng vroloyiletorl g [12],

:fcrLs(Ls +fcr).

o T (3.15)

ACOT
Vs

s

Es vV 2Ls+[cr beOV

Ecp 1oy 3l Dy(d-x)

H e&icwon (3.15) anoteldel pio evOALOKTIKN TPOGEYYIOT
VTOAOYIGLOV TOV A e (avti g E&. (3.11)), 6mov AapPave-
TOL VTOYT KOL 1] EPEAKVOTIKY SOVCKOUWI0 TOL peTappaleTat
®¢ KopnTiky dpdon tov O.X. peto&d S10d0 KOV pOYHOV.
Amd 11g EE. (3.12) kou (3.15) mpoxvntel oyéon mpocdiopt-
ouov NG B, CLVERMDG NG £PEAKLOTIKNG duokapyiog Sia-
Bpopévou otoyegiov O.X. oto otddo 11 wg,

2
M 1,1 E
By :( y} > s [_1 e 3 C"J (3.16)

Mcr gr _Icr Icr y.flex L52 My

3.5 Meimon kavotnTeg 6TPoet|g

H wkavomro otpo@rg, 0, evog SwaBpopévov doutkod
otolyeiov O.Z. TpoépyeTal 000 amd TV KOUTTIKY TOV A&l
TovpYia, 660 Kot amd TNV OAIcHNoN TOV SOUNKOV OTAMGUGV
oTNV TEPLOYT TNG TAAGTIKNG ApBpmonc. Emmpoctétmg, kabe
pio oo Tig mpoavapepheiceg cvpforég cuvtiBevtan amod pia
elooTIKN Kol pio TAAGTIKY] GUVICTOGO. OG: 0 = Oy + Opl. H
OTPOPN GTO GTASO SlOPPONG TPOKHTTEL OO TO AOYO TG
avtiotoyng petatdémions kopveng (EE. (3.11) 13 (3.15)) mpog
TO JLATUNTIKO AVOLYLLOL, (G Gy: Ay/ L. H mhacTikn cuvioTd-
oa otpoeng vroloyiletar pe Paon ™ Mrnyavik) tov O.X.
[17], AouPavovtag vwoyn kot TN HEIDOTN TNG KAVOTNTOG
TAPAROPPOANS TOL dafpopévov xarvpa (Xy. (1.2)) og,

1
ep,ﬂex :¢pl 'lpJ ¢pl :(855}’ _gsy)d
3.19) —x
g k)
p.sap p cor
4 1y
1.2 D,
l[’ ZULS + nfy’s cf))r
41-n)f,
(g;’gr — &gy )Eh /Es
77 =

cor
Eygt (esu &g )Eh /Eg

6mov 1p glvar 10 Bewpovpevo pNKog TAAGTIKNG GpBpwong
xor E, 1o pérpo Ehactikdmrog tov omhiopod oto otddio
g Kpartuvong (Bempeitan dStypappitkdg vOUog TAGEDY — o
papopemdcewnv). ABpoilovtag Tig empépovg cLUPoOAEG Ao~
OTIKNG KOl TAOCTIKNG OTPOPNG, 1 KOVOTNTA GTPOPNG EVOG

dwPpopévov otoyeiov O.Z. opiletar og,

1
0y =9y,ﬂex +0y,slip _ng,ﬂex +9p,slip = d—x : (3.18)
Ly Dy J
T
D, 1.2E (SC’W—S )2
+lp(g§z;)rr_8sy)+7b W =

beOV

Av 1 e&lomon (3.18) ypnowomomBel yo v extipmon
™G KOVOTNTAG GTPOPNG EVOG dafpopévon dopKoD GTOoL-
xelov O.Z. mov éyer emokevachel pe poavdéva E-IOI oy
TEPLOYN TNG OYKOP®ONG TOTE, av 1) EMOKELT] TepAapPdvet
KOL QVTIKOTAGTAO EXKGADYNG He VY1EG Koviopa, 1 £ Oa
TPENEL va avTikataotadel pe Ty avofabpopévn e Tiun
mov dvokora Bo vrepPel v apy addfpwtn avroxn f,.
Qo61600, AV TO UKOG AYKOPWOOT|G Eival P TPooPActio (T.).
papoot epnnypéves o Bepédio), omoTe YU AVTEG TIG pAPOOVG
dev givarl duvotn omowndnTote enépuPaocn, 1ote Ba mpénet va
xpnoponomOei n tun £ otnv EE. (3.18).

H mpotewvopevn pebodoroyia (evotnteg 3.4, 3.5) emain-
Bevetan péow dedopévav amd doxipa Tpoforov, ta onoia
SwPpddnkav oty mEPIOYN TNG AYKVPOONG, TPOPOPTIGHT-
Kav Kot akoAoObmg emokevdobnkav pe pavdveg E-IOIT
otV mepoyn PAAPnG, yopic anokatdotacn/eguyiovon g
pnypatopévng Adyo duafpwong ertkdioyng [2]. To oyfqua
7 mapovctdlel, e KOKAOLG, TO. IGTOPLKA LOVOTOVIG POPTIONG
— petatémong kopveng Tpoforiov evoc adifpwtov dokipi-
ov (B0) kot evog doxytiov mov giyxe vootel dSiafpwon Kot
X=6.8% Ko eiye emokevachei tomud pe E-IOIT (B2cR). H
EKTIUNOT TNG SVOKOUYING Kot TNG LETATOTIONG KOPLPTG GTO
oTAd0 JPPONG, OTMG EMIOTG KOt TNG IKAVOTNTOG GTPOPNG
oTNV 00To)io HEC® TNG TPOTEWVOUEVNG HeBodoAoyiag amet-
KoVileTol HECH GLVEYDV YPOUU®V Yo TO dVO TEPULOATOL.
H obykpion g TEPAPATIKAG HE TNV OVOAVTIKY OTOKPLoN
ATOOEIKVOEL OTL 1) TPOTEWVOLEVT HeBOSOAOYIO EKTIUG e ple-
YOAN akpifelo TNV TEWPOAUOTIKT] GCOUTEPLPOPE.

Aom’uio BO
(X=0): f,=6MPa

353
(=}
L

I - -

—_
(=}
L

®opTio (kN)
o

~ Aoxiwo B2cR -
(X=6.8%): f,""=3MPa

0 5 10 15 20 25 30 35 40

W

petatémon Kopueg (mm)

2y 7: EmaAifevon pebodoloyiog amotiunons ikavotntag otpopng.
Figure 7:Verification of the methodology for assessment of rotation
capacity.
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4. ANAKTHXH AEIKTQN ANTOXHX
MEXQ MANAYQN E-10IT

Amd ) pebododroyia amotipnong g evotntag 3 yivetot
ocapéc 0T, M Sdfpmon Tov YeAOPOVOL OTAMCUOD EMPEPEL
peimwon ota peyén ovtoyng Kot mopapopE®OCIUOTNTIS 00-
kv otoryeimv O.Z. Ze éva yevikdTePO TAAICLO EVIGYLONG,
1 avaKTnon Tev peyeddv avtdv givatl Suvatov vo cupPel pe
yxpnon pavdvav E-TIOIT, dedopévou ot €xet 10N tekunplmdet
a0 TPOTYOVUEVEG EPEVVEG OTL WG LECO TEPITPLYENG TOL VAIKEL
avtd ovpPdAlovy BeTikd oty avBektikOTTO KO TN PErTi-
@®OT TOV OVIOXDV 0yKOPWOOTG, SIUTUNONG Kot KAUYNG, vId
oV Opo OTL eploeiyyetor 1 OAPopevn Lovn g datopung
[18]. EmmAéov, g e£@TEPIKDG EMIKOAALOVUEVES KOl KOTAA~
MAwg aykupopéves Aopideg, ta vikd IOIT Asttovpyodv wg
EPEAKVOLEVOC OTAMGHOG, GuUPBGALOVTAG, £TGL, OTNV AVAKTY-
on ¢ anolecHeicag (AOY® peioong tov evepyol epfadod
omMopod and v SaPpwon) KapmTTIKng avtoyns. IIépav
TV 060V BeTik®dv yapaktnpilovy tovg pavoveg E-IOII, Oa
TPEMEL KaTd TV V10BETNON TOVG 6TO TTANiGLo ovaPddpuong
va Anedet vdym 6TL 01 cVVOeTOL povddEg o) dev ennpedlovv
v mAevpikn dvokapyio tov pedov O.X., B) kabobg mept-
opifouv ™ prnypdt@on AOY® SIUTUNONG OTNV TEPLOYN TNG
TAaoTikng ApBpwong, OAn N PAAPN cvuykevipdveTal o€ Aiyeg,
0ALGL peyalov €0povg KOUTTIKEG poYUES. ETot, o Stapnkng
OMMOLOG OVaYKALETOL GE PEYOAEG TAPAUOPPDCELS -EMG KOl
oe Opavon- av de AneBovv emmiéov pétpo Pedtioong g
dvuokapyiog g kataokeunc. v) Ot povdveg eivor emppemneig
oe duappnén o€ onueio. CLYKEVTIPMONG TACEMV KOl EVOD e~
TaB€TovV TNV ekdNA®AN Avyiopod Tev OPopévav papfdmv
oe LYNAOTEPO €MIMESO TAPAUOPPDOTG, (OGTOGO OV TOV
amoKAeiovV, 11UTEPMG OTAV Ol GLVIETNPES £X0VV dlaPpwbel
[5]. A’ 600 mpoavapépBnkay, cuviyeTal 0Tl o1 cOVOETOL
LOVOVEG OTOTEAOVV TOTIKEG EMEUPACEIS Y10 OVTICEICHIKT
gvioyvon, cupPdAroviac oty ovENoN TS PEPOVGOG IKOVO-
TNTOG KO TNG TOPUUOPPOCIUOTNTAS TMV GTOYXEIDV, OGTOGO
dev givan og Béomn va gléyEouv v KaBoAk| amoOKpLon TG
kataokeung. T to Adyo avtd, ot povdveg E-IOIT o mpénet
va gloay0obv 6T0 TANIGLO LL0G OAOKANPOUEVTG GTPATIYIKNG
OVTIGEIOWIKTG EVIGYLONG TOV GUVOLOV TG Kataokewung [19].

enh
iflex

4.1 AToKOTAGTOGY KOPTTIKIG OVTIGTAGNGS, V.

[Ipdopateg mepapaticég Epeuveg Exovv dei&el OTL 1 TAE-
oV amoteAeopatiky HEBOSOG ¥PNoNG SUNKOVS OTAIGHOD
IOIT (pe ™ popen papdwv M ELACUAT®OV) GE KOUTTOUEVO
otolyeia O.Z. givar 1 TomoBETNON TOVG HEGH GE EMLPOAVELDL-
KEG EYKOTEG OTNV EQEAKVOUEVT] TAPELL TOV VIO ovafabpion
ototyeiov [20]. Tétolov THmov dmAion £xet detyBel 6TL aoTO-
Y&l o€ TPOYOPNUEV OTAOUN TAPAUOPPOOTG OO ATTOKOAAT|-
o1 TANGIOV TOV KOUTTIKOV POYL®V 1 6T onueio ANEng g
aykvpwong Tov VAKov. Kotd to oyediacpod, n dadikacio

ov akoAovbeitan Exel wg e&ng: vmoloyiletal to emumAéov
OmoLTOOHEVO EUPAOOV TOV EPEAKVLOUEVOD OTAIGUOV, DOTE
va amokataotadel 1 StBESIUN KAUTTIKY AVTOYT OTO apyLKO
(ad1aBpwt0) eminedo. Xty kpion dwatoun, N peiwon g
POTNG AOY® omdAELNG ERPadol omAcov and SdPpwon &i-
varAM=M, -(2-X)-X, 6mov M, n ovtoyn oty adiéPpmn
katdotaon. [a to oyxedacpd, n avnyuévn ponr givat,

AM cor
bd’ f,

H evepyn mopapdp@mon oxedlocoD TOV EPEAKVOUEVOD
omhopov IOIT éxer opiobel amd SdPopes KOVOVIOTIKEG
dwtaes [18] og € =0.004, Snhadn oe emapkdg XUUNAT
otafun (og oyéon He TV TAPAUOPPOCT AOTOYING TOV VAL
KOV), TPOoKEWEVOL va eEaAelpbel 0 kivouvog amokOAANGNG
TPV TNV AVATTLEN TNG EPEAKVOTIKNG OVTOYTG TOL GTOLYEIOV.
H tym ovth Bétet éva kdto 6plo oto avnypévo Hyog g
OMPopevng Covng, & = x/d, og e&ng: . €, =0.004 Kot opt-
akt] Otk mapapdpewon ckvpodéuatog £ =0.004 ivar
€,,~0.004-(1+d’/d)/ (0.004+0.004)=0.5-(1+d’/d) émov d’ n
amOGTACT TOV YOAOPIVOU EPEAKVOUEVOL OTAIGHOD amd T
otpaon Tov [OI1. To avdtepo 6plo otV TN Tov & GLOYETI-
Cetan pe v actoyia oty wopponn katdotaon (§, = 0.64),
00T®G Bote va duc@oicBel 1 Sappon TV YoAVPIVOV
papowv mpwv T Bpavon g OAMPBouevNg Ldvng. Adym ToL
&, KoL avéroya e v Tipn mov £yel o § oty adidfpotn
Katdotaon, eival mBoavov va unv teplopiebei n avénon g
KOUTTIKNG avtoyng povov katd Aper (EE. (4.1)). IN'a mapd-
OELYLL0, OE VITO-OTAIGHEVO OOIKA GTOtXE N, KOl OTAV O10TT]-
peiton to & oy Kotdotaon evicyvong méve and & (mov
avTICTOXEL GTNV OplaKt] Tapapdpe®on € ), TPOKONTEL OTL
Bo amartnBei peyordtepo gpPadov IOI1 omAcpol an’ 6Tt Ba
e&ayBet and v E&. (4.1). Ze avt v mepintwon 1 teMkn
avToYN TOL EVICYLUEVOL ototyeiov Ba vrepPel v apyikn
T T0V adaPpwTOL GTOLYEIOV.

H d100éc1un Kopmtik) avioyn evog dopkod ototysion
eivar duvatdv va Peltimbel kol eppécms, HEGH Tope)OLE-
g mepiooryéng ot OMPopevn {ovn and poavove E-10T11,
0 0m010¢ OpLMG ToToBEeTEITOL Y10 VO KOADWEL TOAAATALG OVEL-
ykeg (SuaTpnong, nepiceyéng vmd a&ovikd @optio 1 oyKv-
pwoNg). Ztov voroylopd g V,, ™ tov eykifmTicpévon
otoygiov, N ovgnuévn Olticn avtoyn, T, ko1 n avrictoyn
TAPAUOPPOOT), €_, TOL GKLPOdEHATOG ot OMPopevn Covn
vroloyilovtat ®g,

See fc+15( confpscfrfyri?Jrkf pfvEfgejf) (4.2)
conf cor fred 4 k

A = =X(2-X)pupq (4.1)

p Ece
=6, +0015 tiaitnd:)

cc ™ 12
H evepyn mapapdpeoon tov pavdva €, Aappdvetor og
0.004 yio avoiktd pavéva kar 0.5¢ a Yy KAE6TO pavdva,

omov €, , €lvol N OVOLAGTIKY ToPUUOpPP®ST) Bpodong Tov
VKOV [18] O ocvvteleotng ko =1- (b’2+h’2)/(3A (1-p))
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aPOPA GTNV OTOTEAECUOTIKOTNTO TNG TEPIGPLYENG CLVAP-
THoEL ToV oyfuratog ¢ dtatoung (b’ kat h’ ivar To gvbéa
TUNHOTO TV OTPOYYVAEUEVOV TAEVPAOV TNG SLATOUNG), P, =
2nt (b+h)/bh givar o oykopeTpikd 1060616 TOV pOVSHO ao-
TeAODpEVOD amO N OTPDGELG MAYOVG t, kKt B, efvon to pérpo
EAAOTIKOTITAG TOV VAIKOV. H oplokn moapopdppwon aotoyi-
QG TOV GKVPOSENOTOG, €, , (o€ avticToyia e v £, =0.004
puee =€, ) vroloyiletat og:

U

cor pred
Psv fyst +k " HE s
e =Eey +007 fsw LAY
fc

e (4.3)

4.2 Anokatdctoon dweTpunTiKig avrictaong, vV, oh

shear

Katd tov avooyedioopd evog dopkod otoyeiov eyki-
Botiopévov pe pavdva E-IOIN, tov omoiov ot cuvdernpeg
&yovv vooTel SdPpmaon, 6TdOYOG Eival 1] OTOKOTAGTOOT TG
apyIKNG StaTUNTIKNG avtiotaong (1 omoia, o€ kdOe TepinTm-
on, Ba mpémel va vepPaivel TNV 10T KOUTTIKY TEUVOLGO,
V™ M a0t TV TPOKLATEL 0O TNV KOUTTIKTY evioyvon
pe dwopnkn 1011, dote va dtuopaiichel TAGoTIUN amoOKpLon
OTNV 0PLOKT KOTACTOOT a0ToYing) Kol 1) eEac@aion enop-
KOUG TAAGTILOTITOG LETATOTICEWDY GE GYECT LLE TNV OiT-
omn oyedacpov. Yo ) Bedpnon 6Tl 1 S0 TUNTIKY avTioTo-
on dev givar otabepn mosoTTO (OTTMG Opilovv Ot IYHovTES
Kavovicpol Xyedacpot), aAld eEocbevel pe v amaitnon
Yo TAAGTIHLOTNTO, peTatomicewy, 1 EE. (3.2) avadiatumdve-
Tt Yo va Tepthafet tn cvppoin tov pavova E-10I1 wg,

h .
Vvhearen (9)= mm{)‘(quld ) ’Z(QAnew) } Vsrheévar + w.f
(4 4)
Vif =0l -b-h,

A=115-0075u,, 0.7<A<1

Glat,f :Zk;nthfgef /b

0moL q &ival 0 GUVTEAECTAG GEIGUIKTG GUUTEPLPOPAS, G,
N €YKAPGCIA TIECN TOV O.OKEL O LOVOVAG GTO GKLPOJELD OTN
devduvon g celopikng dpdong, o cvvtedeotc k, eEaptd-
TOL OO TNV OVTOYT OYKOPOOTG TOV Havoda (av o pavodog
elvan emaprmg kKAeotog ToTE Kk =1) K*ou €, efvon m evepyn
TOPAPOPPOON ToL AdpPdvel Tinég 6T oty gvotnta 4.1.
H e&icmon (4.4) ypnoiponoteital yio Tov TpocdopiGHO TOV
amotovpevoL apBpol otpdcemv povovoe E-IOTI, o1 onoieg
Bo AelTOVPYNCOLY G JATUNTIKOG OTAIGHOG OTO EVIGYL-
pévo dopikd otoryeio. Katd v epappoyn g E&. (4.4),
Bewpeitor 6Tl N GKOTOVUEV TAAGTILOTNTO HETOTOTICEDV
avooyedloouov [, etvar ion pe To cuviereoty q, 0 omoiog
dev pmopel va vrepPel v T 3.5 wov woydEL Yo TIG VEEG
KOTOOKEVEG TAALGLoKOD TOTTOL [21]. Enueidvetar 6Tt 1 EE.
(4.4) vroloyilel cuovinpNTKG TO PEYEBOG TNG SLOTUNTIKG
avTOyNG @OV, OKOUN Kol HE TNV TOPOLGIO TOL HOvVOVA,

1N oVUPOAT] TOL PNYUHATOUEVOL GKLPOSEUNATOS (GUVAQELX,
opaon PATpov Kot oAAnAepmiokn adpoavdv) ebiver pe
MV omaitnon Yo TAAcTdTTa. Zuvifmg, A0Y® TNg VY-
MG dvoTévelng, OAAG Kot TNG LELOUEVTG -OE OYEOM HE TNV
OVOUOOTIKN- EVEPYNG TAPALOPO®SNS Tov pavove E-IOIT,
0 amOLTOVEVOG 0PBUOG oTpdoe@V meplopiletal o 2 pe 3,
omoTe N €PapHOYR TOL GLVTEAEST A oV V| Ba ey vmép
T0O €0V GUVTNPNTIKY.

4.3 AmokatdcTaon avroyig cuvaQElog, V. M

anch

H &&iocwon (3.6), 1€cw ™G 0moiog UmOTLATOL T) GTTOUEVOL-
OO0l AVTOYT) CLUVAPELNG, EUTEPIEYEL OVO SLOKPLTOVG LNYOVIGLOVG
amocHvieoNg ™G cuVAPELNS AdYm daPpmong: T pelmon g
avtiotaong tpPng AOym aAloimoNg TG EMPAVEINKNS HOpP-
@oioyiag g papdov kot v KoTovilwon Tng TEPIoELYENg
TIOL TTOPEYEL M EMUAAVYT] GKVPOSEUATOG GTNYV VIO £EOAKELOT
pafdo, kabohg avty pnypatdveTal. Adym TG AvomOQEVKTIG
eolEALVONG TV VELPDGEMY, O GUVTEAESTIG TPIPTG Oev givarl
duvatov vo avoktnOei, ©ot0c0 1 ebuyinvon g EmudAVYNG L
KoBaipEST TNG PNYHATOUEVIG TEPLOYNG KOL OVOKOTOGKELT LIE
véo Koviapa oe cuvdvacpd pe poavdva E-IOIT €xel anodeiydel
OTOTEAECLLOTIKY] TEYVIKT] [2]. ZnueudveTol 6TL 0 HovODaS TO-
noBeteiton eykdpol otov GEOVa TOL SLOUKOVG OTTAGHOV Ko
K0T KOG TNG 0lyKOPMOTG, MOTE Vo, EUTodilel v Evapén kot
SlEvPLVOT| TOV ATOGYICTIKOV pOYU®V. Me avapopd oty EE
(3.6), n avaxtuévn avroyn cuvagelag, £, petd ™y epappio-
1 Tov pavdva vroroyiletar amd v EE. (4.5).
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Zynua 8: Evioyvon vmootnlouarog uéow uavovwv E-1011.
Figure 8: Upgrading of column through E-FRP jackets.

"Exet deryBet, 1600 avorvtikd [12], 660 kot TEpOpOTIC
[22] 611, N mopopdpemon Aertovpyiag, €, Tov IOIT wg uéco
nepioPyéng aykOpmong dev pmopel vo vrepPel v Tiun
0.002. Znpeidverar 6tL, av Katd TNV €TOKELN / evioyvon
emieyfetl efuylavon g emkdAvyng, TOTE 11 CLVICTOGO
«emkdioyny oy EE. (4.5) avikabiotator and v avti-
otoyn g E&. (3.6).
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fenh _ Zﬂ(X) Cc _Rcr
h =

C.-R
f +uo- +
Db g ct c shr (4.5)

emiKkaAoyn

LOATS 2ngtrE ey
Db Nb N Db Nb
CVVOETNPES E-IOIT

5. EPAPMOI'H MEOGOAOAOTITAX

H pebodoroyia amotipnong/avaktnong SEKTav avtoyng
KOl TAPOLOPPOCIUOTNTOS dafpopuéveov otoyeiov O.Z., 1
omoio avamtOydnKe otV Tapovca epyacia, epapudletat e
VTOGTOAMLO VTLOKEIEVO Gg St kbpym (Zy. 8). To otouyei-
0 &gt dratunticd dvorypo L =1500mm, tetpdymvn Swatoun
400x400mm o eivon omhopévo pe 10220 (D,=20mm)
dtopnkels paPdovg CLUUETPIKA SloTETOYUEVEG e KoBapn
emkdioyn c=40mm kot pe ovvoetipeg D8/100mm «o-
yopiag yédAvpa S400 (fy:400MPa xkar £ =500MPa). To
OYKOUETPIKO TOGOOTO TV GLVOETHPOV vroloyiletar oe
p,,=1.04%. To ckupoddepa £xel Omtikn avroxn £, = 20MPa,
N o avénuévn avtoyn Aoyw dpdong TV cuvdeThpav (Bem-
pavrog k ©"=0.5) givor £ = 22MPa. H avtoy cuvagetag og
oLUPOAN TG eMKGALYTG, TNG GLOTOANG ENPAVONG KOl TOV
cvvdetnpov eivar f, =7.10MPa (yio, p, "*=0.9). Inueidveron
OTL 0 JPNKNG OTAMGHOG €ival LOTIGHEVOS GTO KATMTEPO
TUMLLOL TOV DVITOGTOADHOTOG, Yo, urjkog L, =500mm.

Amd avéivon dwTopng Yo mapapdpOOT OKVPOOE-
patog €,=0.004 n kauntik téuvovco, vroroyiletar wg
V.= 159KN kar n ikavomto otpoerig wg 0 =2.7%. H diw-
unTiky avioyf péow g EE. (3.2) eivan V,  =248kN, evod
N Tévouoa Tov avTioTol el otnv avtoyn g pdrtiong etvat
V..o =223kN (EE. (3.7)). Qg dedopéva déppwong Aappavo-
vron X=5% ka0, =0.1 (apit’maXZO.S). H peimon g woavotn-
TOG TOPALOPPMONG TOV YGAvPa Gg oVt TV MEpinTwon &i-
var 18% oougava pe v EE. (1.2). OAot ot deikteg avToyng
avonpocdiopifovrar ot Swofpwuévn katdotaon wg: V,, "
= 136kN (AV, ™/ V, =14.5%), V_ ==105kN (AV '
/' V., ~57.7%), £o=2MPa xar V,_ * =66.5kN (AV_

IV, 4 =70.18%). H ucovomra GTpO(pﬁ; 070 GTAO10 SwLppolhg
etvan 9y‘°S:0.94%, oumg povo to khaopa 0.94%:(105kN/
136kN)=0.73% pmopei vo. ekdnAwbel katd v actoyio and
dtdTunon kot pévo 1o 0.94%:(66.5kN/136kN)=0.46% ratd
mv aotoyio otV meployn g pdtiong. H epbpynon tov
OTOTEAECUATOV SNADVEL OTL O PUNYAVIGHOS TOV VPIoTATOL
v wyvpdtepn PAAPN amd ddPpwon eivar n cvvaeeld, o
0m010G TEMK®OG 00N YEL TO SOUIKO OTOLYEID GE TPDULY 0oTOY i
o, OTAV 0KOUN 1) OTOKPLOT| TOV EIVOL EAAGTIKT).

H pebodoroyia evioyvong amockonei otnv ovakinom

TOV EMPEPOVS AVIOYDV GE TETO0 eminedo, dote vo. efo-
oQoMofel N KOUTTIKY amdKplon £MEITO amd Sl0ppPon, TOL
drapnkovg omAopov. Emléyetor mg viud evicyvong avipa-
KOVILLOL e PNYOVIKEG IOIOTNTEG: OVTOYN KoL TOPAUOPPOOT|
Opavong f =3500MPa xo1 £,=0.015, pétpo eracTiKOTNTAG
E=230GPa ko mayog otpodong t=0.13mm. T'a avdxtnon
™G KOURTIKNAG avioyng katd AM«=27kNm (E&. (4.1))
amottovvtar n'"e=1.58 o1phoeig 1 2 SopNKelg OTPMOCELS
mAdtovg 400mm cg OA0 TO UNKOG TOV VTOCTVADUATOG KO-
ADG OYKUPOUEVES TEPAV TOV KPLGIHOV SOTOUDV GUVOESTG
TOV VTOGTLADOTOG LE TIG GLVTPEXOVGEG dokoVG. H avoaktr-
HEVN KOUTTIKY avtoyh vroloyileton og V,, "=~156kN. I'o
gvioyvon &vavil TEUVOVOAS, 1| CKOTOVUEVT] TAAGTILOTITO
petatonicenv opiletar o p,=2.5. And myv elicoon (4.4),
N Tpochetn d1dTUNnon ToL KoAgital va avaddpetl o pavovog
E-IOI eivau V,  =153kN, mov petappaleton e n M =1.6 (1§
2 gYKAPOIEG OTPMGELS GTNV TEPLPEPELN -LE VTTEPKAADYN LT
KOG OG TAELPAG- Kot KB’ OA0 TO VYOG TOV VITOGTUAMDLO-
10¢). Katd v géuyiavon g aykbpwong, {nrovuevo givat
1 AVTOYN CGLVAPELNS VO AVOKTNGEL TNV OPYIKY| TNG TYL TPO
daPpoong (£ = f,). Qot6c0, 0 cuvtekeotig TPIPilg dev
pmopet vo avaktnBel and v amopévovca T Tov, AOY®
oAloloong TG EMPAVEINKNG LopPoroYiog TV papdmv, N
omoia vrrohoyiCetan o€ 2 *(X=0.05)/n=0.3. Adyw andAewag
SlTopNG Tov SPNKOLG OTAIGHOV, 1) OVOKTNUEVT TKOVO-
™o oyKOpeoNg € Tépvovsa dvvopm eivon V,  =212kN
(95%V__ ). Av v100en0el GUVELACHEVT EMGKELT UE OTTOKOI-
TAGTOCN TNG PYLOTOUEVTG ETKOAVYNG Kot Adpfavopévou
VI OY” OTL 01 GLVOETNPES OeV TAPEYOLV Kaplia Tepicoryén,
TPOKVATEL OTL 1 0pO1| TigoT, TNV OMOi0 KaAgitat va avaldPet
o pavdvag E-10I1, eivor 6, =11.3MPa. O amatodpevog
apBlog OTPOCEMY O VTNV TNV TEPITTOOT VIOAOYIleTOL
g n""=5.2 (] 5 eyKApPolEG GTPMOGCEIG KATE PNKOG TNG Ud-
TIONG). ZNUEIDVETAL OTL TO UNKOG ayKOPMONG TOV KAOE pav-
dva amoterel Packd péyebog oyedlacpon TG Evioyvong,
oot eEac@olrilel v opb Aettovpyio. TOV VAKOD £vavTi
TOV SLQOP®V EVIATIKAOV KOTOOTACE®V Kol vroioyiletot
Baoetl apydv oL JETOVY TO UNYUVIGUO GLVAPELNG HeTAED
emo&e1dikng pnrivng Kot okvpodépatog [23].

Téhog, 1 wkovotnta otpoens (EE. (3.18)), dedopévng g
LEWOUEVNG TKOVOTNTOAG TOPAPOPPOCNS TOL dlafpmpévon
x6AvBa, vroloyiCeton wg 0 =2.16%.

6. XYMIIEPAXMATA

2y Topovco £pyocio daTumdONKE AETTOUEPDG Ll
véa, pebodoroyio ylo TV OOTIUNON OEIKTMOV OVTOYNG KoL
TOPALOPPOCIULOTNTOG  JPPOUEVOV  SOUIKDY  GTOLXEI®V
0.Z., n omoia PacicOnke oe Poacikéc apyés g Mnyavi-
kng. H peBodolroyia emextdbnie, dote va koatodnéel og
e£loMOELG OYESIOIOD OVTICEIGIIKNG EVioYuoNg HE xpnon
obvvbetov viakav IOI1. H sdfpwon amotiumbnke og mpog
TNV OTOAEW STOUNG TOV OTAMGHOD Kot TN pelmon g
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KOVOTNTOG TApapopemong Tov ydAvpa (wabvpomoinomn)
AOY®O TOTKNG €vTaoNG TOL Qovopévov. MelethOnkay ot
OPLOKEG KOTOOTOOELS OOTOYIOG O KAUWT, OlATUNncTn Kot
aykvpwor / pation, kabdg Kot n enintoon g diifpwong
oTnN duoKapyia, TN HETATOMIOT SlopPONG KoL TIV IKOVOTITO,
oTpoPNGg otV aoctoyic. Me {ntobuevo v avaktnon g
amoiecOeiong avToyng ota apyikd eninedo TG adlapfpmng
KOTAOoTOONG, 00ONKOV AETTOUEPEIG EKPPACELS VTOAOYIGLOD
g evioyvong, néow vikav I0IT, vid ™ popen Stapovg
Kot £ykapoov omiicpov. H pebodoroyia avty miotomoteiton
péc® TV SBECLOV, MGTOCO TTEPLOPICUEVOV, TEPALOTL-
KOV 0moTeELecHATOV o T d1efvr| Biitoypagia Kot propei
va evtayOel 6To TAAIGLO AVTIGEIGUIKNG EVIGYLONG / EMOKED-
NG VPIOTAWEVIG KOTOOKELNG TTOL £YEL VTOGTEL SLAPpwon).
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Extended summary

Seismic Assessment and Upgrading of corrosion-damaged
R.C. members through FRP jacketing

S.P. TASTANI
Ph.D., M.Sc. Civil Engineer D.U.Th.

Abstract

This paper explores the structural behavior of corroded reinforced
concrete (r.c.) members and the efficacy of repair schemes that
include FRP jacketing, both as a means of curbing the corrosion
process and for strength recovery. Corrosion of steel reinforcement
is a critical issue in the assessment of old construction, because its
harmful influence on structural stiffness, strength and ductility may
drastically limit the service life of the exposed construction. In as-
sessing the residual strength and deformation capacity of corroded
structures, several parameters are considered, such as reduction
in bar diameter owing to iron depletion and the consequent loss of
fexural strength, attenuation of rib height in the case of ribbed bars
and deterioration of friction between reinforcement and concrete,
both of which have detrimental effects on bond strength. The ex-
pansive tendency of corrosion products is the basic vehicle driving
the proposed repair/strengthening methods, which combine various
techniques with the use of FRP jackets. Simplified design expres-
sions obtained from first principles are proposed for assessment
and redesign applications that link FRP properties with attainable
strength, corrosion indices and target deformation capacity of the
structural member.

1. INTRODUCTION

Reinforced concrete structures built prior to the introduc-
tion of modern seismic requirements abound throughout the
developed world. The modern form of reinforcement detail-
ing became a required practice in the early 1980s, as a result
of a sweeping change in most International Design Codes.
Structures designed prior to that point conform to earlier
generations of design codes as these evolved from the early
1900°s to the 1980°s. By today’s standards, typically these
are low-ductility systems often combining non-seismic de-
tails with compounded corrosion damage owing to long term
exposure to aggressive environments. Realistic management
of the seismic risk presented by this class of structures is a
pressing priority and an issue of great practical interest.

Assessing the implications of corrosion on strength and
deformation capacity of existing r.c. members, and develop-
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ment of seismic upgrading / rehabilitation methods with FRP
materials is the focus of the present work.

Corrosion products are a mix of ferrous and ferric oxides
which generally occupy a multiple volume of the depleted
parent metal; the exact volume of rust depends on its compo-
sition [1]. Accumulation of rust affects strength, deformation
capacity and the mode of failure in concrete through several
mechanisms. These include reduction of reinforcement area,
spalling of the concrete cover, break-down of bond mecha-
nism between concrete and reinforcement resulting in the re-
duced resistance of bar against slippage and embrittlement of
reinforcement. Bar section loss and cover spalling have di-
rect effects on all strength mechanisms (flexure, shear, bond)
and on the associated deformation capacities. A second level
implication is the change in the design mode of failure that
eventually controls seismic performance [2,3].

Implications of corrosion damage in terms of strength
are estimated from basic mechanics, given the extent of
metal depletion and strain embrittlement of affected steel.
Metal depletion is quantified through the depth of corrosion
penetration, X, i.e. the percent loss of bar diameter (figure
1). Given the volumetric relation between the deposited
rust and the consumed metal, and assuming that corrosion
is uniform over the bar and that rust may be deposited in
the radial cracks of the cover, the radial displacement u__
the rust imposes on the internal concrete boundary may be
obtained using geometry (eq. (1.1)). Embrittlement refers
to a loss in deformation capacity of the reinforcement and
it is of severe degree under pitting corrosion. The reduced
deformation capacity of reinforcement is determined by a
linear attenuation model proposed by Coronelli and Gam-
barova [7] (eq. (1.2)).

During the last two decades, intensive research has been
conducted into the rehabilitation of corrosion-damaged con-
crete structures with FRP jacketing. A motivating premise
was the chemical inertness of these materials to the usual
corrosion agents affecting conventional steel. Since the early
efforts it has been established that, apart from its efficacy as a
confining medium, FRP jacketing can also slow down mark-
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edly the chemical process of iron depletion under conditions
of continued post-repair exposure [1, 4, 5].

Laboratory experiments on severely corroded column
specimens under loads simulating earthquake effects have
illustrated that by proper detailing FRP repairs may success-
fully enhance ductility and deformation capacity, recover
strength and hysteretic damping properties of corrosion-
damaged reinforced concrete to levels comparable to the
uncorroded condition [3, 6].

2. ASSESSMENT OF CORRODED R.C.
MEMBERS

Seismic upgrading of a corroded r.c. element with FRP
jacketing aims to mitigate the occurrence of premature
modes of failure other than flexural, which is the least un-
desirable. With reference to a simple cantilever model that
represents half the span of a continuous member in a frame
structure under lateral sway (figure 2), forces used in rede-
sign must satisfy the qualitative relationship (3.1), where
V.. 1S the nominal shear strength, V.  the shear force
acting in the span when the anchorage/lap-splice reaches its
development capacity, V,, =M /L _is the seismic shear force
required to develop the ideal flexural strength of the member
and L_ is the shear span. Equation (3.1) is used in the assess-
ment of dependable capacity and also in dimensioning the
upgrading scheme.

2.1 Shear strength of corroded member

The nominal shear resistance (V) of r.c. members com-
prises concrete and web-steel contributions (V_ and V). Un-
der cyclic displacement reversals both terms degrade with
increasing intensity of imposed displacement ductility, p,,
owing to the susceptibility of concrete’s strength to cracking
[8, 9]. Upon reversed seismic loading bi-diagonal cracks in
the web limit the strength of the compression struts that sus-
tain the V_ term, whereas aggregate interlock and dowel ac-
tion (the V_term) break down quickly with increasing width
of cracks. A simple model proposed by Mochle et.al. [9] is
adopted to qualitatively describe the relationship between
the aforementioned variables while maintaining the familiar
code format for V, (eq. (3.2), figure 3).

Stirrups are the first to be affected by corrosion, owing to
their proximity to the exposed surface, whereas the section
loss is more dramatic for the transverse reinforcement as it
is usually fabricated from small-diameter bars. Thus, the V_
term is lowered by the apparent reduction of the cross-sec-
tional area of stirrups. Also, opening of splitting cracks [7]
due to corrosion along the longitudinal reinforcement results
in stretching of the stirrup legs (figure 4), consuming part of

the available pre-yield deformation capacity of the metal (eq.
(3.3)). For this reason, the web contribution V_ in equation
(3.2) is calculated using the reduced rather than the nominal
yield strength (eq. (3.4)).

2.2 Bond of corroded anchorages

Bond degradation due to corrosion leads to a dramatic
loss of stiffness in the member even under serviceability
conditions. The frictional analog is adopted to model bond
both before and after rehabilitation with FRPs. Bond
strength f, is proportional to 2uc, /m where p is the frictional
coefficient and o the normal confining pressure over the
anchorage length (figure 5a), provided either by the cover
concrete (supported by hoop tension stresses in the cover),
by transverse reinforcement crossing the splitting crack path,
or by transverse compressive stress fields existing in the an-
chorage region. In this light, it is evident that rust accumula-
tion, being an expansive process, generates radial stress over
the lateral bar surface that competes with bond action for the
tensile resistance of the concrete cover for equilibrium in the
hoop direction.

Taking into account that corrosion negatively affects the
stirrup contribution and the coefficient of friction (by deple-
tion of ribs) the residual bond strength f <" is given by equa-
tion (3.6). Values for the various frictional coefficients (for
ribbed or smooth bars) have been quantified indirectly from
tests published in the literature [12, 13, 14]. For intermediate
levels of rib depletion X a linear interpolation may be assumed
for the coefficient of friction as illustrated in figure Sc.

From the estimated bond strength of corroded bars (eq.
(3.6)), the development capacity of corroded anchorages
is calculated, mobilizing equilibrium along the anchorage
length, and from the corresponding flexural moment (evalu-
ated from the equilibrium of sectional forces) the force in the
shear span is resolved using statics (eq. (3.7).

2.3 Residual flexural strength

For load combinations below the balance point (i.e. when
axial load is less than 45% of the cross-sectional compres-
sion capacity), the residual flexural strength of corroded
members is controlled by the yield capacity of tension re-
inforcement. Residual capacity is calculated at a limiting
compressive concrete strain of 0.004, which corresponds to
cover spalling. The reduced cross-sectional area of longitu-
dinal reinforcing bars is expressed as a function of corrosion
penetration and the post-yielding steel stress f is evaluated
considering equation (1.2).

The concrete stress-strain curve follows a parabolic
relationship up to peak value (0.002) and remains constant



34 Teyv. Xpov. Emot. 'Exd. TEE, 1, tedy. 1-2 2007 Tech. Chron. Sci. J. TCG, I, No 1-2

thereafter until failure (0.004). The concrete strength of cov-
er layers is reduced from its nominal value due to transverse
splitting cracks (eq. (3.9)), while that of layers confined by
stirrups is increased owing to the exerted confining pressure,
which is also reduced due to corrosion (eq. (3.10)).

2.4 Flexural ductility and rotation capacity

The primary cause of degradation of flexural stiffness in
corroded members is the partial loss of bond; without bond
tension stiffening of concrete between successive cracks can-
not be mobilized, whereas crack widths become excessive.

The effect in the case of corrosion along the anchorage of
primary reinforcement is similar, for in that case pullout due
to slip may govern the total lateral drift. With reference to
figure 6, at the serviceability limit state member deflections
comprise contributions from distributed curvature along the
member length and lumped rotation at the face of the sup-
port due to pullout (eq. (3.11)). Yield curvature, ¢, may be
calculated at the cracked stage (where the applied moment is
less or equal to the yield moment) as a function of sectional
stiffness (eq. (3.12)).

Since slippage is facilitated with corrosion, the lumped
rotation occurring at crack locations is mostly responsible
for tip flexural deflection of the cantilever. Assuming uni-
form bond stress distribution over the mean cracking dis-
tance £_, and mobilizing force equilibrium along the 0.5€
and integration of lumped rotation at each crack location
upon stabilized cracking, total flexural tip deflection may be
obtained (eq. (3.15)).

Rotation capacity (drift), 0, of the corroded r.c. member
is obtained from flexural and pullout contributions. Each of
these contributions comprises elastic and plastic components
as 0,=0 +0 .

These terms are calculated from first principles, consid-
ering the reduced deformation capacity of the reinforcement
due to embrittlement and the deteriorating bond strength
(eq. (3.18)). If equation (3.18) is used for the assessment
of the rotation capacity of an upgrading member with FRP,
whereas repair includes also replacement of deteriorated
concrete in the anchorage of the corroded bars, then the
enhanced bond strength rather than the reduced value due to
corrosion should be used. However, if the anchorage length
of corroded bars is inaccessible, so that no intervention may
be possible, then the reduced value of bond strength is used.

3.STRENGTH RECOVERY THROUGH
FRP JACKETING

From the assessment procedures described in the preced-
ing text, it is clear that all strength and deformation compo-
nents of a r.c. member entering equation (3.1) are affected by

corrosion. The objective of this section is to detail the contri-
bution of the FRP jacketing when this is used to upgrade the
strength and deformation capacity of affected members. As a
confining device, FRP jackets impart toughness and enhance
shear, anchorage and compression capacity of the encased
concrete member [18]. Externally bonded FRP strips may
also be applied as additional tension reinforcement for the
recovery of flexural strength, provided they are properly
anchored. However, apart from these favorable aspects of
FRP jacketing, the following additional attributes need be
considered in formulating the rehabilitation framework: i)
Jackets have no influence on lateral stiffness. ii) By effec-
tively reducing shear cracking in the plastic hinge regions,
all deformation is forced to occur within few flexural cracks
thereby promoting large strain demands in the embedded
longitudinal reinforcement. This may lead to bar fracture
unless the rehabilitation framework includes measures for
stiffening the affected structure. iii) Jackets are suscep-
tible to rupture at points of localized deformation demand
and hence, although they effectively postpone buckling of
compression reinforcement to higher levels of deformation,
they cannot altogether prevent it, particularly if stirrups have
wasted away due to corrosion [5]. For the reasons stated it
is concluded that FRP jacketing may be considered as a lo-
cal intervention for seismic upgrading, in that jackets may
successfully increase strength and deformation indices of an
individual corroded member without, however, controlling
global demands.

3.1 Recovery of flexural strength

Experimental studies have shown that an effective
method of adding longitudinal FRP reinforcement in flexural
members is by mounting the bars or laminates in surface-
cut grooves on the tension face. As with externally-bonded
laminates, near-surface mounted reinforcement also fails by
delamination near cracks or at the cut-off points; however,
this type of failure occurs at much higher levels of effective
strain, thereby enabling a more efficient use of the material.
For detailing applications, the required additional reinforce-
ment area to achieve flexural strength recovery is estimated
from the moment reduction owing to primary-reinforcement
section loss at the critical section (eq. (4.1)). The allowable
strain of externally mounted FRP reinforcement for design is
limited to € = 0.004 so as to eliminate the risk of debonding
prior to development of flexural strength [18]. This places a
lower limit for the normalized depth of compression zone &
when the concrete reaches the crushing strain 0.004. Also, an
upper limit for & is the value associated with balanced failure
(&, = 0.64) in order to ensure bar yielding prior to concrete
crushing failure. These two limits represent an allowable
range for & after strengthening, based on which the required
additional reinforcement may be estimated.
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Flexural resistance may also be influenced indirectly by
placement of FRP jackets, through the strength increase of
concrete in the compression zone owing to confinement.
Flexural strength also benefits by containment of the cracked
corrosion-contaminated cover that would otherwise have
spalled-off at ultimate. In calculating the enhanced flexural
strength of the encased member from first principles, the en-
hanced axial strength and deformation capacity of concrete
in the compression zone of the cross section is calculated
from equation (4.2).

3.2 Recovery of shear strength

In redesigning FRP-jacketed r.c. members with corroded
stirrups the objective is to recover the initial shear strength
and to secure sufficient displacement ductility that would ex-
ceed the design demands. Considering degradation of shear
strength with ductility demand, the repaired shear strength is
obtained by equation (4.4), where q is the behavior index of
the redesigned structure (assuming the equal displacement rule
this is taken to be equal to the displacement ductility demand
imposed by the design earthquake on the structure). The target
values of q and p, used in the redesign of the member should
not exceed the value of 3.5 that is currently recommended for
new designs [20]. Equation (4.4) can be used for determining
the required number of jacket layers to be used as shear rein-
forcement in the upgrading scheme. The proposed equation
is a lower bound expression where shear resistance is taken
to degrade with ductility demand, even in the presence of
jacketing, because of the ongoing degradation of contributing
mechanisms (bond, dowel action and aggregate interlock).

3.3 Enhancement of anchorage / lap-splice strength

Equation (3.6) for assessment of the residual bond
strength recognizes two discrete mechanisms through which
corrosion causes bond degradation, namely loss of frictional
resistance and loss of confining pressure by the cover due
to cracking. Because of the inevitable flattening of the ribs,
the coefficient of friction cannot be recovered: however, re-
moval of cracked cover and replacement with healthy grout
in combination with FRP jacket has proven very effective
in rehabilitating the development capacity of corroded bar
anchorages. To be effective, FRP sheets are bonded transver-
sally to the bar’s axis so as to arrest propagation and open-
ing of splitting cracks. To quantify this function of the FRP
jacket the frictional concept for bond is extended to include

a jacket contribution to the confining sources. The average
bond strength after jacketing over the development length of
a bar or lap splice is calculated through equation (4.5).

4. CONCLUSIONS

Methods for assessment of the residual strength of cor-
roded r.c. members have been developed from first prin-
ciples, along with detailed guidelines for seismic upgrading
of such members with FRP jacketing. Corrosion is quanti-
fied by the depth of penetration (bar diameter loss) and by
consideration of ductility reduction due to embrittlement of
steel. Actions considered include flexural and shear strength,
development capacity of anchored corroded reinforcement,
residual stiffness and rotation capacity. The paper presents
detailing methods for upgrading all these indices of resis-
tance with externally bonded FRP layers and jackets. The
methods developed produce results that are consistent with
the limited experimental evidence that is currently available
in the literature on corroded r.c. members upgraded with
FRPs for seismic resistance. To be used in practice, further
calibration of the proposed procedures with experimental
evidence would be required.
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