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NepiAnyn

Ta Bpata umoBabuong tng AVOEKTIKOTNTAC TWV KOTOOKEUWV OTtd OMALOUEVO
OoKUPOSEUd, amooXoAoUV MAEOV OAO KOl TIEPLOCOTEPO TIG KOWWVIEC. YO TO mpiopa
QUTO, N MEYAAN KAl N KPR WPEALUN Sldpketla {whG LLAG KATAOKEUNC ElVOL CUVWVUEG
gévwoleg ¢ AvBektkotntag, SnAadn, Tng duvatdTNTaG TNC VO QAVILOTEKETAL OTN
dBopormold meptPariovtikn) dpdon (PuoilkoxnULKA N TN UNXAVIKA) Kol omoladAmote
GaAANn Sladkaoio dpBopag.

Ol ouvémeleg TNG umoPBaduLong tng AvOEKTIKOTNTOC TWV KATOOKEUWY, €KTOC amo Ta
YVWOTA £EWTEPIKA 0paTtd ¢alvopeva, kSNAwvovTal KOl HE W OPATA £0WTEPLKA
dawopeva, Onwe sivat: N dtafpwaon tou XAAuBa omALoOU, N amMWAELA TNG CUVAPELAG
TOU OKUPOSEpATOC — XAAUBA, N amopeiwon TNG SLATOUNG KoL N TITWON TWV UNXOVIKWY
L5LOTTWV TOU OLENPOOTALGLOU.

ITIG TOPAKTLEG TIEPLOXEC LOlaltepa, N umtoBaduLon auTh, TPAYUATOMOLETAL oTadLaKd
LE TOV XPOvVo Kol ouvdéetal coPapd PE BEpaTa ETUTEAECTIKOTNTOG KOL KUPLWG
0O0PAAELAG TWV KATAOKEUWY. MNopdtl Opwe N uMoBABULON TNG OVOEKTIKOTNTOG KAl N
S1aBpwaon Tou oLéNPooMALGHOU sival patvopeva aAAnAévdeta, mapAAAnAa Kol XPOVIKA
efaptnuéva, ev Ttoutolg, Oev meplopPdavovtal, OUTE TOCOTLKOTIOLOUVIAL OTO
KOVOVLOTIKO Keipevo tou KANENME (Kavoviopog Emeppaoswv).

H onuaocia kat n avaykaotnto ekmovnong tng moapovooc SlatplPng, EYKELTOL OTO
YEYovOC OTL Oev €xouv HEeAETNOel  eMOpPKWG Ol ETMUTTWOEL TNC HELWHUEVNG
OVOEKTIKOTNTAG TOU OKUPOSEUATOC OGOV adopd OTNV UNXAVLKA cupmepldopd TOU

SLaBpwpEVOU GLONPOOTIALOUOU TWV KATACKEUWV.

H pebodoloyia avaluong mou akohouBnOnke, BacloTnke oTa AMOTEAECUATA EKTEVOUC
TELPAUOTIKOU TIPOYPALOTOG TIOU TIEPLEAGBOVE:

e [pOypOupO  TIELPAUATIKWY  SOKIUWY  TPOCOHOLWOoNG TOU  TOPAKTLOU
TiepBANOVTOG HEOW €PYAOTNPLAKNG TEXVNTAG SLdBpwonc alatovédwaong oe
XAAUBeC SladOpwV KATNyopLWV.

o [lapackeun Sokiliwv omAlopévou okupodépatog, emifoAr Safpwong Kot
EVOPYOVEG UETPNOELG EAEYXOU TWV XAPAKINPLOTIKWY SldBpwong (uétpnon
NULOUVOULKOU, aTwAELA LATAG, LETPHOELS PWYHWY KATA U KOG SoKLiwy, BdBog

Kol emiipavela BeAoviopwy, LETAAAOYPAPLKEG OVAAUTELS).




e [poypaupa xapaktnplopoL tng PAAPNG SlaBpwong Twv XaAUBwv (Yupuvwy Kat
EVKIBWTLOUEVWV) GE OXEON UE TOV XPOVo €KBECNC TOUG.

o TPOYpPOUUO UNXAVIKWY SOKLUWY EPEAKUCHOU Kol OALYOKUKALKAG KOTwong LCF
(wg mpooopoiwaon Twv oeloPLKWV PpopTioewy).

e [lpoypappa avaluvong SEM kot EDX oe Swafpwpéva Sokipta xaAuPa,
mogooTtikomnoinon - avayvwplon tg BAABNG Stafpwaong kabwg Kal avayvwpLlon
TWV pnxaviopwy BAapnc.

e poBAedn TNG UNXOVIKNC amOKpLong Tou Stafpwpévou oldnpoomAlopou BStlll
(5420) udloTapEVWY KATAOKEUWY UTIO TNV eMidpaon afoviKwV avVOKUKANOEWV

(og avtiotolyia pe LOXUPA OELOULKA cuppavTa).

JupnepaopaTa

Evw n SlaBpwon tou olbnpoomALOHOU TIPOKAAEL TITWON TWV OLOTATWY AVIOXAG TOU
Teplmou wooduvapn He tThv mocooTlaia peiwon tng anmwAeslog palog Tou, wotoaoo,
eTUPEPEL SPAUATIKA TTWON TwV WOLOTATWY OAKLMOTNTAS Tou SnAadn tng SLotnTag
mapapopdwaong Tou oTNV LEYLOTN aVTIOoXH.

Ma tnv B anwAswo palog, o eykBwtlopévog XAAuBag otolxeiwv omAlopévou
oKupoSEpaTog, mapouaiaoe evtovotepn emidavelakr PAaBn diaBpwong €vavtl tou
amAol (yupvou) xaAuBa. O BadBuog 6 tng emepxopevng PAABNG SlaBpwong, €Xel wg
OUVETELO, avOAOYyOoU BaBpoUl emidpaacn oTa HNXAVIKA XOPAKTNPLOTKA TwV U0 opadwv
SOKLUIWV (YUUVWV KoL EYKIBWTIOUEVWV).

Ta dawopeva SlaBpwonc pe XAwpLovta, £XOUV CNUAVTLIKA EMSpacn otn HNXaviKA
ocuunepldpopd Twv Sipackwy XaAUBwv omAlopol Aoyw g oAAnAsmidpaong Twv
£EWTEPLKWYV BEAOVIOUWVY KOL TWV ECWTEPLKA EUPLOKOUEVWY EYKAELOUATWY (MnS Kal FeS,
TIOpwV, o€eldbiwv).

To XOpOKTNPLOTIKA TwV eMidavelwv Bpalong Tou 618nNPoomALoUOU KATW oo (LoXUPEG)
OELOMKEG doptioelg, avadekviouv datwvopeva cuvbuaoTikng Spdong Sadopwyv
unxovwopwyv BAABNG. Katd tnv SapKela Loxupwv afoVIKWY OVAKUKANCEWY (OELOULKA
CUMBAvVTA), OL TEPLOXEG EYKAELOMATWY Kal COUADLSIWV €0WTEPLIKA, €UVOOUV TNV
ouvévwon Kal dtadoon pwyrwyv. MapdAAnia, Ta AUYLOUIKA PalVOUEVA, ETILTAXUVOUV
TNV npowpn €€AVTANGCN TNG OAKLLOTNTAG TOU XAAUPa omALopoU.

Me Baon tTa avwtépw KatadelkvUETAL N avaykn KOOLEPWONG «TIUKVWVYY» TEXVIKWY

EMBEWPNOEWV OTIC KATAOKEUECG OTTALOUEVOU OKUPOSEUATOC.




Abstract

Degradation of durability of reinforced concrete structures is becoming more and more
a matter of concern for societies. In light of this, both the long and short life expectancy
of a structure are synonymous terms of resistance. In other words, its ability to resist
the detrimental environmental effect (physicochemical or mechanical) and any other
deterioration process.

The consequences of degradation of resistance of the structures, besides the known
external visible phenomena, they take place as internal invisible phenomena such as:
corrosion of steel rebar, bonding loss of concrete and steel rebar, impairment of the
cross section and drop of mechanical properties of steel bar.

In coastal areas, particularly, this kind of degradation takes place in stages throughout
the years and is highly related to structural integrity and especially to the construction
safety. Although the degradation of durability and corrosion of rebar are
interdependent, parallel and time-dependent phenomena, are not included or
guantitated in the regulation intervention (KANEME).

The importance and necessity of this Thesis lies in the fact that the effects of reduced
resistance of concrete in terms of the mechanical performance of corroded rebars have
not been adequately studied.

The analysis methodology that used, was based on the results of an extensive
experimental program which included:

e Experimental simulation of coastal environment through laboratory artificial
salt spray corrosion of various categories steels rebars.

e Production of reinforced concrete specimens, imposing conditions of corrosion
and instrumental measurements for studying corrosion characteristics
(measurement of half-cell potential values, mass loss, cracking across the
specimens, depth and surface of pitting and metallographic analyzes).

e Program of steel corrosion damage characterization (both bare and embedded
rebars) in relation to time of exposure.

e Program of tensile and low cycle fatigue tests (in order to simulate the seismic
loads).

e SEM and EDX analysis in corroded specimens, quantification - recognition of

corrosion damage and identification of damage mechanisms.




e Prediction of mechanical response of corroded BStlll (S420) rebars of existing
structures under the effect of axial cyclic loads (in correspondence with strong

seismic events).

Conclusions

Although corrosion of rebars causes a drop of strength properties roughly equivalent to
the percentage reduction of mass loss, it leads to dramatic drop in ductility properties
namely to deformation properties in maximum strength.

For the same mass loss values, concrete embedded specimens presented stronger
superficial severe localized pitting corrosion in contrast to bare specimens. This
corrosion effect had a similar impact on the mechanical properties to both group of
rebars.

Chloride induced corrosion phenomena have significant effect on the mechanical
behavior of dual-phase steel rebars, due to the interaction of external pitting and
internally inclusions (MnS and FeS, pores, oxides).

The characteristics of surface rebars fracture under (strong) seismic loads, reveal
combinational action of various mechanisms failure phenomena. During strong axial
rotations (seismic events), regions of internally sulfide inclusions, promote coalescence
and propagation of cracks. Furthermore, the buckling phenomena accelerate the
premature exhaustion of ductility of rebars.

Based on the above-mentioned conclusions arises the need for "dense" technical

inspections of reinforced concrete structures.
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Télog, Ba nBeha va guXOpPLOTAOW TOUC YOVEIG HOU Kol Ta adépdlo Hou yla Tnv
CUMMAPACTACH TOUC KOL TN GUVOALKH Toug BorBsla oTtnVv EKMANPWON TWV OTOXWV LoV
KalL TNV OAOKANpwon tng mapouaoag dLatpLnic.
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Ixnpa 4.1 Arodn ™G mukvotnTag couAdLSiwy otnv efwtepkr) {wvn 500um, tou
BSt420, ®10.

Ixnua 4.2 Artodn tng mukvotntog couAdLdiwv otnv e€wteptkn {wvn 500um, tou B500c,
o10.

Ixnpa 4.3 Eruddveld twv ocouAdLSiwv OUVOPTACEL TNG TUKVOTNTOG TOUG OF
Slodopetikég BEoeLg amo tnv e€wTepLkr eAeUBepn emipAveLa yLa TG KATNyopieg xaAuBa
B500¢ kat BSt420.

Ixnpa 4.4 Zuxvotnta epdaviong couAdLSiwv CUVOPTHCEL TNG TIUKVOTNTOG TOUG KaL TOU
HEYLOTOU HNKOUG Toug ota Sokipta B500c - BSt420 os SlodpopeTikég BEoelg amod tnv
eEwTepLKr eAelBepn emidpaveL.

IxAna 4.5 Artodn TnG eykapaotag dtatopng un dStafpwpévou kat Stafpwpévou dokiuiou
XAaAuBa B500¢ émetta anod 45nuépeg £kBeong os epyaoctnplakn SltaBpwon.

IxAua 4.6 Juoyxétion NG amwAelog palog petafl Selypdtwv XGAuBa ¢uoka
SLOBPWUEVWY KOTOOKEUWV.

IxAna 4.7 H mtwon twv Wothtwy avtoxns (Rp — Rm) peta ano diadopoug xpovoug
£kBeonc.

Kedahawo 5

IxAua 5.1 '"Tupvo" SlaBpwpévo Sokiplo neta amo 60 nuépeg €kBsong, Ue pEon
anwAeLla palag 8.20 %.

IXAMa 5.2 "EykiBwtiopévo” Slafpwpévo Sokiplo emetta amd 60 nuéEpeg €kBeoNg, UE
HéEon anwAela palag 2.80%.

Ixnpa 5.3 Metpnoslc emupAveLaC LOPTEVOLTIKAG LwVNng, EMAAANAWY EYKAPOLWY SLATOUWY
Spaaoikol xaAuBa.

IxAna 5.4 H enidpaon tou xpodvou €kBeong otig LBLOTNTEG oAKLpoTNTAG SLdBpwonc (a)
OTO 0pLo Tapapuopdwaong Ag: Kat (b) otnv mukvotnta evépyelag (energy density U).

IxAua 5.5 Aroyn tne empavelag Opavong mPLv Kal HeTd and €kBson 45 NUEpWY TWV
Soklpiwv os dLappwoan.

IXAMa 5.6 Meploxég pe eykAeiopata kal SiOx oe un SaBpwuévo didpaociko xaAupa
mAnoiov Tn¢ e€wTtePLKNG EMLPAVELAG.

Ixnua 5.7 Qawopeva BAABNG €metta amo 45 nuépeg SwaPpwon. (a), (b), (c), (f)
ekdnAoUpevn efwteplkd 1 pe evdosmipavelakn pnén, dnAadn dldxuon Twv LOVIWV
YAwpiou (Cl-) katw amod tnv enidavelakn otpwaon, (MEPLOXEG EVWOEWV 0OUADLELWVY).




IxAua 5.8 Aroyin Tou UALKOU pe eykAeiopata couAdLdiwy Emetta amo 90 NUEPEG
SaBpwon.

IxAna 5.9 (a) Mepikn amokoAnon tng {wvng paptevoitn. Tooo To oxNnua tng {wvng,
000 KOl oL TPOoefoXEC TOU UAKOU otn B€on authy odnyouv oe SlokLUAVON TNG
OAKLUOTNTAG TOU UALKOU, (b) StakUpavon tg oAKILOTNTOG TOU UALKOU OTO OPLO TNG
QMOKOAANONG e SLAKPLTEG TIC MEPLOXEG TNG YaBupn g Kot TNG OAKLUNG aoTtoxiag. (c) Kat
(d) n avadAuon EDX &eiyvel Tnv mapouoia evwoewv MnS oTo 0plo TnG amokoAAnong.

IXAUA 5.6.1 MEeTPNOEL( TWMWY TOU NUL-OUVAMLKOU KOTA HAKOG TwV KUAWVSPLKWY
SoKLUiwV omALoPEVOU OKUPOSEUATOG Emetta amo 90 nuépeg StaBpwon.

IxAKa 5.6.2 Katavopr] Tou EUPOUG TWV PWYHWV KOTA LNAKOG TwV KUALVEpLKWY SOKLUiwY
OTMALOEVOU OoKUpoSEpaToC enetta amo 90 pépeg Slafpwon.

IXAUA 5.6.3 Juox£tlon METAEU TNG KOTAVOUNC TWV TWWV TOU NUL-SGuvapkol Ttou
SlaBpwpévou xaAuBa yla péon anwAela palag 4,06% kal tou €UPoOUG PWYHUNG OTO
oKkupOSepa metta ano 90 nuépec SlaBpwan.

Ixnpa 5.7.2.1 "Mupvo" Sokipo B500¢ P10 pe anwAeta paiag 8.20%.

IxAna 5.7.2.2 "EykiBwtiopévo" Sokipo B500c D10 pe anwAeta palag 4.06%. Mpdaowvog
KUKAOG: abLaBpwTtn TMePLOX KOl KOKKLWVOG KUKAOG: MePLOXEC LE TOTIKA SLOPPpWTLKA
dawopeva BeAoviouwy.

IXAKA 5.7.2.3 BeAovIiopOG O eYKIBWTIOUEVO SOKIULO.

IXAKA 5.7.2.4 IXNUATIKA amoTUTIWGN BACLKWY UNXOVIOUWVY avamtuéng BeAovicpwy. a)
AUEnon tou BdaBoug kal tng emiudavelag tou PBeAoviopoU, b) Avénon kupiwg TG

emudavelag tou Behoviopou, c) Avénon kupiwg tou BaBoug Beloviouol.

Ixnua 5.7.2.5 Juoyxetion péylotou BaBoug BEAOVIOUWY Kol TIOCOOTLALOG OMWAELOC
uafog og "eykiBwtiopéva” kat "yupva" dokipta.

IXAUa 5.7.2.6 Turukn amoyn PBehoviopwv oe (a) "yuuvad" kat (b) "eykiPwtiopéva”
Sokipta.

IxAua 5.7.4.1 Arto)n t¢ GUOKEUNG TOU NAEKTPOVLKOU LILKPOOKOTILOU KoL piot eykapaotla
Slatopn tou SlaBpwpévou okipiouB500c.

IXAna 5.7.4.2 (a) YPNnAAR MUKvOTNTA CUYKEVTPWONGS 6oUADLEiwY MANGiov TNG EEWTEPIKNG
ermudavelag (350um) tou daBpwpévou xaluBa (yia anwAela palag poAlg 2.80%).

IxAna 5.7.4.2 (b), meploxéc couAdiSiwv.

IxAna 5.7.4.2 (c), (d), (e) avayvwplon otolyeiwv Fe, Mn kat S.
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Ixnua 5.7.4.3 (a) H €kBeon 60 nuepwv ot SlaBpwtiko meplBdAlov, evioxuoe tnv
eudavion potvopévwy ANciov TnG e€wTepLKNG eTLdaveLag (eEWTEPLKA ElTE ECWTEPLKA)
Tou Sokipiou kat (b), (c) ofeldia Fe kat Si kat evwoelc couAdpLdiwv (MnS, FeS).

IxAua 5.7.5.1 AMELlKOVION TOU €0WTEPLKOU KOl EEWTEPLKOU UNXOVIOUOU ¢Bopdg mou
oavantuxbnke otov Sipaciko xaAluPa omAlopol HeTd and StaBpwan.

KeddaAawo 6

IXAMa 6.1 a) Avixveuon LOVIWY XAWPILOU OTO ECWTEPLKO TOU UALKOU TpodLlaBpwuévou
Soktpiou kat b) MNeploxég pe eykAelopata MnS kat FeS.

IxApa 6.2 MnS nieploxég mAnoiov Tng e€wTtepLknG emidpaveLag Tou Sokiuiou.

Ixnua 6.3 Artodn tng emidpavelag Bpadong UTO tnv Mapoucia evwosewv MnS (ykpl
xpwua). H umobddpla umofabuion tou UAWKOU evioxlBnke omd TNV mapoucia
ooUADLELwY.

Ixnua 6.4 Arodn emidpavelakng pBopac Sokipiov £netta ano 90 nuépeg €kBeong ot
S1aBpwaon omovu eival epdavig n cuvimapén ecwtepkng BAABNG (MnS) kot eEWTEPLKAG
(Pit).

IxAua 6.5 a) Empdvela Bpavong Sokiplou emetta and 90 nuépec €kBeong otn
Sl1aBpwon, pe tnv mapoucia eykAelopatwv couAddidiwv kal kevwv b) Emipavela
Bpavong pe pwyun n omnoia mponABe amnd LOYUPEG ECWTEPLKEG prEelg otnv doun Tou
UALKOU.

Kedaiawo 7
IxAna 7.1 Opadomownpéva Sokipa pe Stadopetikd eAsUBepa urikn ehéyxou (6D,80).

IXANA 7.2 AUYLOULKA PaLvOUEVA KATA TNV AVaKUKALLOUEVN $OpTLoN

a) AVTUTPOOWTEUTIKOG Bpoyxog uotépnaong yla 8D eAelBepo URKoG, mapapopdwon
£=+2,5% Kol £=14%. b) AVTUTPpoowWIEeUTIKOC BpoyXog uatépnaong yio 6 eAelBepPO UNKog
ue mapapopdwon e=+2,5% kat e=+4%.

IxApa 7.3 AuyLlopka patvopeva Katd tTnv avoakukALLopevn ¢option

a) AVTUTPOOWMEUTIKOG Bpoyxog uoTtépnong yia 8D eAeUBEPO UNKOG (UITAE ypapuun)

kat 6@ (KOKKvN ypouun) yla mapapopdwaon €=12,5% b) AVTUTpOGWITEUTIKOC BPOYXOG
votépnong yla 8@ ehelBepo pnkoc (UmAe ypouun) kat 6@ (KOKKvN ypaupn) yla
napapopdwon e=+4%.

IxAna 7.6.1 Anton emipavelag Bpavong papdou avadopag B500s, D12 éneita amno
OALYOKUKALKN KOTIwoN, e mapapopdwon =+2.50%, kot 6@ eAeBepo pnkog AuyLopou.
a) Evapén pwyunc otn B£on tng velpwong. b) Emdavela Bpavong.

IxAna 7.6.2 a) Anton emipavetag Bpavong paBdou avadopdg B500s, D12 Enetta and
OALYOKUKALKN KOTtwon, Ye mapapopdwon €=+2.50% kat 6@ eAeUBepo unkog Auylopou.
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b) AenMTOUEPELD EOWTEPIKNG PNYHOATWONG HE KATELOUVON TPOC TNV EEWTEPLKN
emudavela.

Ixnua 7.6.3 Artodn emidavelag Bpavong npodlafpwuévne paBdouv B500s, ©12, (45
NUEPEG) €melta amd OALYOKUKALKN) KOTwon, pe mapapopdwon &€=12.50% kat 6@
ehelBepo pnkog Auylopou. (a) Aldomapteg omég Kal eykAeiopara, (b) Emumtwoelg tng
uey€Buvonc couAddiwv kat tng mapouaoiag (Si, Fe).

IxAna 7.6.4 Anon emipavelag Bpavong npodlaBpwuévng paBdou B500s, ®12, (90
NUEPEG) E£MElTA AmMO OALYOKUKALKN KOTwon, HUE mapapopdwon £=+2.50% kat 6O
eAelBepo pnkog Auylopol. Pwyun (a) avantuoostal mAnciov tng meptuétpou (b) alleg
PWYLEG TIOU €XOUV £vapén amo tnv nepipetpo ( e€wteptkn emidavela).

KeddaAawo 8

IxAna 8.1 KapmiAeg taong-napapopdwonc twv Sokipiwy XaAuBa pe VEUPWOELC.
IxAna 8.2 Aldpkela {wn ¢ o€ KOMWaon, o€ pApSo xaAuBa e VEUPWOELG.

IxAna 8.3 MpoPAsPn dapkelag {wng o KOTwWon, o paBdo xaAuBa dixwe VEUPWOELG.

IxAna 8.4 MpoBAsPin TNC amwALLAG avToxng Twv paBdwy xaAuBa pe VEUPWOELC.

IxAna 8.5 MpoBAsPn TNC anmwAsLag avioxng Twv paBdwv xahuBa Sixwe vepwoslc.
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KATAAOIOz 2YMBOAQN

XSs3: Katnyopla £€kBeong 3. ZuvOrkeg €kBeong meptBaliovtog XS3 (cUpdwva pe
EN206). AldBpwon mpokaloUpevn amo YAwplovia Balacaoivol vepou.

pH: Potential of hydrogen, cuykévtpwong Twv LWOviwv udpoyovou [KaTlovtwy
v6pofwviou (H30*)] og éva udatiko SLaAupa.

@: Statoun xaAuBa omAtopoy, .. O8 eival n paBdog xaAuBa omMALoUOU e SLAUETPO
8mm.

Mn: Mayyavio

FeS: @elovxo¢ aidnpog

Towévro tumou CEM V. MoloAavikd TolpévTto
Dm: ZUVTEAEOTAG SLAXUGNG OTO OKUPOSEUA
f(w): ZuvteAeoTtrg EUPOUC PWYUNG

w: EUpogG pwypng

CaCly: XAwploUxo acBéotio

CO;: Alo&eidlo tou avbpaka

£: Mapapdpdpwon

fsr: ZUVTEAEOTAG OMWAELAG AVTOXAG OVAL KUKAO
epl: EUpOG MAQOTIKAG Mapapopdwaong

U (energy density): Mukvotnta evépyeLag
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KATAAOIOzZ :YNTOMOIPAODIQN

EC2: EupwkwdiKkag 2
EC8 - part3: Eupwkwdikag 8, mapaptnua 3
SEM (Scanning Electron Microscope): NAEKTPOVLKO ULKPOOKOTILO OAPWONG

EDX (Energy Dispersive X-ray spectroscopy): QaoUATOCKOTIKH EVEPYELAKT SLaCTIOPA
oKTivwv X

LCF (Low Cycle Fatigue): OAlyokUKALKH KOTIwaon
m: UETPO, Hovada HETPNONG LAKOUG

ASTM American Society for Testing and Material (Apepikavikn Etatpeio AoKipuwv Kat
YALKwv)

Rp: Oplo Slappong

Rm: Oplo avtoxng

Ag:: Mapapopodwaon otn LéEyLotn avioxn
Rp/Rm: AOyoG evdoTpayuvong

ISO (International Organization for Standardization): AleBvri¢ Opyaviopog
Tumonoinong

EAOT: EAANVIKOC Opyaviopoc Tumomnoinong (Mpotumay)
DIN (Deutsches Institut fir Normung): Feppaviko lvotitovto Tumonoinong
RC: OmAlopévo oKupOSepa

D(w): ZuvteAeotnc SLaxuong XAWPLOVTIWY OTO oKUPOSea Tapousia emipavelaKwY
PWYHWV

LCF tests (Low Cycle Fatigue tests): AOKIEG OALYOKUKALKAG KOTIWONG
Pa (Pascal): Movada pétpnong

RC structures (Reinforced concrete structures): KataokeU£G OMALOUEVOU
OKUPOSEUATOC

(W/C) (N/T): Aoyog vepoU/TaLUEVTOU
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KedpaAawo 1

1. Elcaywyn - TexvoAoyko npofAnua

Ofépota UuToPABULONG TNG OVOEKTIKOTNTOC TWV KATOOKEUWV OO OMALOUEVO
oKUPOSEN, amooyoAoUv TAEOV OAO KOl TTEPLOCOTEPO TIG KOWWVIEG. Ta davOpeVa TNG
UTIOBABULONG TWV KOTOOKEUWY, EKONAWVOVTOL PE TA YVWOTA EEWTEPLKA yVwplopaTa
ToUC, OMWC lvaL: N aAlayr Tng oPnc tng eAevBepng emipAveLOC TOU OKUPOSEUATOC, OL
ekdnAoUpeveg KNALSEC okouPLAG KOBWE Kal TTOWKIAEG eMIPAVELOKEG PNYUATWOELG TOU
okupodépatoc. MapdAAnAa pe Ta e€wTeplkad davopeva Opwg Aapufavouy xwpa Kol
GAA\OL EOWTEPLKA GALVOUEVQ, U OpATA, OMWG £lval: N amwAELA TNG cuvAdELAC TOU
okupoSEpatog — xaAuBa, n amopeiwon tTNg SLATOUAG KOL N TITWON TWV HNXAVIKWV
dlotTwy Tou XaAuPa omAlopol okupoSEUaToG. Mépav TNE KAk aodNTIKA €LKOVAG
TWV SOHWV PE HELWUEVN aVOEKTIKOTNTO, N SLACTACN TOU TPAYUATIKOU TEXVOAOYLKOU
TpoBANRaToq eival Ldlaitepa onpavtikn kabBweg n urmofaduion autr, cuvdésTal cofapd
HE BEPaTO EMITEAEOTIKOTNTOC KOl KUPLWG AodAAELOC TWV KATAOKEVLWY. H urtoBabuion
NG AVOEKTIKOTNTAG TWV — KATHOKEUWV  Omd  ONMALOMEVO  OKUPOSEUO  ToU
TIPOAYLATOTIOLEITOL OTASLOKA [LE TOV XPOVO, EXEL WG QLLECT CUVENELX TNV SLABpwon Tou
XGAuBa omAlopou. Napdtt ouwg n umoPaduilon tng avOekTikotnTog Kot n StaBpwon
Tou obnpoomAlopol elval ¢avopeva aAlnAévdeta, mapAAANAQ KAl XPOVIKA
gfaptnuéva, ev Ttoutolg, Oev meplopPdavovtal, OUTE TOCOTLKOTIOLOUVIAL OTO

KOWVOVLOTIKO KEIUEVO TOU KavoviopoU eneppaocswv (KANEME).

1.1 3komo¢ TnG AtatpBig

Ao tv BBAloypadikn avalntnon, MPoékuPe OTL N onupacia Kol n avoykootnto
EKTIOVNONG TNG TOPOoUCOC MEAETNG EVYKELTOL OTO YEYOVOC OTL Ol EMUTTWOEL, TNG
SLaBpwoNE oTNV HNXOVLKH avTtoxn Tou XaAuBa, dev £xouv StepeuvnBel emapkwg adou
WG¢ YVWOTOV POALC TNV tedeutaia Sekaetia dpyloe va divetal n amapaitntn éudaon. Ot
ETUMTWOEL] TNG SLaPfpwong tou xaAuBa €xouv olaitepn onuacia otnv SOWLKN
TPWTOTNTA OAWV TWV UPLOTAUEVWY KOTOOKEUWY KON KoL TwV Kataokeuwv "YPnAng
Inovdawotntoag” (EKQI n EAK 2000) onwg elvat ot Nédupeg, ta Noookopeia, oL xwpot
ouvabpolong kowou, Tta XxoAeia kot dMa.H "opyomopla" TNG EMLOTNUOVIKAG

KowoTNTag vo. avtamokplOel vwpitepa, ouvdéetal (Owg Kal HE TO YEyovoC Tou

17

—
| —



epnouxaopoU Tou Mapeiyav TponyoUEVO KOVOVIOTIKA Keipeva. Agv elval tuyaio &€
GaAAou OtL N €udoaon o INTAUATA AVOEKTIKOTNTAG KoL KUPLWE TNG HNXAVIKAG amodoong
Tou XaAuBa OmMALoHOU OKUPOSENATOG TEAEUTOIWG, CUUTIITTEL TTEPLTTOU UE TNV ULoBETNON
TWV VEWV KOVOVIOUWV-OVTLOEOULIKWY Kwdikwv (EC2 katl EC8-part3), Baclopévwy otnv
gunelpia MPOoPATWY PEYAAWV KATACTPOPLKWY OEOUWY KAl HE TN Xpnon XoAUuBwv

vPNANRC avtoyng Kat OAKLLOTNTAC.

H mapovoa SLatpiPr], mpayUaTeUETOL TIG CUVETELEG TNG LELWUEVNG OVOEKTLKOTNTAG TOU
OTTALOLEVOU OKUPOSENATOC LECW LETPHOEWV: TWV ETILPAVELAKWY PNYHOTWOEWV KAl TOU
BaBoug evavBpakwong Tou OKUPOSEpATOg, TOU nUIbuvapikolu 6SlaBpwong, TG
onwAelo¢ palag Tou XGAUBO KABwG Kol Twv MNXOVIKwY Slot)twy Stofpwpévwy
XaAUBwY, TNC HUNXAVIKAG QmOKPLONG TOU OLONPOOMALOHOU oTtouC XAAUBEC HEONG
oAkwotnTag (xaAuBeg katnyopiag B) kal kupiwg otoug XaAuPeg uPnAncg avtoxng Kot
oAkipotnTag (xaAuBeg katnyoplog C) mou orpePa XPNOLLOTIOLOUVTOL EUPEWC OTLE XWPEG
™¢ Evpwmnaikng Evwong. MapdAAnAa, mpaypatonotndnke peAétn kot mpoPAedn tng
oupnepldopac twv XaAUBwv BStlI (6nAadn tou S400) UPLOTAUEVWY KOTOLOKEUWY, OF

ouvOnKec oelopoL.

YKOTOG NG mapouaag dlatplBng eival n diepelivnon kal n HeAETN ¢ enidpaong tou
nieplBaAlovtog (EN206, ouvBnkeg €kBeonc XSi kat XSs3) otnv avOeKkTIKOTNTA TWV
KOTOLOKEUWV OTALOMEVOU OKUPOSEUATOG Kal KUplwg n emidpacn tng Stafpwaong otig

LUNXOVLKEC LOLOTNTEG TOU XAAuBa.

Ta mpwTta HOALG amoTeAéopata TG mapolooc Slatplpng, o€ cuvbuaouo Pe Tt AdN
UTIAPXOUCO YVWaOn, OUVETEAECOV OTNV  KOTavonon Ttou TPoBARUATOC, OToV
TIPOYPOUUOTIONO TNG HeBodoAoylag TNG €peuvag, oTNV AvAmTuEn Kol otnv oAoOKANpwaon
TNG. XTOXOC TNC MOPOUOoAC, ELVOL TO OTTOTEAECHOTO VO UTOPECOUV VO OMOTEAEGOUV
XPN oo gpyaleio yla Toug loxuovteg KavoviopuoUg eméuBacnc upLoTapEVWY SOUWY WG
T(POG TNV TPOCEYYLON TWV XOPAKTNPLOTIKWY KAl TNV LETABOAN TNC UNXOVIKN G amodoong

TwV XaAUBwvV otn Stapketa TG LwNnG TWV KATAOKEUWY AUTWV.
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1.2 M£060o60o¢ AvaAuong kat Epguvag

H pueBodoloyia tng avaluong Kal Tng EPEVVNTIKAG TTopEiag TNG mapouaoag dlatpLpng,
Baolotnke otnv gpyaotnplokn npooopoiwaon tng BAABNG dtafpwong Tou MopAKTLOU
neplBaAlovtog (6paaon WOvtwv YAwpliou), Téco otov "yupvo" xaAuBa, 600 Kal otov
"eyKIBwTIOPEVO" O0TO OKUPOSEUa XGAUBa.

MapdAAnAa, TpayUaTomo|BNKoV UNXOVIKEG SOKIUEG £DEAKUCHOU KOl HUNXOVIKES
SOKLUEC OELOUIKNG PopTIonG SLadpopwv Katnyoplwv XaAuBo omMALOHOU OKUPOSEUATOG
TIOU TIPOCGOMOWWONKAV W HUNXOVIKEG SOKIUEC OALYOKUKALKNAG KOTtwong (EAEyXOUEVNG

napapopdwaonc).

Ma tnv avaluon Kol T HEAETN TWV OMOTEAEOUATWV TWV HUNXOVIKWY SOKLUWVY,
SlevepynBnkav PETPAOEL €€€TAONC TNC VEWMETPlOC TwV Peloviopuwv Kal ot dUo
Katnyopieg Stafpwuévou xaAuBa (EVTOG Kol EKTOC OKUPOSEUATOG), UE ANPELS ELKOVWY
SEM kal EDX oe oclpég SlaPpwpévwy Sokipiwv/ dokipiwv avadopdg (reference
specimens) kot enipavelwyv Bpavong tou XaAuBa kaBwc Kot tng demipavelag XaAupa
— Jkupodépatoc. ANAN ONUAVTLIKN TIOPAUETPOC TTOU eEETAOTNKE €ival n Slepelivnon
Umapéng (my couAdLSiwv) EC0WTEPIKWY OTEAELWWV OTO XGAUBQ TPV Kol UETA TNV
S1aBpwon. Ma to Adyo auTo, mpayuatonol)onke xaptoypddnaon Tou aplBpol Kat Tng
B£0on¢ Twv coUADLELWV eVTog TNG SLaTOUAG TwV XoAUBwV (Stdaoikol Kal povodoaoikoU
XaAuBa).

Mapott otnv Stebvry BiPAoypadia pEXpL onpEPA, CUXVEG avadOopEC avaAwWvVovTaL
KUPLWG O XOPAKTNPLOTIKA UTIOBABOULONC TwV HNXOVIKWV LSLOTATWY avtoxng Kot
OAKLLOTNTAG TOU XAAUBo omAlopoU okupoSEpatog Adyw Safpwong otnv mapovoo
SotpBr, mpaypatomoOnke Slepevvnon Kal avadopd OTn  CUVEPYELM TNG
ermupavelakng BAABNc dLaBpwong He BeAoVIOHOUC KoL TNG €E0WTEPIKNS BAABNG Tou

UVALKoU tou xaAuBa (Aoyw UTtapénc kat avantuéng couAdidiwv, MnS kat FeS).
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Emypappotikad, n peBodoloyia mou akoAouBrnBnke, Baolotnke ota amoteAéopata
EKTEVOUC TIELPAMOTIKOU TIPOYPALUOTOC TIOU TEpLEAGUBaVE:
MPOYPOUUA TIELPOUATIKWY SOKIUWY TIPOCOUOIWaNE Tou apAKTou TtepBAAovTog
HEOW EPYAOTNPLAKNG TEXVNTAC SLaBpwang alatovédbwanc kol epapuoyr os XaAuBeg

Sladopwv KaTnyopLwv.

Mapookeuny OOKIUIWY ONMALOUEVOU oOKUupodEpatog, emiPoAn dwaBpwong HEow
EPYONOTNPLAKAG ETUTOXUVOUEVNG SlaBpwong alatovédpwong Twv OOKLUIWY Kot
EVOPYAVEG METPNOEL €AEYXOU TWV XOPAKINPLOTIKWY SldBpwong (uétpnon
NULSUVOULKOU, amwAegLla Halag, LETPHOELS PWYHWV KATA UAKOG Sokiuiwy, Babog kat

erupavela BeAoviouwv, HeToAOYpadLKEG aVOAUCELG).

Mpdypappa xopaktnplopoU tne BAABNg StaBpwoncg twv XoAUBwv ("yupvwv" kat

"eyKIBWTIOHEVWV'") OE OXEON UE TOV XpOVo €KOEONC TOUC.

MPOYpPOUUA UNXAVIKWYV SOKLMWY £PEAKUGUOU Kal OALYOKUKALKNG Komwong LCF

(oelopikég poprtioelg).

Mpoypoppa avalvone SEM kot EDX o OSwofpwpéva  Sokipla  xaAuPa,

ToooTIkoTolnon Kol avayvwplon tng PAABNC KabBwg Kol avayvwplon Ttwv

punxaviopwy BAaBNG.

MNpoPAePn tneg emidpacnc tng SlaBpwon otn Oelopk cuumepidopd XaAuBwv

UDLOTAPEVWY KATAOKEUWY - TIPONYOULLEVNC YEVLAG- BStIII (S420).
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KedpaAaio 2

2. OewpnTtiko untofabpo

2.1 BiBAloypadiki Avaokonnon

Ta dawopeva umofadulong tN¢ avBEKTIKOTNTAG TWV KOTOOKEUWY OIOTEAOUV
ONUAVTLKO Adyo "mpowpng"” ynpavong, Helwong tng weEAng didpkelag {wng Toug Kal
£XOUV WC OUVETELA TNV SLaBpwon twv pafdwv xaAupa omAlopol. To yeyovog auto,
TipOoKaAEL StkatoAoynpévn avnouxia oTLG KOWWVIEG OTLG OTtoLeg UTtAPXEL UPNAO emimedo
OELOMLKOTNTAG, OTWG yla Tapadelypa n "Askavn" xwpwv Tng Mecoyeiou. Meyalo ¢
HUEPOC TWV SOUWV OTIC TIEPLOXEG QUTEC, €lval Lblaitepa ekteBelpévo oTIG BOAAOGOLEG

ouvOnKec.

ITIG UEPEG MAG, KATOLOL Loxupol oslopol, sixav wg amotéAecua MOAG avBpwriva
BupaTa KOl TEPAOTIO OLKOVOULIKO avTiktumo. Me Bdon to yeyovoc auto, ndén n
ETUOTNUOVIKA Kowotnta €otpePe pe Slaitepn mpocoxr to evlladépov TG OTNV
mipovola yla e€a0dAALON OVTICELOUIKWY KOTOOKEUWY. ZNUAVTIKOC TapAyovIaG TOU
TePUTAOKOU {NTAMOTOC TNG AVILOELOUIKIC BWPAKLONG KAl TTPOOTACIAC TWV KOTOOKEU WV
ATaV N mPOTach Mapaywyng XxaAuBwv aldnpol omALoHoU avBekTIKWY otn dlaBpwan e
LKavn pnxavikn anodoon. AMOTEAECUA TOU TPOPANUOTIOMOU autol ntav va d00el
LUEYAAN TPOCOXN OTN CUCTNUATIKA MEAETN TNG MNXAVIKAC avaBaduiong twv paBdwv
OTALoHOU. o TNV AVTLUETWILON QUTAG TN TPOKANGCNC, TpLv 15 xpovia mepinou, otnv
Eupwnaikn Evwon, elonxon pia mo otkovoptkn dtadikaoia mapaywyng, n onola ivat
yvwoth wg "quenched and self-tempered", onwg yla mopddeiypa n mapaywyr xoAUBwv
vPnAnc oAkipotnTag 6mwg o B400c, B450¢, B500c. Me Baon tnv Stadilkaoia mapaywyng
"quenched and self-tempered", emte0xBnkav 0o otoxol: MPwTov, va UELWOeL to
KOOTOG Ttapaywyng kat Sevtepov, va oauénBel n pnxovikn amodoon tou XAaAuBa,

oxnuatifovrag éva eEwTePLkO okAnpo otpwpa (self-tempered) Maptevoitn.

H QVTIOELOUIKI) EMAPKELD TWV KOTOOKEUWY OTTIALOUEVOU OKUPOSEpQTog (0 peydlo
Babuo), efaptatat amod Tt ouvadela petatl Tou XAAuBa OMALOMOU Kal Tou
okupodépatoc. MoANEG peleteg €xouv Oeifel Opwg, OTL n SlaBpwon Tou YaAuPa,
HELWVEL coBapd tnv dUvaun tou dgopol cuvadelag HeTatl Twy paBowv XaAuBa kat

OKUPOSENATOC.
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Elval yvwotd otL o eykiPwTiopévog oto okupodepa xaAuPag (carbon steel bar),
Mapapével madnTikog €vavtl tng Slafpwong PE TOV OXNUOTIOUO €VOC AemToU
OTPpWUATOC LOPOEELSIWY TIoU TIpogpyovTal amd To okupoOdepa (oAkaAlkotnta). H
mopoucoia OHWG ETUBETIKWY LOVIWV YAwpiou (otnv Slemipavela) oto emidavelakod
TadnTikO GAK Tou XAAUPA OMALOMOU, EXEL WG AMOTEAECUA TNV Evapén dLafpwaong Kal
okoAoUBwG TNV avénon tou pubuou StaPpwaong[ref 2.1]. Tautdxpova OUWE, N CUVEXAS
aU€énon Twv ekmopunwy tou CO; oTNV aTHO0hALPA TIOU OVTLOPA LE TLG AAKOALKEG EVWOELG
TOU OKUPOOEPATOC €XEL WG AMOTEAEOUO, TN Meiwon tou pH kKal TNV emakoAoudn
anwAela TG madntikotnTag tou XaAuBa omAtopou [ref 2.2], [ref 2.3]. To mopwdeg Kal
N Umapén OoPXLKWV PWYUWV OTO OKUPOSEUA OMOTEAOUV ONUOVTIKOUC OpVNTIKOUG
TIAPAYOVTEG Yla TNV TOLOTNTA TOU OKUpPoSEpatog, kabwg oflvouv ta ¢alvopeva
SLaBpwong tou owdnpoormAlopou [ref 2.4, 2.5, 2.6, 2.7]. OL apdyovtec & autol pmopel
va gleyxbolv péow £lOIKWY TOPAUETPWY TIOU OXETIlovTal PE TN OUVOEON Kol TN
ouvtipnon tou okupodéuartog [ref 2.8, 2.9, 2.10]. Qotdo0, MOPA TO YEYOVOG OTL TO
npotumo EN 1504 [ref 2.11] woxVeL og OAeC TI XWPES TNG Eupwmnaiknig Evwaong Kol
TIOPEXEL ONUAVTIKA BAUOTA-8pACELG Yl TNV QATOKATACTACN KoL TNV €vioxuon Twv
KOTOOKEUWVY, OL Kowwviec akoun dev £€dwoav tnv déovoa mpoooxr Kuplwg Adyw

eMUTOUG evnUEPWONG KAl SEVTEPEUOVTWGE AOYW TNG OLKOVOULKAG duoTpaylag.

JAUEPQ, N TapakoAolBnon Kot n ektipnon t¢ SlaBpwtikig pAdong oto OMALOUEVO
oKupOdepa  Kataokeuwv o Babog xpovou, TPOyHOTOTOLETAL HECW Mn
Kataotpodikwv MeBoSwv. NapotL OUwWE oL LEBOSOL AUTEC XpNOLUOTTOLOUVTOL OAO Kalt
guputepa , e€akolouBolv waotodoo va Bplokovtol akoun os ¢aocn avamtuéng adou n
opBn epunvela twv petprioswv mpolmoBetel euBabuvon, eunelpia, e€sldikevon Kat
ETAPKN TEXVOyvVwoia yUpw amd tov EN 1504 [ref 2.11]. H ouviOng edapuoyn twv
gvopyovwv emiBswpnoswv pe Mn Koataotpodikée MeBodoug (non-destructive
methods), aduvartel va avixveloel TI TorikoU xapoktipa PAGBeg otov XaAuBa Omwg
elval to pit corrosion e TIG eMIKIVOUVEG OUVETIELEG OTNV SOMIKI QKEPALOTNTA TWV
KOTOOKEUWV. To ¢avopevo tng Tomikng StaPpwong amoteAel ouvibn katdotaon
BAGBNG otov xaAuPa yedupwv TMEPLOXWV HE OPEWVA KALLOATOAOYIKA Sdebopéva, OTLg
TIAPAKTLEG TIEPLOXEG KOL OE TEPLOXEC TNG XNHLKNG Blopnxaviag. MéxpL onuepa, €xouv
yivel TOAAEC mpoomdBeleg mapakoAoUBnong kol kKatavonong g Evapéng Twv

Beloviopwv oto xaAuBa oe xAwplouxa StaAvpata [ref 2.12, 2.13, 2.14]. NapodAa autq,
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TIEPLOPLOUEVO ELVOL TO £PYO TIOU QUTOVTATOL OXETIKA E TNV enidpacn tng Stafpwaong
OTOV YUUVO 1 Kal oTov eyKIBwTlopévo XaAuBa i kal og Bépata €peuvag yupw amod ta
YEWUETPLKA XOPAKTNPLOTIKA TwV PeAoVIOPWY KOBWC €mMiong KoL TWV UNXOVIKWY
XOPAKTNPLOTIKWY Twv XaAUBwv autwv. H peAétn tou [ref 2.15] mapouotalel pa
evbladépouaoa £peuva TNG SLaBpwaong Kal tng Sopkng aglomiotiog twv dopwv RC pe
TELPAUOTIKA dedopéva Kal avaluon. NMopopola amoteAéouata mopouaotalovtol oTny

epyooia [ref 2.16].

OL erumtwoelg NG SlaBpwong otnv wdEAUN Stdpkela {wNg TwWV KOTOOKELWV Ao
OMALOMEVO OKUPOdepa, Tpooédwoe wbnon avamtuéng Sladopwv €EPEUVNTIKWV
TIPOYPOUUATWY Yla TNV Teplypadn TwV NAEKTPOXNUIKWY SlEpyaclwy oTo XAaAuBa
OTTALOHOU, TNV MPOCOUOLWON TwV cuvBNKWv SLABPWONG, TIC CUVETIELEC OTA NXOVIKA
XQPOKTNPLOTIKA Kal Ta péaa mapakoAouBnaong tng e€EALENG Tou dawvopévou [ref 2.17,
2.18, 2.19, 2.20, 2.21]. EMIOTNUOVIKEG HEAETEG OE KOTAOKEUEC OTALOUEVOU
okupoSEpatog mou ekTiBevtal oe duoikd TepIParlov elval Slaitepa omavieg. OL
TIEPLOCOTEPEC TNG Katnyoplag autrc meplopilovtal os pHeEPOVWHEVA SOUKA OTOLXELD
TIOU eKTIBevVTOL Og TEXVNTN £pyaoctnplakn SlaBpwaon Kol armAr HnXavikn Katanovnon
odol pe autd Tov TPOMO BEATIWVETAL N KATAVONGCN TWV UNXaviopwy StaBpwaonc Kat
BeUEMWVETAL N YWWON. IXETIKA TIPOOHATEG HEAETEG, KATESEL AV OTL 0 XAAUBAC KATW
amo epyaoctnplakn OlaBpwon Tmapdktiou TepBAaAAoviog  (Soklpég SaBpwong
oAOTOVEPWONC) EVW UTTOKELVTOL ATTWAELA LSLOTATWY OVTOXNG OVAAOYN TNG AMWAELOG
ualoc Toug, evtouTolg Kataypddouv Spapatiky Helwon Twv OLOTATWY OAKLUOTNTAS

toug [ref 2.22, 2.23, 2.24, 2.25, 2.26, 2.27].

Eniong, elval yvwotd kat Kowvd amodekto Ot n StdBpwon tou xaAuPa emidépet
onmwAel0. pHalag mou ekdnAwvetal pe mapaywyr] ofeldiwv tou oldripou ta omoia
Katahappavouv Oyko TOAAAMAGGLo tou amoAecBévtoc (Aoyw SuaBpwong) UAkou.
Juvémnela 6e autol Tou datvopévou, eival n ektiva€én tng emkaAuvPng Ttou
OKUPOSEUATOC KOl N TITWON Twv LOLOTATWVY avtoxng Tou xaAluBa dnAadrn tng avtoxng
tou oe Swappon (yield stress) (Rp), TNG MeEyLoTNG avtoxng (maximum strength) (Rm)
KaBw¢ Kkal n Spapatikn MTtwon Twv WotHtwyv oAKlpuotntag dnAadn tou opiou
opolopopodng mapapdpdwong (Ag) Kal Tng evépyelag mapapdpodwong (Mukvotnta

evépyelag, U — energy density).
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To UNXAVIKA XOPOKTNPLOTIKA TTIoU BETOUV OL Kavoviopol wg opla, tibevtal pe KUpLo
otox0 TNV €€acdAALon MAACTLUNG CUUTIEPLPOPAC, TNG EMBUUNTAC avTOXNG oXeSLaoUoU
TWV KATAOKEUWV, TNV amoduyn Katootdcswv Ppabupng actoxlog Kal tTnv avermbountn
gudpavion "mpowpou"” SATUNTIKOU pnNXoviopoU ootoxlag. Ev  mpokelpévw, T
Eupwnaikd mpotuna emiBalouv xprion oAU Bwv OMALOMOU, LE CUYKEKPLUEVOL LNXOVLKA
XOPOKTNPLOTIKA avtoxng, OAkuotntag kat gvdotpdayuvong (Rm/Rp). To mapdptnua
ANNEX C tou Eupwkwdika 2 (UNIEN 1992-1-1:2005), opilel TpelC KOTNyopieg
oAkwuotnTag xaAuBa omAopou: "A", "B" kat "C". H katnyoplomoinon autr opilel tv
TN g mapapopodwong (Agt) oto pEyloto doptio, peyaAutepn i lon pe 2.5%, 5.0% kot
7.5% kot 1o Adyo evéotpdayxuvong (Rm/Rp) peyahutepo amod 1.05, 1.08, kat petagy 1.15
kat 1.35 avtiotolya, (Mivakag 2.1). O EupwKWSLKAC 8 e TEPLOCOTEPEG TIPOSLOYPAPEC
TPOOSLOPLOHOU TNG MAQCTLUOTATAG TWV SOUWY OMALOHEVOU OKUPOSEUATOC ELOAYEL TA
oxeTika Stokprtkd: High Ductility Class (HDC) i Medium/Low Ductility Class (MDC/LDC).
ITIG £VIOVA OELOPOYOVOUC TIEPLOXEC 1 OTLG UNXOVIKA KPIOLUEG TIEPLOXEG TWV OTOTKWY
dopEwv TWV KATaoKELWY Kotnyopiag mAaotipotntog HDC, emiBAAAeTaL n xprnon
paBSdwv xaAuBa ou avrikouv otnv katnyoplia "C". O Eupwkwsdikag 8, "amayopelel" T

xpron xaAUBwv katnyopiag "A" 0TOV AVTLOELOULKO OXESLAOUO KATAOKEUWV.

Nivakag 2.1 Anautosis mpodiaypaprc UNIEN 1992-1-1:2005.

Katnyopia A B C
oAKLpoTNTOG

XapaKTnpLoTikn 400 €wg 600
avtoxn o€ Siappon

(MPa)

No6yocg Evéotpayuvong =1.05 >1.08 21.15 wg
(Rm/Rc) <1.35
Napapopdwon oto  >2.5 >5.0 27.5
Héyioto ¢optio (%)

ITIG MEPEC Hag, 0 Slpaoikog xaAuBa tumou Tempcore B500,, B5005 kat B500c sival
EUPEWG Oladedbopévog oe OAOKANPN TNV EUpwmn KOVOTIOLWVTOC TIG HNXOQVLKEG

amnattioslg tov Nivaka 2.1 [ref 2.28, 2.29].
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Ta amoteAéopata TNG OELOUKN G Spaong (oelopka poptia) elvat yvwaoto OtL dpouv ota
dEpovTta oTolKEld TWV KATOOKEUWY, PE TN Hopdr aVAKUKAROEWV HeyAAou gUPOUG
napapopdwong, oL Omole¢ Tmpooopolwdnkav He TNV GOPTION UOVOOEOVIKNG
OAlyoKUKALKNG komwon¢ (LCF). Epguva n omola €ywve oToV KOTOOTPODIKO OELOUO OTO
Tang Shan tn¢ Kivag, emiBeBaiwoe OTL 0 TPOMOG aoTOXlOC TOU XAAUPBa OomMALoHOU nTav

ovTioTtoLyog KUKALKNG GOpTLoNG oALlYyoKUKALKN G kOtwaong (LCF) [ref 2.30].

JTOUG LOYXUOVTEG KOVOVIOHOUG OXeSLAoHOU, OV KOl XPNOLUOTIOLE(TAL OUXVA EVag
OUVTEAEOTAC MAXOTIUOTNTOC/UETOTOMLONG, WOTOCO, TO UEYEDOC AUTO améEXEL Ao TO val
ottodoynoel  aflomota TNV cuoowpeucn  PAABNG  OTIC  KATAOKEUEG Adyw
OELOMOU. INUAVTIKOG AOYOC TNG AoToxnG MPOBAEPNC TWV CUVETIELWY TOU CELOMOU Elval
n mapadoxn otL n BAAPN (AapBavel xwpa) emépxetal AdOyw, HOVOV, TNG HEYLOTNG
eMBOANOUEVNG TOpOUOPpdWONG KoL elval aveEdptntn TNG amoOKpLonG Kol Tou
oplBpol  Twv avehaoTIKwV KUKAwV ¢OpTlong. TNV  MPAYMOTIKOTNTA  OHWG
UMeVBuveg yla TNV cucowpeuon PBAABNC eival avealpETwG OANEC OL QVEAXOTLKEC
OVOKUKALOELC KaBWw¢ ouvioToUV HEPOG TNG KOTOMOVNONG Kol Xpovoiotoplag kabe

Kataokeunc [ref 2.31].

Ytn  SLAPKELD LOXUPWV OELOUWV, Ol KOTAOKEUEC UTIOBGAAovtal ot  aplBuo
OVEAQOTIKWY  QVOKUKAAOEWV Omou ocucowpevetal PAaBn mou pmopsl  va
EMNPEACEL ONUOVTIKA TN OUVOALK HNXavikg amodoon tou ¢opéa Twv Souwv
outwv. Eivalr cadég emiong OtL n aviustwnion KAOe oelopkng Siéyepong, Sev
TPETEL va QVTIHETWTTETAL wg éval LEUOVWHEVO oupBav. H
ocloptkn doption amnotelel (os peydro Babuod) potvopevo, avtiotowo pe th $oOpTLoN
OALYOKUKALKNG KOTIWaonG. Méxpt  onuepaq, avaAoywg NG  onuaoiag
TOU QOaLVOUEVOU OXETIKA Alyn TPOOCOXA KOl TIEPLOPLOUEVNG EKTAONG £pPEuva
ekmovnOnke vy Ttov xaAuPBa omAlopoU okupodEpotog Slaltepa  Otav  Ta
dawopeva avta cuvdualovtal pe avtiotola dawopeva SaBpwong [ref 2.32, 2.33,
2.34,2.35, 2.36, 2.37].

H avaiuon tng enidpaong tng oAlyokukAlkng konwong (LCF) otnv punxavikn anodoon
Tou XOAuBa OMALOMOU OKUPOSEUOTOG EVTAOOETOL OTO TMAXLOLO TNG EUPUTEPNG OF

aykoopLa KAlpaka Epeuva mepl g amaitnong yla OAKLn cupnepldopd Twv Sopwy
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OTTALOUEVOU OKUPOSEUOTOC KOl TIOPOUEVEL, HEXPL onuepa, €va Tmedlo  Sixwg

anoteAéopata [ref 2.38].

Afloonpeiwto lval otL ta eupwnaikd potuna. (EN 10080: 2005) dev neplhappfavouy
Sladikaoieg Soklpwv oAlyoKUKALKAG Komwong (LCF tests) yia tov xa@AuBa omAlopou
oKUpOSENaTOC. MéEXpL OnNUEPA HMOVO TA LOTAVIKA KOL TIOPTOYOALKA TIPOTUTO
neplypddouv OTALTACELG eKTENEDNC OUUUETPLKWV KOKAWV dopTIoNng
edpeAkuopoU/OAPNG vl Tov €Aeyyo Twv mopayopevwy XoAUBwvY orlopol. To
TIPOOXESLO ToU VEOU eupwmaikol mpotUmou evicxUoswv (prEN 10080: 2012) yia thv
ektéAeon twv LCF Sokipwv [ref 2.39] Slvel povo peptkeg ypoapupég kabodnynonc. MoAAEg
UEAETEG (OTwC oL epyaaieg [ref 2.40, 2.41]) otnv tpExouoa BLBAloypadia, avadépovrat
O€ ONUOVTIKA TPOBAAMATO AVTOXAG 0TOUC XAAUBEC OMALOLOU, OTIWCE YLo TIOPASELYHA N
TOXElO HEWON TWV HNXOVIKWV LOLOTATWY Toug, tng Sldpkelag {wng Toug Kol TNg
evépyelag mapapopdwong touc. Me Bdon avaloyo €PEUVNTIKA aAmOTEAECUOTA
£6paocbnkKe n mMPOTAGCN KOL €V GUVEXELQ N €KTTOVNON TOU EPEUVNTIKOU TIPOYPALUOTOG
Rusteel Project [ref 2.42] kaBwg eniong Kol Ta amoteAéopata Twv gpyactwy [ref 2.43,

2.44,2.45].

M mpoodata, otig epyacieg [ref 2.46, 2.47],6lepeuvnBnKe MelpapATIKA N emidpacn
™e SLaPBpwaong otnV aveAaoTIKr) KAUYN KoL OTN KN YPOUULKA KUKALKN oamodoon Twv
¥aAUBwvV omALlopoU. XTig epyaocieg [ref 2.48, 2.49] kau [ref 2.50] peAetiBnke n enibpaon
™¢ SLaBpwong otov aveAaoTlkO AUYLOUO Kal TNV KUKAWK amodoon twv paBdwv
OMALOHOU pE PBAcn Hla OVOAUTIKA MN YPOMULIKA OVAAUCH HECW TIEMEPOOUEVWY
otoeilwv. Ta amoteAféopata Twv HEAETWV autwyv Seiyvouv OTL, 0 CUVSUAOUOC TNG
S1aBpwoNE KoL TOU AVEAXOTLKOU AUYLOUOU, €XOUV CNUOVTIKO OVTIKTUTIO 0TNV TPowpPn

ootoxia twv paBdwv onmAlopol und KUKALKY doption.

Jtnv EAAGSa, amd TG apxEg tou 1960 £wc to TEAN NG Sekacetiag tou 1990, otlg
EVIOXUOELG TWV KATOOKEUWY OTALOUEVOU OKUPOSEUOTOC Xpnotpomnolionke o xaAluBag
nowotntag BStlll, (EAOT 959), o omolog eival oodUvapog Le to XaAuBo molotnTag
BSt420 oUpdwva pe to mpotumo DIN 488. Napd TNV AVIIKATACTOCN TOU OO TMOLOTIKA
aVWTEPEG Katnyopieg xaAuBa omAlopol (wg et to mAsiotov amd BSt500s kat B500¢)

ano ta tEAN tng dekaetiag tou 1990, o xaAuBoag BSt420 e¢akoAouBel va umapyel oTig
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TIEPLOCOTEPEC OOUEG OTMALOUEVOU OKUpOoSEUaTog otnv EAAASa. Kata tn Sldpkela tng
HaKpOXPOVIAE KOTATOvNong ota $EPovia OTOLXEld TwV KOTACKEUWV QUTWV, €XEL
cuoowpeuTel BAAPN mou mpokANBnke KUPLWG amod t SlaBpwaon Kol TIG KATA KapoUg
OELOWLKEG KOTATIOVIOELG, TIOU £XEL WG CUVENELX TNV PElwon TNG pEpoucag LKAVOTNTOC

KaL TNG MAPaPEVOUOAS OVTOXN G TOUG.

O ouyxpovog OXESLOOUOC TWV KATAOKEUWV (BACLOPEVOC OTIG VEEC QMOLTAOEL KOl
apXEG), umoxpéwoav tnv Eupwnaikr Evwon va uloBetrosl toug didpaotkoug XaAuBEeC
vPnANg avtoxng, omwc eivat o S500s koL otnv cuveéxela o B500c. H avaBabulopévn
unxavikn amdédoon tou UALKoU Tou Sidacikol XaAuBo mou MAEoV XpNOLLOTOLELTAL OTIG
KOTAOKEUEC OTMALOMEVOU OKUpodEuatog, odeiletal otov SAVIKO CGUVSUOGHO TNG
avtoxng tou oe Stappor (Rp) Kol Tou opiou opoldpopdng mapapdopdpwong tou
(mapapopdwon oto peyloto doptio, Agt). Ol dibaaikol xaAuBeg, Slakpivovtal amno evav
£€WTEPLKO TUpnVa LPNAARC avtoxng (LapTevoltikn ¢acon) Kot Evav LOAAKOTEPO TTUPN VO
(bepprro-riepAitikn daon). Qotooo, mépa armod AUTEG TIC SU0 MPodaVELG LETAAAOUPYLKEC
daoelg, petafd Toug, avamtuooeTal Kol po petafBatikny {wvn mou ival n ¢don tou
urtawvitn. H punxovikn anddoon twv XoALBwv molotntag B500c mpokUmtel and To
oUVOUOOUO TWV UNXOVIKWY LOLOTATWY KABE piag amod TG EMPEPOUC UETAANOUPYLKEG
daoelg, 6mou oL UPNAEC LBLOTNTEC OVTOXNG TILOTWVOVTAL OTNV TAPOUCLA TNG EEWTEPLKAG
LOPTEVOLTIKAG Lwvng. Avtiotolya, N uPnAr oAKLLOTNTA Toug, odelAeTOL TNV MOpousia
Tou deppLTo-TIEPALTLKOU TTUPAVAL.

Elval yvwoto emniong otL o 6iénpog wg petaAevua, meptéxet Fe,03 kat aAAa oeidla tou
owdnpou. Ano tnv amoPn auvthy, wg ddPfpwon, pnmopeil va BswpnBel n dtadkaoia
EMLOTPOPN G TWV LETAAAWY 0T GUOLKN TOUC Katdotaon SnAadn ota LeTAAAEU ATA Ao

ta omoia eAfpOnoav apyka.

H punxavikn oupnepidpopd tou XaAAuBo Kol Kot EMEKTAON TWV KATOOKEV WV OTIALOUEVOU
OKUPOSENATOC EMIOELVWVETAL OTAV QUTOC SLafpwvetal. ApXLKa n SLABpwaon LELWVEL TO
guBadov TNG SLaTopnG TNS paBoou omALopoU 08nywvTac £€ToL o€ Pelwon T d€poucag
LKOVOTNTAC TOUG KOL TNG OAKLUOTNTAC TOouG. MNPocBeTa, N OYKOUETPLKA SLOOTOAN Twv
npolovtwy StaPfpwong odnyel oe pwyUEC N aKOUA KAl BPUUUOTIONO emKAAUYPNG TOU
OKUPOSENATOC, YEYOVOG TO OMOolo eMNPedlel TNV SOWLKN AKEPALOTNTO TWV OTOLXELWY

OTALOEVOU okupodépatog [ref 2.51]. Znuavtiko poAo yia tn StaBpwon €xeL n UTapEn
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EVWOEWV 00UAPLSIoU IOV MOPAYETOL KATA TO OTASLO TNG TapaywyLKNC dtadikaaoiag
Tou xaAuBa. H UTapén QUTWV TWV PN HETAAALKWY EYKAELOUATWY, TIPOEPXETAL KUPLWG
Kata tnv anobeiwon tou xadAuBa adevoc kat ano tnv umapén Mayyaviou (Mn) otoug
XAAUBEG mou oTtoxeVEeL oTnV SLaodAALon TNG cUYKOAANCLUOTNTOC TOU XaAuBa [ref 2.52].
Aflo pvelag elval To yeyovog otL ta MnS eykAeiopata (couAdidia) £xouv euepyeTIKO
poOAo otn Sladlkacio TNG KATEPYAOLAS, LELWVOVTAG TAUTOXPOVA TO KOOTOC TIOPAYWYNG
[ref 2.53, 2.54]. AvtiBeta pe AUTA N MTAPOUGCLO TWV XNUWKWVY OUTWV EVWOEWYV (MnS Kot
FeS) w¢ ouvioTwoeg emdpolV MOLKIAOTPONWG OTNV (Kpodoun Tou UALKoU. Emtiong ta
gyKAgiopoto cuVIOTOUV ULKPA ONUELD eyKoTwY (apXN pPWYHWV) TTou givat umteuBuva yla
TNV OUYKEVIPWON HNXAVIKWV TAcewv. H enidpaon twv couAdibiwv, wg onpela
OUYKEVTPWONG TACEWVY KAl apXNg PWYHWY, ¢apTtdtal amod to péyebog, tn B£on Kal to
oXNHa Toug, KaBwc EMioNG Kal oo ToV TPOTIO IOV OLUTA CUVOEOVTOL LIE YELTOVIKA TOUG

keva-eykAeiopata [ref 2.54].

JUpudwva pe tnv epyaocia [ref 2.55], katd T OLOPKELA TWV UNXAVIKWV SOKIUWY
epeAkuopou, ta MnS eykAsiopota 0dnyouv o TOAATTAACLOOUO TWV EYKOTIWV-PWY LWV
otnv e€wTteplkn emidpAavela Tou UALKoU. EK Tou yeyovotog autol, n HopTevoltiki {wvn
UETA TNV actoyia tng (dnuoupyia eykomwyv) epudavilel nuL-OAKLUn cuumnepidopd. H
OUYKEVTPWON KL CUVEVWON TwV MnS gyKAELOUATWY/ UKPO-PWYHES TTou gpdaviovral
otnv {wvn tn¢ Slemudpavelag paptevoitn/pumatvitn cuxva sivat urte0Ouvn yLa TtV TOTKNA

omokOAANon.

Amo tnv avaokomnnon t¢ Siebvouc BiBAloypadiag, mpoékuPav onUAVIIKA EUPHAUOTO
evw TapaMnAa kotadeixBnke n avaykn €kmovnong tng mapovoog SlatplPAg He
gudaon otnv unxavikn amnodoon tou XAGAuBa omAlopol Adyw TNG MELWHEVNG
0vVOEKTIKOTNTAG TOU OKUPOSEUATOC. MapoTL HEXPL onuepa €xeL ouyypadel peyahog
aplOpog apBpwyv, reports kot BLBALwY yUpw amo tnv MeA£Tn Tng AVOEKTIKOTNTAG KOL TNC
Buwolpotntag twv Aopwv amo IKupOSepa, evioUTolg MEXPL onpepa (avicoBapwg)
WOlaitepa peyahn eudaon €xel 6oBel otnv €€EAEN aUTWV KOBAUTWY TwWV PALVOUEVWY
NG AvOEKTIKOTNTOC TOU OTALOUEVOU OKUPOSEUATOG KOl AlyOTEPO OTO TEPLPAANOVTLKO
anotUnwua tng PAAPNG oto xaAuBa omMALOUOU CKUPOSEUATOC KAl CUYKEKPLUEVA TNG

LNXAVLKAG TOU amodoong.
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2.2 H AvBektikotnTa

Me Tov 0po QVBEKTLIKOTNTA TOU OKUPOSEUATOC LLOG KATAOKEUNG, oplleTal n duvatotnta
va Slatnpel Tnv emiteAeotikOTNTA TOU (SNAOSH TNV AVTOXN TOU KL TN AELTOUPYLKOTNTA
TOU) OTNV KOTOOKEUN YO CUYKEKPLUEVN XPOVIKN Oldpkela. MpooBeta pmopel va
avadepBel OTL elval n KovOTNTA TOU UALKOU VO OVTLOTEKETOL OTNV TEPLBAAAOVTIKN)
$Bopd 6nAadny otnv PBAAPBN TOU TIPOEPXETAL ATO PUOLKOXNMULKEG OpAOEL TOU
nepBAMOVIOG €ml TOU OKUPOSEUATOG. INUAVIIKOTEPEG autie¢ PAABng Tou
OKUPOSENATOC KOL CUVEMWG HElwong tng avOektikotntag sivatl: ol kukAot YoéEng -
amoPuéng KoL oL XNUIKEG OVTIOPAOEL HETAEL eVUSATWHEVOU TOLUEVIOU Kol
SlaBpwTikwY Tapayovtwy Tou AapBavouv xwpa o€ OAOKANpo TOV OYKO TOU
okupobEpartog. OL mapdyovteg Kot ol Sladikaoieg umoBaduLlong Tou oKUPOSEUOTOG
napapévouv moAUTAoKoL Kat xprnlouv mepattépw epBabuvong, wotoco, Ta Gavoueva

$Bopdc oto olvolo Toug opilovtal WS GaALVOUEVO TITWONG TNG AVOEKTIKOTNTAC.

OL yVWOTOTEPECG CUVETIELEG TNG UTIOBABULONC TNC OVOEKTIKOTNTOC OKUPOSEUATOG Elval:
n O&uaBpwon Tou odnpoomAlopoy, oL TolkiAeg emipavelakéG AAAOLWOEL, TOU
okupodépatoc (kNAGeg oKoUPLAG, PNYUOTWOELC OKUPOSEUATOC), N TOTIKI QATWAELD
padag tou XaAuBa, n ITWon TG UNXAVIKAG ToU amodoong Kal n anwAela tTng SUVOUNG
Tou deopol ocuvadelog okupodéuatog xaAuBa. Eivat yvwaoto, OTL n avOekTIKOTNTA TOU
OKUPOBENATOC £VAVTL TWV ETILOETIKWY TIEPLBAAAOVTIKWVY TTOpayOvVIwy Kabopiletal anod
Tn OAUTTLKA aVTOXN) TOU KOl TO TOPWAEC TNG TolpeVTOmaoTaG. EE dAAou, ival yvwaoto otL
TO OKUPOSEUA Kal Ta adpavr) (OYKOUETPLKA), TtEPLEXOUV TIANBOOC KEVWY QMOTEAOUUEVWV
omo agpa Kat vepo. O LaBnUaTIKOg AOYOC TWV KEVWY AUTWV WE TTPOG TOV CUVOALKO OYKO,
ovopaletol Mopwdeg ToU OKUPOSEUATOC. H avOeKTIKOTNTO TOU OKUPOSEUOTOC EVavTL
TIEPLBOANOVTIKWV TIOPAYOVIWY TIoU OLEloSUOUV OTO €0WTEPLKO Tou Kabopilel tnv
ovtox) kabe kataokeung oe Babog xpoévou. Ta kevd, &nAadr oL moOpoL Tou
OKUPOSEPATOC eVTOmi{ovTal oTa OpLal TWV KOKKWYV TWV adpavwy, oToV EYKAELCUO agpal
EVTOC TOU TOLEVTOKOVIAUATOC, OTA KEVA HETAEU adpavwy Kol TOLLEVTOKOVIAUATOC I
oTNV 6uoTtoAn €pavong Tou, O€ TPLXOELST) KEVA TOU TOLUEVTOKOVIAUATOG EMELTO ATt TV

€€ATLON TOU VEPOU 1 AKOUN KAl AOYW UNXOVLIKWY KATATIOVACEWVY TOU OKUPOSEUATOC.
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To Eupwnaikd mpoTuTmo mou eivat urteBUVO yLa KABoPLoUO EAAXLOTWY OMALTCEWVY yLo
NV oKUPOSETNaN, ToV PEYLOTO Adyo N/T Kat TV eAAXLOTN Kathyopia avtoxng avaloya
HE TNV Katnyopia ékBeong kaBe kataokeung eivat to EN206 — 1:2000. To mpdTumo auto
noNn uetetelixtnke kabwg €xeL ekdoBel to EN 206-2013. Emetta amd Snuooia
StaBolAeuaon, katl otnv EAAASa, én amo tov lovvio prva Bpioketal og oxL PECW TOU

véou Kavoviopou Texvoloyiog Zkupodéuatog2016 omou uloBeteital to EN 206.
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Nivakag 2.2 Katnyopieg Ekdeon¢ ovupwva ue to mpoturo EN 206.

XUpuKTpIouoe . A Mupudsiynuta eTeSyNGNE YU TO TOU SUVUTUL VU
P T]P’ Hog Heprypagn aspipaiiovrog P ,‘1 P Synens ¥ D
KuTnyopiag ¥ Lapy oy TETO1ES KaTNyopiss £kBEGS
o orvpOSEld YOPIC OMAGHO 1] elBUrTIGHEVE
HETaAAD: OAES O1 EKBETELS EKTOS TEPUTTMCEMY . . . , .
L e LT T : TKOPOSENE EVIOC KTIPIOKOV KUTUGKEVGV |IE TOAD
X0 KOKAGV Yidne/amoyuing. eoopds 1 ynikng i S o .
R c oo PR FOUT|AT] UTLOGQUIPIKT) DYPOTia
npocpoinc. e omiiclévo Grupdsend 1) e -
svooloTopEve petalia: IToko Enpo
Aafpoon ioyo evevBpakeons
ZKUPOSENU EVTOS KTIPWUKDY KUTUTKED®Y HE FOLINAT
XC1 Enpo 1) pévipa vypo UTHOGQUIPIKT) VYPUGic. ZKupddeuo poviia
eNPunTicUEVO GE VEPO.
Em@aveles oKupoSENNTOS OV Pplokovidul O
XC2 Yypo. amavia Snpod WOKpOTpABECT ETUQT] He TO vePO. TTokiég
TEPUTTAOGELS BELLEADGEMY.
Zropodelia EVIOC KTIPWOKOV KUTOGKEDOV [IE IECHI 1)
XC3 Meooia vypaoia VYIAT OTHLOGHUIPTKT DYPUCTIT. TKUPOSELC GE
££OTEPIKOVE ¥OPOLS TPOGTUTEVLEVO OIo 1) Bpoy).
. A v Empdveles OKupoOELUTOS TOL DIOKEVTOL GE EMOI]
XC4 Kuriun) vypaven kat Sijpaven e - POcEL > . o M
R pe vepod (eCutpovpevng e kotyopiag XC2)
AldBp01] OV TPOKULEITUL UM YAOPIOVTU EKTOS EKEIVOV TOV BUAUGAIVOD VEPOD
) . Em@aveleg GKUPOSENOTOC EKTEBEINEVES GE
XD1 Meouiu vypacia ? N PoOE N EUEVES
UEPONETUPEPOLIEVT YAOPIOVTT
o s [Moivec. okvupodela exteBelllevo o8 fropmyovikd
XD2 Yypé. omdvia npd < OKOPacEY EUETHEVS Propy,
; VOUTU OV TEPLEYOLY YAMPIOVIU
Vo w- Tuate YeEQUP@Y TOL EXTIBEVTUL GE TUYOADTIKG
XD3 Kok vypaven) kot Sipavo) - HITHOTE VEGDP - . . :
: doto. melodpolnd, ¥OpoL GTABNIEVGTIS OUTOKIVIITOV
A1GBPmGT] TOL TPOKULEITUL UM6 Y2.MOPIOVTU TOV BULUGGIVOD VEPOD
‘ExBeon) 08 UEpPOIETUQPEPOIEVO AT CALE O - , . .
Xs1 | JEPOHETAQEPOY R X ot KoTooKEVES O MUPUKTIES TEPLOYES
Og amevBeiag eTapr] Le To BuA0coVE vepd : 7 E
XS2 Moviyun Epfantion TUNUOTE AMUEVIKOV KUTOUGKEDOV
XS3 Tokippoi, (OVES KDUGTOV KOL WEKOGLLOD TULOTO APEVIKOV KOTOOKEDGV
IMpocpoii koY KoKLOV WHZngaroyuiig IE 1 Yopis TuyolvTIKd dluTa
<F1 Mecuiog KOPEGLLOS G VEPD, YOPIS mayolvTikd | KouTuxdpupes EMEAVEIES OKDPOSENNTOS EKTEDEIIEVES
‘ aiota oE fpoyn Kol ToyETo
. . . 5 ) KaTaxopueg eMOAveEIES TRUPOGENLUTOS OGIKOV
R Megaiog KOPEGLAS GE VEPS LIE TAYORVTIKG, PLgES Emp - TKUPOOEIOTOS
XF2 B Fhota KOTHOKEVGV EKTEBEIIEVOV OE TUYETO KAl
o UEPOLETUPEPOLIEVE TTEYOLDTIKG GAUT
XF3 Yymiog Kopeoog GE VEPD, ¥OPIC TyoiuTIKG Op1loVTIES EMEPAVEIES GKUPOSENNTOS EKTEBEILEVES
‘ arute a1 Bpo;n Kol ToV TuyeTod
KoToorevEs 060motog Kol KUTUGTPANUTA TEQUPEOY
XF4 YyYniog KOPECLOC O VEPO. JLE TUYOAVTIKG EKTEDELIEVT GE TOYOAVTIKG dhautd. Emgdveleg
‘ drata OKDPOGENUTOS EXTEDEIEVEC OE TUYETO KU1 UTEVBEing
WEKUOUO TUYOLVTIKOV CAGTOV.
Xnukij apocpoin
<AL E}rc‘r.sppld npo_GBo}hf] Aoye ;f_r]uu‘cof) ZKDPOOELLD. GE EPYUL ﬁlo.‘no‘_mc_ob KOOUPIGLLOY, Kddot
nepipdiiovrog coppava pe Tov Iivara 8 ATOPPILHATEOV
. S . . TTO1yE10 CKDPOOELUTOS GE EXUPT LIE TO BUAUTGIVO
5 Metpo tpocPoin) Aoy jmukol teptdiioviog - o R o
XA2 . i : vePO, GToLyEln o8 Ed0pog drofpoTike Y To
cougava e Tov TTivaka 8 - A
OKLPOOELD.
. S . o Blopnyovikeg EYKUTUGTACELS [IE QUTIES SLuPpmTIES
Evtovn npoafoin] 10y® ynpukov mepifdiioviog RUTACVIRES £} s A _[ip £
XA3 - ¥ 110 TO OKUPOGEL, KUTYOGO 0L Uld GRUPOSEN Y1

chueova e Tov ITivoka §

EKAVON TPOTOVIOV KUVONS
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2.3 Katnyopieg "€kBeon¢ Twv KOTaoKeELWV" oTLG MEPLBAAAOVTIKEG

EMOPAOELC

Avaloya pe TIG eTKpatoUoeg meplBalloviiké ouvOnkeg kot tnv B€on toug, ol
KATAoKEVEC Taflvopouvtal oe Sladopeg "katnyopieg €kBeong". Me Bdaon 6g tov
MPOOAVATOALOUO Kol tnv "eldikn" B£on tng KABe KOTOOKEUNC Kupilapxo poAo
Swadpapatilouv  Kkal  GAAOL  TTOPAYOVTIEG HE  ONMOTEAECHO OTNV  EKAOTOTE
KOTNYopPLOTIOlNON VO UTTELOEPXETAL KAL N UTIOKELUEVIKA avtiAndn Kol gpmelpia tou
umeVBuvou eMBewpPNTA. JUVENWS Lo emBewpnon-yvwudateuon mpoPAedng €xeL wg
OUTOTEAECHQ TNV TIOCOOTLALO. KATATAEN HLOG KATAOKEUNG OE TIEPLOCOTEPEG TNG MLOG
Katnyopleg. Yo autn TtV £vvola avaAoyeg TIPEMEL va eival Kal ol SpACELC yla ThV
ouvBeon okupodEuaTtog eOKNG edapuoyng, TNV xpnon edikwyv Badwv kot aAAa.

IXETLIKOC TIPOC TouTo ivat o Mivakag 2.2 BaosL tou EN 206 [ref 2.56].

2.4 XaAuBag omtAlopoU ZKUPOSEpRATOg

Elval yvwoto OTL n avaykalotnta Tng xprnong XaluBa oto okupoSdepa, TPOEKUYPE amo
v aduvopia Ttou (6lou Tou OKUPOSEUOTOG va  eEUTINPETAOCEL E€PEAKUCTIKECG
KATAmoVnoelg o€ avtiBeon pe tnv dtatiBépevn uPnAn tou BAUTTIKN avtoyr. Emouévwg,
OTLG TIEPLOXEC TNG SLATOUNG TOU OKUPOSEUOTOC SOULKWY OTOLXELWV LE ETILKPOTOVUOEG TLG
£PEAKUOTIKEG TAOELG, YiveTal xprnon paBdwv YaAuBa KUKALKAG Slatopnc (kotaAAnAa
TonoBeTnUéVWY Kal SlapopdwUEVWY). 2 avtioTtolyio 6€ PE TOUC EKAOTOTE LOXUOVTEG
KOVOVIOUOUG Ol XPNOLUOTIOLOUMEVOL XAAUPBEC TOPEXOUV TO OVAAOYQ TEXVIKA
XaPaKTNpLoTka (Asiol papdol, pe veupwoelg, papdol euBUYpAOL KATOTILV TAVUONG
otav Tpogpyovtol amo poAloug, Bepung 1N Yuxpng €Aoong, Hovodaolkol,
LKpOKpapatopévol, Bavadlouxol, tempcore OSipaoikol xaAuBeg kat aGAla).Ta
LUNXOVLKA XOPOKTNPLOTIKA (UNXOVIKES LOLOTNTECG) TwV XAV BWV OTALOMOU GKUPOSEUATOC
mowkiAouv avaAoywg TI TepLOTAoell. Ta Eupwmaikd mpotuma ovaAdoyws Twv
OMALTACEWY OAKIUOTNTAG KAl avtoxng, eMBAAouv TV Xpnon XoAUPwv OomMALGHOU UE
OUYKEKPLUEVEG TWEG WOotntwv  avtoxng (Rp kat Rm), oAkipotntag (Ag) kau
evdotpayxuvong (Rm/Rp). Me Bdon ta tBépeva oOpla mou Bétouv ta Siddopa
KQVOVLOTIKA Kelpeva, amodelyovtal avermbuuntol tpomolL actoxiog onwg sival ot

Pabupéc aotoxieg N n eudavion "mMPowpou” SLATUNTIKOU HNXOVIOUOU EVAVIL TNG
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EMBUUNTAG CUUMEPLPOPAC TWV KOTOOKEUWV ONMWG N TMAACTIUN ocuumneplpopd (wg
Tapadelyla amodekTnG cupumepldpopdg, avadEpetat n OAKLUN kKaun).

Me Baon paAilota Tig emdooelg Tou XaAuBa omALopoU oKUPOSENOTOG OE GXEDN LE TNV
oAkiuotnTa, SnAadn tnv péyLlotn opolopopdn napapopdwaon (Agt) oto péyloto doptio
kaL tov &eiktn Rm/Rp, To ANNEX C tou Eupwkwdika 2 (UNIEN 1992-1-1:2005), opilel
ovtioTolya TPELG KaTnyopleg OAKIUOTNTAG UE SLOKPLTKO Kwdiko, "A", "B" kat "C" mou
xapaktnpilouv To EAAXLOTO amodeKTO OPLO TNE TLUAG TNG OHoLOpopdN G Mapapopdwaong
(Agt) ko €ival mpog: 2.50%, 5.00% kai 7.50% avrtiotolxa, e Adyo evdotpaxuvong
peyaAutepo amnd 1.05, 1.08 yia "A" kat "B" katnyopia kat petafy 1.15 kot 1.35 yia tnv

katnyopia "C".

O Evpwkwdikag 8 (EC8), mou mephappavel emiong tic mpodlaypadég npoadloplopou
NG MAQOTIHOTNTOC TWV SOUWY OTMALOUEVOU OKUPOSEUOTOC OMWCE €XeL avadepOel AdN
Slokpivel To xaAuBa pe tig katnyopieg: YPnAng oAkyuotntag (High Ductility Class, HDC),
Meoaiag/ XaunAng oAkwpotntag (Medium/ Low Ductility Class, MDC/ LDC) i oe
ouvtopeuon pe ta otoweio: "C", "B" kot "A" avtiotolya. ZTIC TEPUTTWOELS OTOU
QIMOLTE(TOL OVTIOELOUIKOG OXeSLOOMOG Hiag KaTaokeurncg, ekel o Eupwkwdikag 8

amokAgieL Tn xprion xoAUBwv katnyopiag "A".

Amo Sekaetiog fdn, o Sipaoikog xaAuBa tumou Tempcore ( B500,, B500s kot B500c)
Tuyxavel eupltatng amodoxng o€ oAOkAnpn tnv Eupwrn etaodalilovtag
LKOVOTIOINTLK® OUYKEKPLUEVEG MNXAVIKEG amattioslc (UNIEN1992-1-1:2005) o€
ouvbuaOoUO HE TO XapnAo kOotoC. H petaAloupyikr tou Katepyaoia (Sipaotkdg) pe
Sladoykée paoelg Padng kot emavadopd¢ Tou, cuvioTtolV SLodlkacleg LKAvES va
TPOCGSWOOUV LKAVOTIOLNTIKA HNXOVIKA XOPOKTNELOTIKA OMWE yla Ttapadelypa upnAd
opla avtoxng (oe Swappory kal Bpavon) kabwg Kal ouykekpluevn Slafadutlon
oAkuotnTag (opoldpopdn mapapopdwaon oto PEyoto poptio)kol cuyKoAANGLUOTNTA.
H Statoun evog Sipactkol (tempcore) xaAuBa omMALOHOU OKUPOSENATOC, amoTeAeiTal
ano pa e€wtepkn "okAnpen" lwvn poptevoitn Kal éva POAOKO - OAKLUO TIUPHVA E
TUTUKN EPLTO-TIEPALTIKN MLKpodour. Qotdco, N aviioTtaor Tou TNV aTUOoodALPLKN
SLaBpwaon €vavil Twv Kowwv- aAalotepwyv XoAUBwyv omwe tou S400 (Bstlll) kat 5220

(Stahl 1) ypnyopa audlopntidnke [ref 2.29].
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Ou pikpokpapatikoi x@AuBec (Micro-Alloyed MA) mou yapaktnpilovtal amd tnv
TMPOCONKN ULKPNAG TOCOTNTAC KPAUATIKWY OTOLXELWY, OTWG To Bavadlo, To TITavlo, To
HOAUBGEVIO Kal GANa omavia HETOAALKG otolyeia, mapoucialovral €miong e
avaBaBulopéva NXOVIKA XOPOKTNPLOTIKA AVTOXHG KOl OAKLLOTNTAC WOTOCO HE KOOTOG
mapaywyng uPnAotepo évavtl Tou Slpaoikou, e oUVETELD N {NTNon Tou oTnV ayopd

VO TIOPOULEVEL OXETLKA TIEPLOPLOMEVN.

MapoTL OPWG TA UNXOVLKA XOPOKTNPLOTIKA (O0plo Stappong Ry, Oplo opolopopdng
napapdpdwong Agt kot Adyog Rm/Rp) Twv paBdwv xaAuBa oe cuvOrnKeg LOVOTOVIKAG
dopTIong mpoPAEmovtal amnod tov Eupwkwdika. O Eupwkwdikag otig avadopEg Tou yla
TN OELOULKA QTOKPLON TWV VEWV KATAOKEUWV oo okupodepa Sev BEtel avaloyeg
QUTOLTAOELG HUNXOVIKNC OUMMEePLPopAC Tou XAAUBa KATw amd oslopkd ¢optia. H
TIOLKIALOL EBVLKWV TTPOTUTIWV (EUPWTAIKWY XWPWV), OXETIKA UE Ta OpLa artodoxng, €6eLEe
HEYOAN LETABANTOTNTA TOOO WG TTPOC TIC NXAVIKEG LOLOTNTEC 00O KAL TLG OMALTOUEVEC
(kata €idog kol aplBuo) UNXAVIKEG SOKIUEG €AEyXOU TwWV TPOIOVIWV Tou XGAuBa
owdnpoornAilopol. Eldikotepa, Aappdavovtag umoyn TOuG LOXUOVTEC KOVOVIOUOUG
EUPWIAIKWY XWPWV HE HETPLO KoL UPNAN oelopikotnta, Slamotwonkav molkida
enineda anodoxng xaAUBwv pe oplo dtapporg os epeAkUoUO uPnAdtepo and 400MPa
| 450MPa 1} kot 500MPa kot avaloywe we mPog ta enmimedo oAKILOTNTAG Tou. Mapd
touta otnv EANGSa orjpepa, KAT' amOKAELOTIKOTNTA TIEPLMOU yiveTaL Xprion Tou XaAuBa

vPnAng avtoxng B500c.

OL ouvBNKeg OELOULKAG GOPTIONG TIPOCOMOLWVOVTOL OTAOTIOINTIKA WC OUVONKEG
"oAyokukALkn¢ komwonc" (Low Cycle Fatigue), pe KUpLO XOPAKTNPLOTIKO TNV EMLBOAN
VPNAWV pUNXavikwy Taoswv f mapapopdwoswv (Stress Controlled, Strain Controlled)
UE armoTéAeopa Thv aoto)ia Tou SoKLUalOUeEVOU UALKOU LETA TV OAOKANPWON HLKPOU
aplOpol KUKAwv ¢optong. H pnxavik cupmepidopd tou XaAuBo omAlopol umo
OUVONKEC OALYOKUKALKNG POPTLONG, OTNV TIPAYUATIKOTNTO SV £XEL LEAETNOEL EMOPKWG.
Onwg €xel avagepbel og seupwnaiko eminedo, povov ol Ywpeg tn¢ lomaviag kat tng
MoptoyaAiag SlaBetouv OXETIKA TPWTOKOAAQ SoKlpwY. IUpdwva He Tt lomavika
npotuna (UNE 36065 EX:2000), avaAoywg tng SLap€Tpou tng Slatopung Tou xaAuBa, n
EKTTANPWON  TOUAGXLOTOV TPLWV OCUUUETPKWY KUKAwvV  dopTiong He  €VPOG

mapapopdwong LeTaty +1,5% kat +4,0% yla kaBe SoKipLO, CUVLOTA KPLTHPLO aTtodoXNG.
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H ouxvotnta mou edoapudletal otig SOKIMEC aUTEC TOKIAEL amd 1,0 Hz péxpt 3,0
Hzomwg kal To HRKog Tou Sokipiou KaBwg auto avépxetal og 5, 10 i kat 15 popég tnv
ovopaotikny Slapetpo tou. Ta MoptoyaAikd mpotumna (LNECE 455-2008 KAl LNECE-
460:2008) yLa xaAuBo e ovopaoTikr Taon Stappong uPnAdtepn amnd 400 kat 500 MPa,
amottouv Tty eKtéAeon TouAdaxwotov 10 OAOKANPWHEVWY OCUMUMUETPIKWY KUKAWY
edeAkuopoV/BAIPNG pe péyloto eminedo napauopdwaong oo mpog +2,5%, eAelBepo
urkog dokuiou 10 Gop£C TNV OVOUOOTIKY TOU SLAUETPO Kol cuxvoTnTa UPNAOTEPN Ao

3.0Hz.

Mvetat ocoadég Aoutdv, OTL avdAoya TPWTOKOAAQ Tpaypatomoinong SoKiuwyv
OALYOKUKALKNG $poOpTiong Sev opilovtal pe Bacn clyxpova EMLOTNLOVIKO €UPNUATA.
Juvenwe, &ev Tpodlaypddovtol TEXVIKEC ATMOLTACELS yla Tov XAAuPBa omAlopou
OKUPOBENOTOC TIOU EYYUWVTOL OVTLOELOUKOTNTO OTL KATAOKEUEC. TO €UPWTAIKO
nipotumo EN 10080 (xaAuBag okupoSEUATOC - CUYKOAAGLUOG XAAUBOC OTTALOUOU) Kot
OUYKEKPLUEVQ, N avaBewpnon tou Mandate M115 enxeipnos va AUoEL InTAMATA TTOU
oxetilovral pe "tig pebodoug, SokLpEC, uTtoAoyLlopoUuc” KoL TV avaBewpnon MPoTUTIWY
TIou TLEPLEXOUV puebodoug TPOoodLopLoOU TETOLWV  XOPOKTNPLOTLKWY,
oupnepAapuPavovTag WG ovaykoia £miong T QOTEAECUOTA UNXOVIKWY SOKLUWY

KUKALKAG pOPTLONG, YLt GELGOYOVOUG TIEPLOXEG.

To mpooyéSio tou EN 10080 [ref 2.57] opilel tnv avaykoia eKtéAecn Touldxlotov 5
TIANPWV CUUUETPIKWY KUKAWV, XPNOLLOTIOLWVTAG CUXVOTNTA SOKLUNES XaUnAoTEpn amo
3.0 Hz kalL emPoAn evpoug mapapopdwong long mpog +2.5% oe eAelBepo URKOG
Sokiuiou 100 (bekamAdclo NG ekAaotote SlAPETpou). Itov Loyxvovta Kavoviopd
Texvoloylag XaAUBwv Zkupodépatog tou 2008 (KTXZ — 2008) yivetal avadopd povo ota
MNXOVIKA Kol GUOLKA XOPOKTNPLOTIKA TwvV XAAUBWVY OTALOHOU OKUPOSEUATOG (SlXwG

SOKLUEC KUKALKAG PpOpTLONG).

35

—
| —



2.5 Avadopég (References)

[ref 2.1] M.B. Valcarce, M. Vazquez, "Carbon steel passivity examined in solutions with
a low degree of carbonation: the effect of chloride and nitrite ions", Mater. Chem. Phys.

115 (2009) 313-321.

[ref 2.2] P. Ghods, O.B. Isgor, G.A. Mcrae, G.P. Cu, "Electrochemical investigation of
chloride-induced depassivation of black steel rebar under simulated service conditions",

Corrosion Science, 52 (2010) 1649-1659.

[ref 2.3] M. Ormellese, M. Berra, F. Bolzoni, T. Pastore, "Corrosion inhibitors for
chlorides induced corrosion in reinforced concrete structures", Cem. Concr. Res. 36

(2006)536-547.

[ref 2.4] ACI 318, Building Code Requirements for Structural Concrete, American

Concrete Institute: Farmington Hills, MI, USA.

[ref 2.5] P.P. Win, M. Watanabe, A. Machida, "Penetration profile of chloride ion in
cracked reinforced concrete", Cement and Concrete Research 34 (7) (2004) 1073-1079.

[ref 2.6] MTO, SSP 904513 High Performance Concrete, Amendment to OPSS904
Construction Specification for Concrete Structures. 1995, Ontario Provincial Standard

Specification.

[ref 2.7] S. Rostam, "Reinforced concrete structures — shall concrete remain the
dominating means of corrosion prevention", Materials and Corrosion 54 (6) (2003) 369—

378.

[ref 2.8] A.A. Ramezanianpour, V.M. Malhotra, "Effect of curing on the compressive
strength resistance to chloride — ion penetration and porosity of concretes
incorporating slag, fly ash or silica fume", Cement & Concrete Composites 17 (1995)

125-133.

36

—
| —



[ref 2.9] Ballim, Y. (1993), "Curing and the durability of OPC, fly ash and blast-furnace

slag concretes", Materials and Structures, Vol. 26 No. 158, pp. 238-244.

[ref 2.10] N.R. EI-Sakhawy, H.S. El-Dien, M.E. Ahmed, K.A. Bendary, "Influence of curing
on durability performance of concrete", Magazine of Concrete Research, 51 (5), (1999)

pp.309-318.

[ref 2.11] EN 1504 [BSEN 1504-5:2013, British Standard].

[ref 2.12] Y.M. kolotyrkin, Y.A. Popov, Y.V. Alekseev, in: Y.M. Kolotyrkin (Ed.), Advances
in Physical Chemistry, MIR, Moscow, 1982, p. 11.

[ref 2.13] H.H. Strehblow, in: P. Marcus, J. Oudar (Eds.), Corrosion Mechanisms in Theory
and Practice, Marcel Dekker, New York, 1995, p. 201.

[ref 2.14] Alk.Apostolopoulos, T.Matikas, C. Apostolopoulos, G. Diamantogiannis, "Pit
Corrosion Examination of Bare and Embedded Steel Bar", 10th International Scientific
and Technical Conference, ADVANCED METALMATERIALS AND TECHNOLOGIES
(AMMT’2013), June 25-29, 2013, Saint Petresburg, Russia, pp. 489-495.

[ref 2.15] Stewart MG, Al-Harthy A, "Pitting corrosion and structural reliability of
corroding RC structures: Experimentaldata and probabilistic analysis", Reliability

Engineering & System Safety, V (93), 3 (2008), pp. 373—382.

[ref 2.16] C.Apostolopoulos, S.Demis, V.Papadakis, "Chloride-induced corrosion of steel
reinforcement — Mechanical performance and pit depth analysis", Journal Construction

Building Materials, (2013) Vol 38, 139-146.

[ref 2.17] C. Andrade, M. Keddam, X.R. Novoa, M.C. Perez, C.M. Rangel, H.Takenouti,
"Electrochemical behaviour of steel rebars in concrete: influence of environmental

factors and cement chemistry", Electrochimica Acta, 46 (24—-25),(2001), pp 3905-12.

37

—
| —



[ref 2.18] M. Moreno, W. Morris, M.G. Alvarez, G.S. Duffo, "Corrosion of reinforcing
steel in simulated concrete pore solutions: Effect of carbonation and chloride content",

Corrosion Science, 46 (11), (2004), pp 2681-2699.

[ref 2.19] RILEM TC 154-EMC, Material Structures, 36 (2003) p. 461.

[ref 2.20] RILEM TC 154-EMC, Material Structures, 37 (2004) p.623.

[ref 2.21] D.W. Law, J. Cairns, S.G. Millard, J.H. Bungey, "Measurement of loss of steel
from reinforcing bars in concrete using linear polarisation resistance measurements",
NDT & E International, V 37, (5), (2004), pp. 381-388.

[ref 2.22] C.A. Apostolopoulos, “The influence of corrosion and cross-section diameter
on the mechanical properties ofB500c steel”, Journal Mater Eng Perform., 18, (2009)

p.190.

[ref 2.23] Apostolopoulos C.A, Papadakis V.G, "Consequences of steel corrosion on the

ductility properties of reinforcement bar", Jour. Constr. Build Mater, 22, (2008), p.2316.

[ref 2.24] Cairns J, Plizzari G.A, Du Y, Law DW, Frnazoni C, "Mechanical properties of
corrosion-damaged reinforcement", ACl Mater J, 102 (4), (2005), pp. 256-264.

[ref 2.25] Du YG, Clark LA, Chan AHC, "Residual capacity of corroded reinforcing bars",
Mag Concr Res, 57 (3), (2005), pp. 135-147.

[ref 2.26] Du YG, Clark LA, Chan AHC, "Effect of corrosion on ductility of reinforcing
bars", Mag Concr Res, 57 (7), (2005), pp. 407—-419.

[ref 2.27] Lee HS, Cho YS, "Evaluation of the mechanical properties of steel
reinforcement embedded in concrete specimen as a function of the degree of

reinforcement corrosion", Int J Fract 2009;157:81 — 8.

[ref 2.28] (UNIEN 1992-1-1:2005).

38

—
| —



[ref 2.29] Batis.G, Rakanta.E.Corrosion of steel reinforcement due to atmospheric
pollution. Cement and Concrete Composites, Volume 27, Issue 2, February 2005, Pages

269-275, Cement and Concrete Research in Greece.

[ref 2.30] Sheng, G.M. SH.Gong, Investigation of low cycle fatigue behaviour of building
structural steels under earthquake loading, Acta Metallurgica Sinica (English letters), 10

(1),1997, 51-55.]

[ref 2.31] Y. H. Chai, Earthquake Eng Struct. Dyn. 2005, 34, 83, Res Council, Charlotte,
VA, VTRC 03-R7, 2002.

[ref 2.32] Ma, S.Y.M. V.V. Bertero, E.P. Popov, Experimental and Analytical Studies on
the Hysteretic Behaviour of Reinforced Concrete Rectangular and T-Beams. Earthquake

Eng. research report76 (No.2),1976, Berkeley: Univ. of California.

[ref 2.33] T. Yoshaki, In: Proceedings of Academical Lectures of JAS (Tokyo, 1983), p.
606.

[ref 2.34] H. Shigeru, Research report, Retrofitting of Reinforced Concrete Moment

Resisting Frame, supervised by Park R and Tanaka H. ISSN0110-3326, August 1995.

[ref 2.35] G. G. Clementa, Testing of selected metallic reinforcing bars of extending the

service life of future concrete bridges, Fin. report, Virginia Transport., Charlot, VA,

Research Council, VTRC 03-A7, 2002.

[ref 2.36] H. Krawinkler, Earthquake Spectra 1987, 3, 27.

[ref 2.37] |. Kasiraj, J. T. P. Yao, Journal of the Structural Division (ASCE) 1969, 95, 1673.

[ref 2.38] Effects of corrosion on low-cycle fatigue (seismic) behaviour of high strength

steel reinforcing bars. (Rusteel) RFSR-CT-2009-00023 project. Final report, European

Commission, Brussels; 2014.

39

—
| —


http://www.sciencedirect.com/science/journal/09589465
http://www.sciencedirect.com/science/journal/09589465/27/2

[ref 2.39] Cyclic behaviour of uncorroded and corroded steel reinforcing bars, Silvia
Caprili, Walter Salvatore, Dept. of Civil and Industrial Engineering, University of Pisa,

Italy. journal: Construction and Building Materials, 2015.

[ref 2.40] Apostolopoulos C.A, Papadakis V.G, "Consequences of steel corrosion on the

ductility properties of reinforcement bar", Jour. Constr. Build Mater, 22, (2008), p.2316.

[ref 2.41] C.A. Apostolopoulos and D. Michalopoulos, "Effect of corrosion on mass loss,
and high and low cycle fatigue of reinforcing steel", Journal of Materials Engineering and

Performance, vol. 15, no. 6, pp. 742—-749, 2006.

[ref 2.42] Rusteel Project, "Effects of Corrosion on Low-Cycle Fatigue (Seismic)
Behaviour of High Strength Steel Reinforcing Bars" RFS-PR-8017, 2009-2012. RFSR-CT-

2009-00023 project. Final report, European Commission, Brussels; 2014.

[ref 2.43] Meda A, Mostosi S, Rinaldi Z, Riva P. Experimental evaluation of the corrosion
influence on the cyclic behaviour of RC columns. Engineering Structures 2014; 76: 112-

123.

[ref 2.44] EI-Bahy A, Kunnath SK, Stone WC and Taylor AW. Cumulative Seismic Damage
of Circular Bridge Columns: Benchmark and Low-Cycle Fatigue Tests. ACI Struct J

1999;96 (4): 633-643.

[ref 2.45] Lehman DE, Moehle JP. Seismic performance of well-confined concrete

columns. PEERResearch Report 2000; University of California at Berkeley.

[ref 2.46] Kashani MM, Crewe AJ and Alexander NA. Nonlinear stress-strain behaviour
of Corrosion damaged reinforcing bars including inelastic buckling. Engineering

Structures 2013; 48:417-429.

[ref 2.47] Kashani MM, Crewe AJ and Alexander NA. Nonlinear cyclic response of
corrosion damaged reinforcing bars with the effect of buckling. Construction and

Building Materials 2013; 41: 388-400.

40

—
| —



[ref 2.48] Kashani MM. Seismic Performance of Corroded RC Bridge Piers: Development
of a Multi-Mechanical Nonlinear Fibre Beam-Column Model, PhD Thesis 2014;

University of Bristol.

[ref 2.49] Kashani MM, Crewe AJ, Alexander NA. Use of a 3D optical measurement
technique for stochastic corrosion pattern analysis of reinforcing bars subjected to

accelerated corrosion. Corros Sci 2013; 73: 208—221.

[ref 2.50] Kashani MM, Lowes LN, Crewe AJ and Alexander NA. Finite element
investigation of the influence of corrosion pattern on inelastic buckling and cyclic

response of corroded reinforcing bars. Eng Struct 2014; 75: 113-125.

[ref 2.51] Linwen Yu, Raoul Frangois, et al, (2015), Structural Performance of RC Beams
Damaged by Natural Corrosion under Sustained Loading in a Chloride Environment,

Engineering Structures, 96, pp. 30-40.

[ref 2.52] David E. Williams, et al, (2010), Composition changes around sulfide inclusions
in stainless steels, and implications for the initiation of pitting corrosion, Corrosion

Science, 52, pp. 3702-3716.

[ref 2.53] R. Kiessling, (2001), Nonmetallic Inclusions and their Effects on the Properties

of Ferrous Alloys, Encyclopedia of Materials: Science and Technology, pp. 6278-6283.

[ref 2.54] Cornelius Temmel, et al, (2006), Fatigue anisotropy in cross-rolled, hardened
medium carbon steel resulting from MnS inclusions, Metallurgical and Materials

Transactions A, Volume 37, Issue 10, pp 2995-3007.

[ref 2.55] Alk.Apostolopoulos, T.Matikas, C. Apostolopoulos, G. Diamantogiannis, "Pit
Corrosion Examination of Bareand Embedded Steel Bar", 10th International Scientific
and Technical Conference, ADVANCED METALMATERIALS AND TECHNOLOGIES
(AMMT’2013), June 25-29, 2013, Saint Petresburg, Russia, pp. 489-495.

41

—
| —



[ref 2.56] Eupwmnaiko Mpotumo EN 206:2013 — "Concrete — Specification, performance,

production and conformity".

[ref 2.57] prEN 10080:2012, rev 19/01/2012.

42

—
| —



KedpaAawo 3

Nepapatikn dtadikacia

H mewpapatikn Stadikaoia tng epyaoctnplakng StaBpwong mou akoAouBnbnke eixe
oTOX0 TNV ToooTIKomoinan TG enidpaong tng mpokaAoUpevnc BAAPNG StaBpwong (ue
TOV XpOVO) OTA HNXOVIKA XAPAKTNPLOTIKA OElpAC UAWKWY YAAuBo omAlopoul
okupodépatoc (Hovoagovika Kal ¢optia KOmwaong). H Tekunplwon 8& Twv PNXovIKWV
XOPOAKTNPLOTIKWY  evioxuOnkav amd petaloypadlkéc avaAvoeslg t™¢ PAAPNG
SlaBpwong otlg eAelBepeg emidpaveleg TOU XAAUBO TPV KOL UETA QO UNXOVIKEG
SOoKIUEG KaBwWG emiong amo avoaAUoELg Kol PEAETN TwV emibavelwy Bpalong OeLpdg

SOoKLLWV.

3.1 Emidoyn YAKKwvV

Ta deiypota xaAuBa omAlopol okupoS£patog TN mapouaag dlatplprg sivat: 4 tomot
Supaoikwy xaAuBwv, vPnAnc n pHéoncg oAkipuodtntag, B400c, B450¢, B500c kat B500s
avtiotolya, mapaywyng Kuplwe Eupwmnaikwy Blopnxoviwyv kabwg Kot ol povodoaaoikol
XGAUBeg (BStIII) S400 kat (BStl) S220. Ta dsiypota mapeAndpdnoav umo popdn papdwvy,
EVOC UETPOU HAKOUG, OVOUOOTIKNG SLAUETPOU TTOWKIANG yewpetplag, @8, ®10, D12 kat
?16 (oe mm).OL katnyopieg Sipaoikol xaAuPa B400c, B450c, B500¢ kot B500g
xpnowomowolvTtal A&N O KATAUOKEUEG OTMALOUEVOU OKUPOSEUATOG OTIC XWPEG TNG
Eupwmnaiknig Evwong aviikadlotwvtag oAoKANPWTIKA TIG Kotnyopieg BStl (S220) kat

BStlll (S400).

3.2 Epyaotnplakn AwdBpwon

Q¢ pEBobog epyaotnplakng OStafpwonc twv Selypdtwv xaAuPa, emeAéyn n
grutayuvopevn duaBpwon alatovédwone clupdwva pe tnv mpodiaypadn ASTM
Standard B117 [ref 3.1]. 20pudwva pe tnv dla mpodlaypadn, ta Sokipta (xaAuvBa n ta
eyKIBwTIOopEVA o okupOSepa Sokipa xaAuBa), TomoBetBnkav oe edIk6 BAlapo pe
ouvOnkeg Oepuokpaociog otnv meploxn 35 + 1.1-1.7°C pe puBuion péow BaABidag
Pekaopou. Itov Balapo autd, Snuloupyeitat védpog SlaAlpatog xYAwplouxou vatpiou

(NaCl) meplektikoTnTACg 5% KATA BAPOC OE ATECTAYUEVO VEPO, LIE 8 NUEPNGLOUC KUKAOUG
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(uypoU/énpovl). To pH Tou mapayopevou VEPOUG (UETA TNV Uypomoincr Tou o€
Bepuokpaaia 25°C), pubuiletal emUEAWS 08 TIUEG A0 6,5 €wG 7,2. META TNV APAUOVN
Twv SoKIpiwy yla pokaBoplopévoug xpovoug €kBeong oto Balapo, poBAEmovtay

KaBaplopog cupdwva pe tnv mpodiaypadr ASTM-G1-90 [ref 3.2].

3.3 Metpnosig anwAelog padog

Ye kaBe mepimtwon, n HETPNON TNG amMwAELOg UAlaG TPAYUOTOMOLONKE UETA TV
olokAnpwon tng Stadikaciag Tng StaBpwong. Ta dokipta mMAévovtay pe koBapd vepd
KOL OTEYVWvVOV Kovovikd. H amopdkpuvon twv ofeldiwv amd tv emidpdavela Twv
SokLpiwv éywve pe xprion Bouptoac cpdpwva pe tnv mpodlaypadr, ASTM-G1-90 [ref
3.2]. To mMoc0ooTo TNG anMwAELog palag Adyw tng SLaBpwaong UToAoyioTnKeE HECW TNG
oxéong:
W = (M) *100%
mO

OToU Mo N pado Tou un Stafpwpévou Sokipiou xaAuBa Kal me N AMOUELWHEVN pala

Tou SoKLpiou xaAhuBa petd tnv SlaBpwor) Tou.

3.4 MetaAloypadikn avalvon Xopaktnplopou tne BAABNng
SLaBpwong

Me okomo thv mapakoAolBnon ¢ xpovikng e€€AEnc tg BAGBNg dtaBpwaong otov
XaAuBa Kal TIC QVTIOTOLXEG UETPIOELG KOTA TOMOUC OTNV EMLPAVELD TWV SELYUATWY,
okoAouBnBnke n mpodiaypadn DIN 50905-Part 3/87. (1987), [ref 3.3]. Mol TIC LETPAOELS
™¢ PAABNG SLaBpwaong Kol ToV Xapaktnplopd TnG, XPNOLUOTOoLOnKay TUTILKO OTTTLKO
HULKPOOKOTILO LEICAD MLM Kat Aoyloptko Image-J. MetpriOnkav: To HECO Kol TO HEYLOTO
BaBoc Beloviopwy, Kal avtiotoa n HEon Kal n pEylotn emnidpavela Twv BEAOVICUWY
KaBwg emiong kot n mukvotnTa TouG. Q¢ péyloto Babog oplotnke TO AMOAUTWG
peyoAUtepo Babog Beloviopol amo tnv eAelBepn véa Slapopdwbeioa emipavela Tou
UALkOU. Mg otoxo Tnv €ykupn HETPNON TOU TAXOUG HAPTEVOLTN TwV OSldaAoKWY
XaAUBwv, ota Selyparta paBdwv xaAuBa, TpayUATONOLONKAV CUVEXOUEVEG EYKAPOLEC
(ne otaBepa auénTko Prpa) TopEc. Emetta and kataAAnAn enefepyaocio Kot epfarntion
oe dladupa NITAL, mpayuatomnow)Bnke ¢wtoypadlon eni Twv EYKApoiwv TOUWV TOU

Selypartog pe tnv BonBela Aoylopikou ewovag (Image-J).
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MapdAAnAa, yla TNV avayvwplon, TNV HEAETN, TNV mopakoAouBnon tng eEEAENC Twv
dawopévwy SLaBpwong Kal yla TNV OTOLXELOKN QvVayvweLon, TPOYUATOmoL|Onkav
uetaAloypadikéc avaAvoelc. Ol avalUoElG QUTEG TPAYUATOMOLBNKaY HECW TNG
XPNoNG NAEKTPOVIKOU ULKPOOKOTioU odpwong He avoAloel SEM kat EDXotig
£EWTEPLKEG EMLPAVELEC KO OTLG ETLDAVELEG Bpavong Twv SLadOopwVv KATnyopLwy XaAuBa

(mpwv kot petd amnod dLaBpwaon) EMeLta amnod TIC UNXAVIKEC SOKLLEG.

3.5 Mnxavikég SokuEG epeAKUOUOU

Me 0TOX0 TOV TPOCSLOPLOUO TWV HUNXOVLKWY XOPOKTNPLOTIKWY SLodpOopwv opdadwy Kot
KOTnyoplwyv XAAuBa Ttpo Kal LETA TNV gpyaotnplakn dtafpwon (o mpo daPfpwpéva
Sokipia), mpaypatonondnkav UNXoVIKEG SOKIUEC edeAKUOUOU. OL SOKLUEC QUTEG,
nipaypatonodnkav cudwva pe tnv npodlaypadn 15015630 [ref 3.4], oe avtduaTn
oepPolSpauAKn Lnxovr e otaBepo puBUO emBOARG TNC POPTIONG. ATTO TIG UNXOAVIKEG
auTEG OoKLUEG, mpoodloplotnkav: To Oplo Slappong Ry, To Oplo avtoxng Rm, N
noapapdpdwon Ag otn péylotn avtoxn, n Samavwpevn evépyelalU kat o Adyog

evdotpaxuvong Rm/Ry.

3.6 MnXawikéG SOKLUEG OE GELOULKEG POPTIOELG

Mo TNV Tipooopoiwon TNG OEOUIKAC $opTiong ota Sokipwa yaAuBo omAlopol
OKUPOSENATOG, TIPAYHATOTOLONKOV TIELPAUATIKEG SOKIUEG OALYOKUKALKAG KOTIWONG,
otn Hopdn, ouvbnkwv gAeyxouevng mapapopdwons = 2,5 % kat + 4,0 % (R= -1) enl
unkoug xaAuPa eleyxopevou -kabapoU- unkog 6@ kat 8d, MPW KAl HETA OO
Sl1adopoug xpovoug €kBeang oe SLABPWTIKO EpyaoTnPLAKO TEPLBAAAOV dAATOVEDWONG
(8 nuepnolwy KUKAwWV vypou/Enpol) cludwva pe tnv podlaypadn ASTM E606 — 04
[ref 3.5] og autopatn oepBolSpauvALkn unxovn.
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3.7 Epyaotnplokeg SoKLUEG SLaBpwong Ko epeAKUCHOU

EVKIBWTLOUEVWV SOKLUIWVY

Ma tov mpoadloplopo tng enidpaong tng PAABNG SLABPWONC OTLG LNXOVLKEC LOLOTNTEG
TWV eYKIBWTIOHEVWY pABSwY XGAUBa, TPAYUATONONONKE N KATACKEUN KUALVOPLKWY
TAOOTIKOTUTIWY OTou¢ omoioug ta Sokipa yaluPBa (P12-B500¢) tomoBetnbnkav
afovika pe mpoBAedn mayoug erikaAuPng 10mm. MeTd tnv TUNOMOINGN TOU HiyHATOG
okupobépatog kAdaong C16/20, ta Sokipla agol ocuvtnpnbnkav, odalpédnke o
TAOOTIKOTUTIOC KOl OTNV OUVEXELD €KTEBNKavV ot TePBAAAov aAatovédwong yla
Slagpopoug xpovoue. Katd tnv dtapkela tou xpovou SlaBpwaonc, mpaypatonol)énkayv
UETPAOELS UETABOANC TOU NULOUVAULKOU, TWV YEWHUETPLKWY XOPAKTNPLOTIKWY TwV
eTLPAVELAKWY PWYHWV (MNKOC Kal Taxoc). Me tnv "amookupodEtnon" twv Sokipiwy
XGAuBo, moootikomolnBnke n PBAAPN SlaBpwong pe UETPAOELG OomMwAELag palag,
UETPAOEL PBeAoOVIOHwWY. 2TN oOUuveExelo eml twv Tpo SoPpwpévwy  SokLpiwy
TMPAYUATOTONONKOY  UNXAVIKEG  OOKIUEG edelkuopol. OL  OOKIMEC  QUTEG
nipaypatononkav cuudwva pe tnv mpodlaypadn ISO 15630 [ref 3.4], oe autdpatn
ogpBoUSPAUALKY pnxavr). ATIO QUTEG TIG OOKLUEC, EKTIUAONKAV OAEC OL UNXOVLKEG

dLotntec.

Y10 mAaiolo tn¢ mapovoag SLatpPAg:
Mapackeudotnkav 45 Sokipla omAlopévou okupodépatog. Mpayuatomnol)dnkav 220
6OKIUEG epyaotnplakng SaBpwong oe Sokipta xaAluPBa kot Sokipla omALCHEVOU

OKUPOSENATOC.

Mpaypotomolndnke mpoypaupa 272  pNXOVIKWV  SOKWWWV  epeAkuopol  Kal
OALYOKUKALKNC KOTIWONC, KABWC Kot AANEG SOKLUOOTIKEG KOl OVETILIONLEC TIELPOLLLOITLKEG
SOKLUEG (TEpav TwV 492 avadpepoUEVWY). ITNV SLAPKELD TWV TIELPOUATIKWY SOKLUWY,
S1e€nxOn peyarog aplOuog petpnoswv SEM, EDX, pétpnon Beloviopwy ent Sokipiwy
XGAUBa KOOWE Kal ONUAVTIKOG aplBUOC HETPNONG XOPOKTNPLOTIKWY UeyEBwvV dpBopag

oKUpPOSENATOC.
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KedpaAawo 4

Xaptoypadnon couddidiwv Kat ateAeLwvV otov XAAuBa ontAlopou

OKUPOSEHNATOG KAL OTOL LNXOLVLIKA XOLPOLKTNPLOTLKAL AVTOXNG
(tTwv xaAUBwv BSt420 kot B500¢ mpLv Kot HETA amo Stafpwaon)

PAPER

Mapping of Sulfides and Strength Properties of Steel Bar BSt420 and B500¢ Before and
After Corrosion.

Alk. Apostolopoulos, Th. Matikas et al. Ne 15 (2015), Humanities & Science University
Journal.

TNV mopouoa evotnta, xaptoypadnbnke n mukvoTnTo Twv coUADLS LWV OTIG EEWTEPIKEG
{wveg eykapoiwv Statouwv Vo SladopeTikwy Katnyoplwv xaAluBa twv BSt420 kat
B500c Tempcore Kal TIPOYHOTOTOWONKE N CUCXETION TWV HNXOVIKWV LSLOTATWY
OVTOXNC TOUC. H OUOYKETION TWV HNXOVIKWV XOPOKTNPLOTIKWY, aflodoynbnke oe
avtiotolya dokipta x&AuBa mpLy Kal PeTd amod SlaBpwaon Ue tnv umtoBondnaon TeEXVIKWY

OVAAUGNC NAEKTPOVLKNAC LKPOOKOTIOC odpwang (SEM).

4.1 Fevika

Eival yvwoto otL otnv EANGSa, armo Tig apxEg tou 1960 £wc ta TéAn tng dekaetiag Tou
1990, n katnyopia xaAuPa BStlll (cUpdwva pe to EANVIKO Mpotumo EAOT 959,
oodUvapog HMe Tov YAAuPa BSt420 tou yepuavikol Tmpotumou  DIN48S),
XPNOolomoOnKe o€ UEYAAN €KTOON OE KATOOKEUEC OTMALOUEVOU OKUPOSEUATOC.
Mapott amdé ta TEAN NG Oekaetiag Tou 1990 O OUYKEKPLUEVOC YAAUPBaG
ovTiKoTaoTatnke otadlakd amno tov BSt500s kat B500c¢, £v TOUTOLG, Ol KATOOKEUEG OTLG
omoiec TomoOetrBnke, eupiokovtolt ndn o xprnon. Koatd Tt Sldpkelad Tou
TIOPOTETAUEVOU XPOVOU UTNpeciag¢ Twv OSOopwvV auUTwvY, OToug XAAuPeg, £€xel
ouoowpeuTel pBopa KUpiwe amod Tig mepPAMNOVTIKEG EMIOPACELS KAl ATt TIG OELOULKEG
KOTQTTOVIOELG TTIOU 06rynoav o otadlaKn AMOUELWan TNE PEPOUCAC LKAVOTNTAG TWV

KOTOLOKEU WV.
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ZNUOVTLIKOG TapAyovTag TNG UToBABULONG €V YEVEL TOU XAAUBQ, CUVLOTOUV Ol EVWOELG
couAdLdiwv mou "eykabioTtavral" HoALg amo To otadlo NG mapaywyng tou. H umapén
OUTWV TWV KN UETOAAKWY EYKAELOUATWY, EAKEL TNV MPOEAEUON TOUC KUPILWE amod tnv
otoxevon anoBeiwaong tou xaAuBa péow tng mpoobrkng Mayyaviou Mn. H pakTikn
6g auth, ouvbEeTal mMapAANAQ KAl e TOV OXNUATIONO FeS Katd PRKog Tou oplou Twy
KOKKwvV [ref 4.1, 4.2]. H napoucia couAdidiwv (MnS kal FeS) w¢ cuvioTwowV Tou
UALKOU, €xeL avamodeuktn enibpacn kal otnv pikpodoun tou idlou tou XaAuBa. Ano
TV amoyn TG MNXOVIKAC Twv Bpaloswv, ta pn HeEToAAKA eykAslopata eival
LlooSUVaPA PE SOUKA EANTTWHOTO | ULKPOPWYHEG TTOU UImopolV va SnULoupyrnoouV
TOTIKEG OUYKEVTPWOELG LNXAVIKWY TACEWY OTO UALKO. To PHEyeB0C 8€ TNG CUYKEVTPWONG
TWV MNXOVIKWY aUTWV TAcswv, s€aptatal and to péyebog, tn B£on, To oxfuUa Toug,

KaBwg KoL pe tnv uttdAounn Soun tou uAtkou [ref 4.3, 4.4].

YOpdwva pe tnv epyaciofref 4.5], ol meplox£Eg pe evwaoelg MnS kalt FeS, avtiotowouv e
eVOOETLPOVELOKEC PWYHEC TTOU 08NYyoUV o€ eMmikivouvo MOAAQTTAAGLOOUO PWYHWV. TNV
mapovoa EVOTNTA MPAYHATOTOLNONKE TToooTikomoinan Twv coUAPLsiwv (MnS, FeS) os
£YKApPOLeG SLaTopég SU0 SladopeTIKwY KaTtnyopLlwyv XaAuBa omAlopol BSt420 kot B500c
oe Teploxeg mAnoiov tng e€wtepikng eAelBepng emipavelag. H moootikomoinon &€
ouTH, oUVOEBNKE UE ToV pUBUO AMOUEIWONC TWV UNXAVIKWY LOLOTATWY QVTOXAS TwV

Selypatwy BSt420 kat B500c petd amo SwaBpwaon.

4.2 Nepapatikn Atadikaoio

OL TElpOUATIKEG SOKIWEG Tpaypatonmolndnkav oe Selypato XAAuBa, OVOUOOTIKAG
Slopétpou 10mm (D10) pe papdwoelg, oTig katnyopieg BSt420 kat B500c, n akplBng

XNULKA cuotaon Twv omolwv napouotaletal otov Mivakag 4.1

Nivakag 4.1 Xnuikn cvotaon xaAvBwv BSt420 kot B500¢

Katnyopia paBdov  Xmpuki) Zovleon (%)

x62vPe C S S P Mn Ni G Mo V Cu Sn Co

Hot-rolled (BSt420) 0,375 0,287 0,029 0,022 1,304 0,064 0,085 0,009 0,003 0,197 0,016 0,000
Tempcore (B500¢) 0,219 0,193 0,047 0,015 0,870 0,106 0,082 0,014 0,001 0,261 0,016 0,010
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4.3 AokLpéG SLaBpwong Kat cuAAoyn puoika SLaBpwWHEVWY SELYUATWV

Mapott To epyactnplokd meptfalov Sokipwv Slafpwaong ocuvABwg TMPOKUTITEL
TLEPLOCOTEPO EMLOETIKO TOU OVTIOTOLXOU PUGCIKOU, TIOLOTIKA EV TOUTOLG, TIPOCOLOLWVEL
LKOVOTIOLNTIKA TO PUOLKO Tapaktio TeplBariov. O aplBuog twv SelyudTwy ToU
umoBAnBnke oe emitayuuévn dtaBpwon ATav 5 yia to BSt420 kat 6 yia to B500¢ ava
Xpovo €kBeong 30, 45, 60 kot 90 nuepwv dnAadr cuvoAika (20+24) 44 Seiyuata. Ma Tov

UTTOAOYLOMO TNG amwAeLog palog, Ta Selypata mpLv Kal HeTd tTnv StdBpwon, {uylotnkav.

Ta "puowd" StaBpwpéva deiypata xaAuBa O8 kat P10, eAndOnoav and SladopeTikeg
B£oelc SoUKwY OTOoLXEIWYV UDLOTAUEVWY KOTACKEUWY AVW TwV 30 ETWV OO TIEPLOXEG
KOTA HUAKOC TNG mapadktiag {wvng tou Natpaikol kal KopwvBlakol kOAmou. Meta tn
oUAAOYN TwV SELYUATWY, TO EVATIOUEIVOV OKUPOSEUD ATMOUAKPUVONKE UNXAVIKA Kol

okoAoUBnoe o mpoBAenopevog and ASTM kaBaplopoc.

4.4 MnXaVIKEG AOKLMEG

OAa ta Sokipta umoBANONKav og UNXOVIKEC SOKLUEC EPeAKUOHOU 0KOAoUBwvTOC TO
nipoturo ISO 15630-1 [ref 4.6] og Bepuokpacia 24°C pe toyvtnta optong 2mm/min.
JUVOALKQ, TtpaypaTonow)Bnkay 25 pNXavikeég SOKIUEG yla Tov xaluBa BSt420 (5 ya
KABe ypovo £kBeong oe dLaBpwon) kat 30 pNYaVIKEG SOKLUES yia Tov XaAuBa B500¢ (6

yla kaBe xpovo £kBeonc otn StaBpwon).

4.5 AnoteAéopata

Ma Tov MPoadloplopd tNE mMoooTNTAC KoL TNG UKVOTNTAC Twv coUAdLSiwv otic Suo
Katnyopleg pafdwv xaluPa, mpaypatono)Bnke avaAuon HKPOOKOTIOG CAPWONG
SEM. TMpokelévou &€ va KATAOTEL TPOOITOC O EVTOTIOMOC Twv GCOoUADLSIWY,
TIPAYLATOTOLNONKE OUYKEKPLUEVN TIPOETOLHAGiA TwV Selypdtwy XaAuBa BSt420 kat
B500¢ 6nwg: Asiavon pe tnv BorBsta tng cuokeunc Minimet TM grinder polisher machine
(Buehler Ltd.). Ztn ocuvéxela, n eykapaota eMPAVELA TwV SELYUATWY, TIEPACTNKE UE XOPTL
SiC kat dtapavtiov Kot oTABwOnke KatdAAnAa pe UAKKO evwoewv SiO,. TE€Aog, ol
uLkpodwtoypadieg NAEKTPOVIKIC 0Apwaong paypatono}onkav pe APEeLg HEow eVOC
NAEKTPOVIKOU ULKPOCKOTIOU cdpwaong (Zeiss, SUPRA 35VP), mou Asttoupyei os 15 kat

30keV. Mpokelpévou & va amoktnBouv ol amattoUHeVeG TANpodopleg amd tnv MepLoXn
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™G €YKAPOLOC SLOTOUNG TWV SEYUATWY, TO UIKPOOKOTILO, efomAiotnke UE €vav
avixveutr omoBookedalopevwv nAekTpoviwy Kal £€va oUOTNUA  ULKPOOVAAUGNC

aktivwv X (QUANTA 200, BRUKER AXS).

Yta Ixapota 4.1 kal 4.2 mapouotalovtal eVOEIKTIKEG amoPeLg Tou aptOuol couAdLdiwy
oTNV TEPLOXN TNG EEWTEPLKAG Slatopng Twv SUo katnyoplwv xaAuBa (BSt420, B500¢).
Ita Ixquoata 4.3 kot 4.4, mapouoialovral ol AndBeiceg KaTtapeTpAoelg (TuKvoTnTa)
couAdLdiwv ota Selypata BSt420, B500c, @10 cuvaptriosl tou Baboug (meploxn
g€etaonc) and tnv e€wtepikn Lwvn (500um kat 5000mp) kabwg emiong Kot n cuxvotnta

TOUG Kol Ta VEWUETPLKA TOUug XQPOKTNPLOTIKAL.

10pm Mag= 100KX  EHT =1500Kkv ~Iseredcton =rielag FORTH/ICE-HT
A Detector =RBSD ~ WD = 9mm  tooiiesmons Zeiss SUPRA 35VP

Ixnpa 4.1 Armoyn t™0¢ mukvotntag ooudeildiwv otnv eéwtepikn {wvn 500um, tou
BSt420, ®©10.
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10pm Mag = 100KX EHT =1500kv toseresxwn=treag  FORTH/ICE-HT
—

Size = 30.00 ym

Detector =RBSD WD = 9mm .14 a0 2015 Zeiss SUPRA 35VP

IxAna 4.2 Artoyn tn¢ mukvotntac couApidiwv atnv eéwtepikn {wvn 500um, tou B500c,
@1o0.

mB500c (500um) A BS00c (5000pm)  BSt420(500pm) @ BSt420 (S000um)
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3 : '
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Nukvétnta Zouhdidiwv 1/(mm)’

IXAUot 4.3 Emupavela Twv ooUA@LSiwV ouvapTHoEL TNG TUKVOTNTAC TOUG Of
OLOPOPETIKEG TEO0EIC om0 TNV eEWTEPLKN EAEUTEPN EMIPAVELA YlO TIC KOTHYOPIEG
XaAuBa B500¢ kat BSt420.
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Ano to Ixnpa 4.5 smPeBawwvovtal Tt AMOTEAECHATA TNG UYPNANG TUKVOTNTOG
coUuAdLdiwv otnv efwtepikn {wvn tou Sidacikol xaAuPa Slailtepa PETA Omod TNV
SLaBpwon tou.

W BSt420 (5000um)
7, BSt420 (500um)
# B500c (5000pm)
N B500c (500pm)

W BSt420 (5000pm)
4 BSt420 (500pm)
% B500c (5000pm)
N B500c (500pm)

0.9 -
0.8 -
0.7 A
0.6
0.5 4
0.4 -
0.3 -
0.2
0.1

o WA WA u T T ’ ‘ |

0.05/1 1.01/2 2.01/3 3.01/4 4.01/5 5.01/6 6.01/7 7.01/8 801> 0051  101/2 | 2.01/3 ‘ 301/4 4015 501>
Erudpadveia ZouAdiSiwv (um)? Méyioto purikog 2ouAdidiwv (um)?

700070

SLLLL YL S L L LSS LSS LSS L LSS SS2.
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k I

[=)

IXAHA 4.4 JuxvoTnTa ELPAVIONE GOUAPLSIWY TUVAPTHOEL TNE TUKVOTHTOG TOUG KAl TOU
UEYLoTOoU unkouc tou¢ ota dokiuta B500¢ - BSt420 oe SiapopeTikec YEOELC ammd TNV
ewtepikn eAs0Tepn enipaveia.

C
AccV  Spot Det WD F——— 50pum
200kV 50 SE 103 B500-0Days

AccV SpofDet WD F———— 50um
200kv50 SE 93 B50045Days

Ixnpna 4.5 Aroyn tne eykapotag Statouric un StaBpwuévou kat StaBpwuévou dokiuiou
X0AUBa B500¢ eneita om0 45 nuépeg ekdeonc, o€ epyaotnplakn dtaBpwan.
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4.6 AntwAewa padog (Mass Loss)

Ytov Nivakag 4.2, mMapoucldlovtol TO OMOTEAECUOTA TNG OAMWAELNG HAlAC TWV
epyootnplakd dappwpévwy dokiuiwv BSt420 kat B500c. 210 IxApa 4.6, mapouotaletal
N CUOYXETLON UETALL TtnNe amwAetag paloc duoika Stafpwpevwy BSt420 detypdtwy Kot

NG NALKIAC TWV UPLOTAUEVWY TIAPAKTLWY KOTOUOKEUWV.

Nivakag 4.2 AntwAsia palog twv tTexvntd StaBpwuévwv YaAvBwv.

‘EkBeon og SlaPpwTtiko repBarlov ahatovedwonc (NUEPEC)

Katnyopia 30 60 90
AnwAELL BSt420 3,77 7.23 8.48
Md(aq [%] B500c¢ 2.90 597 8.52
( |
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4.7 Ynofaduion tng Mnxavikig Alédoong

Ytov Mivakag 4.3 Ssiyvovtal ol UNXOVIKEG LOLOTNTEG Twv SUO KoTnyoplwv XAaAuBa
(BSt420, B500¢) émetta amno £€kBeon og epyaotnpLoko meplBaAlov ahatovépwong .
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Xpovikn MNepiodog (Xpovia)

IXAUO 4.6 JuoxEtion ¢ anwleiac palac UETaél Sewyudtwv xaAuBa puUOLKd
SLaBPWUEVWY KATAOKEUWV.
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Ixnpna 4.7 H ntwon twv tdlotritwv avroxnis (Rp — Rm) petd amo Stapopous xpovoug
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Nivakag 4.3 /6t0tnteg avroxrig, (Rr—Rm), xaAUBwv ueta amd Stapopetikd enineba

EkUeang.
ExkBeon oe ahatovépwon  Rp (MPa) Rm (MPa) Rp (MPa) Rm (MPa)
(nképeg) BSt420 B500¢
0 459,08 696,49 5483 617,2
30 436,35 669,64 521.7 6184
60 413,49 640,41 510,1 600,1
90 405,01 618,17 446,9 515,3

4.8 TulTNoN AMOTEAECUATWV

To eninedo ¢ BAGPNG SlaBpwaong Twv pafdwv xaAupa, moootikomolOnke pe Baon
TOV UTTOAOYLOMO TNG anwAeLog palog toug. H cuoyxetion petall tng anwlelog palog tTwy
duowd SaBpwpevwy xohuBwv ®8 kat @10 mapouoidalovtal oto IXApa 4.6. Onwg
Selyvetal otov Nivaka 4.2, n srutayuvopevn dokuur aAatovépwaong o yuuva BSt420
kat B500c ovopaotikig Stapétpou D10, oe €kBeon 90 nuepwv otnv aAatovédwon,
TIPOKAAECE o0t audOTEPOUG TOUC TUTOUG XAaAuPa, pia woduvapun anwAelo palog
nepinou 8,50%. Zuudwva pe tnv epyaocia [ref 4.7], n anwAswa palag (8,50%) twv
TeEXVNTA StoPfpwpévwy paBdwy xaAuBa, avtiotolyel oe duaikn Slapwaon mepimou 19
ETWV TwWV Puokad SaBpwuévwy. Alamotwbnke emiong, OtL amd thv amodn g
nooooTtlaiag anwAelag Halag, To EpyactnPLOKA SlaBpwpéva Selypata EMNPEACTNKOY
Ayotepo ta duoika Safpwpéva. To yeyovog auto pmopel vo odeiletal oto OTL 0
texvnTA dLaBpwon "yupvwv" Sokipiwy, eivat EAadpw HeTaBAAANOUEVN KATA UAKOG TWV

Selypuatwy og avtiBeon pe ta duoka SlaBpwéva.

Me Bdon &g To yeyovog OTL N unxavikr anddoaon tou xaAuBa kabopiletal Kupiwg and
TQ XOPAKTNPLOTIKA BAABNG KoL TNV SOUIKA akepaldtnTa TG €€WTEPLKNG Tou Twvng,
kplBnke okoOmWo va e€eTaotel Kat va tocoTikomolnBel n mapouoia Twv couAdidiwv ot
Selypata xaAuBa mowotntag B500¢ kot BSt420 kaBw¢ ta eykAelopoata couAdidiwv

(MnS, FeS) eival yvwoto otL euvoouv Tnv yaABavikn Stafpwaon [ref 4.8].
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H avaluon SEM kot n ouykpLtikn PeAETn otig U0 Katnyopleg xaAuBa, £6eEe auvEnuévn
TIUKVOTNTA GoUAGLSiwV otoug un-dlaBpwpévoug xaluPBeg B500¢ évavtl twv BSt420,
mou Looduvapel oe mooootd 53% mepinov. (195/127 = 1,53) 1,53. To amoTEAECUO QUTO
NGg HETPNONG couAPLSiwv avadepetal os Lwvn 500umanod tv eéwtepikn {wvn Tou
X@AuBa. H eotiaon tng avaluong otnv e€wteptkr {wvn Tou XAAUBa oxetileTal oTeva pe
TO YEYOVOC OTL N 0oToXia O€ povoToviK ¢option fekvael amod tnv eéwteptkn {wvn
KaBw¢ €MioNg KoL oMo To Yeyovog OTL OTNV TIEPLOX aUTH BplokeTal N avBeKkTIKOTEPN
poptevoltikn {wvn. H pétpnon couAPLoiwv og oTolyelwdeLg eMdAVELEG EVTOG TNG LWVNG
OUTNC, 06NYNOE OTA ATTOTEAECHLOTO TTOU OITOTUNTWONKAY 0T avTioTol o SLoypaaTa.
To yeyovog autod, pumopet va anodoBel kal oTo OTL N PECN TN TNG TIEPLEKTIKOTNTAG OF

S, elvai 0.029% yia tov BSt420 évavtt 0.047% otov B500c.

Jta Staypapporta (Ixnuata 4.3. kot 4.4.) mapouvotdaletal uPnAoTEPN TUKVOTNTA
ooUAPLSiwv otov B500¢ Omw¢ emiong kal n avtiotolyn €mipaveld Toug £VOVTL TOU
BSt420. Ytov Mivaka 4.3 smiong ¢aivetal OtL n €kBeon og epyaotnplako meptBailov
SLaBpwong, MPOKAAEDE pLa LETPLA PElWON aVTOXNG 0€ EPEAKUCHO O pUBUOC TNG omolag
elval avahoyog pe tov xpovo. EmutAéov, ol TipéG Twv lotAtwy avtoxns (Re, Rm) TOU
B500c epudavicay onUAVTIKOTEPN ATTOKALON A0 TN YPOULLLKY TIPOCEYYLoN KaB’ OAn tnv
Slapkela NG €kBeong Tou (IxAna 4.7). To yeyovoc auto, pmopel va anodobel kupiwg
oTo OTL otnv efwTteplkn poptevoltiky {wvn, mapoucia YAwPLOVIwY, TpokaAolvtal
ouxva €vtoveg BAAaPeg € autiag tng StaAuong Twv couAdldiwv (FeS, MnS) Ixnua 4.5
[ref 4.9, 4.10, 4.11].

Ta anoteAéopata Twv Sokpwy StaBpwong otic Vo katnyopieg xahuBa (O10) €detav
npodavr Helwon TNS avtoxng Toug. MapaAAnAa LE TIG EMONUAVOELS TNC EVTOVOTEPNG
napouciag couAdLdiwv otov B500comwe ndn avadépbnke OtL n anwAela paiag Tou
avtiotolxel oe UAWKO uPNAAG avtoxnc (paptevoiltng) €vavtl Tou Umode£aTepoU
LNXOVIKA UALKOU Ttou deppito-mepAitn otov BSt420. Yroloyilovtag adpd to mMocootd
Helwong tg avtoxng tou B500c pe Tov XPOVO, €XOUHE YlO. LEV TO Oplo SLapporg
ARp=548,3 - 446,9/548,3 = 18,49% yLa 6 10 Oplo avtoxnG oc epeAKkUOUO ARM=617,2 -
515,3/617,2=16,51%. Juvemwg n pEON TN MHEIWONG TwV LOLOTATWY OVTOXNG

kataypadetal nepinov 17,50%.

Avtiotolya yla tov BSt420, o ouvteAsotr¢ Heiwong tou oplou Sloppong eivat

ARp=459,08 - 405,01/459,08=11,78% Kol Tou opiou avtoxng oe epeAkuouo eival
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ARM=696,49 -618,17/696,49=11,23%. Etol, (mapdtt adOKIo) o AOyog TNC LEGNC TLUAG
NG MTtwong tTwv WotATwy avtoxng tou B500c évavtl tou BSt420 umoloyiletal ioog
npo¢ 1,52. Mapdtt n oUUMTwon Twv SEIKTWV TNG AVIOXAG KOL TNG TUKVOTNTAG
ooUAdLbilwy evboemidavelakd otov B500c daivetal tuxaia, wotoéco, auTo
emBePBawwvetal anod T¢SEM avaAloelg Tou ZxAuatog 4.5. Xto oxnua daivetal OtL n
TIPOUGLO YAWPLOVTWY 0TO UAKO €meLta amd €kBeon 45 nUEPWV OTNV EPYACTNPLAKN
SlaBpwon evepyel amodopntikd (SOMLKA KoL HnXovikd). H ouykévipwon ¢uoika
StaBpwpévwy detypdtwy xaAuBa BSt420 amnd mapdktieg Sopég, BorOnoe onpavika

OTOV UTIOAOYLOMO TNG aMWAELAC HAlag OTWE MAPOUCLA{ETAL 0TO avAAoyo ZXAua 4.6.

To amoteAéopata TNG MELPAUATIKAG epyaociag, kablotolv duvatr tnv undbeon otL
OUYKeVTpwvovTag oto MEMNov OSeiypata xaAuPBa B500c amd UMAPYOUOEG VEEG
KOTOOKEVEC Ol omwAeleg palag Ba avTloTOL(NOOUV HE EKElVOL TOU SLoypAUUOTOG.
MapdAAnAa Kol 0€ oX£0N LE TNV HELWON TWV UNXAVIKWV LOLOTATWY avtoxn¢ tou B500c,

Ba npémnel va avapévetal mtwon nepinou 50% vnAodtepn tou BSt420.

4.9 Jupnepaopata

TNV mopouoa evOTNTA £EETACTNKE N CUCXETLON TNG TUKVOTNTAG 0OUAPLSiwv TAnociov
¢ e€wteplkng emidavelag Kal Tou mupnva dU0 Katnyoplwv XaAluBa omAlopoU tou
BSt420 kat B500c Tempcore. MapdAAnAa €€eTAOTNKAV KoL CUYKPLONKAY, Ol LNXOVIKEG
LOTNTEG avToxnG Twy paBdwv xaAuBa, kabwce kat n kataypadn couAdLdiwv mpLv Kot

LETA TNV SLaBpwon.

To melpopatika amoteAéopata €6eav otl: H avtiotacn o StaBpwon tou xaAuBa
BSt420 sivat vpnAotepn autrg tou B500c, yeyovog mou pmopei va amodobestl otnv
XaUnAOTePN TMUKVOTNTO COUAPLSIwY otnv ewteptkn emipavetakr {wvn (500um — tou
BSt420). Ta anoteAéopata Thg urtofaduiong tou xaAuBa (BSt420) kataokeuwv GUOLKA
SLoPBpwWHEVWY OE Eval XPOVIKO eUpOC 36 eTwV (amwAEL LATOC KOl LNXOVIKEG LOLOTNTEG
OVTOXNG) €yeipel SlKaloAOynUEVA €PWTAUATA TIEPL TNG OVTIOTOLXO OVAUEVOUEVNG
UTIOBABULONG TWV VEWV KATOOKEUWV WE XaAuBa B500c avtioTtolyng XpOoVIKAG eplodou

O£ TaPAKTLO TiepLBaliov.
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KedpaAawo 5

Dawvopeva AlaBpwong tov dipaocitkol XaAuvBa evtog Kat
EKTOG OKUPOSENATOG - ZUVETIELEG 0TN MnXaviIKA TOU
Tuunepidpopa

PAPER

Corrosion of Bare and Embedded in Concrete Steel Bar - Impact on Mechanical Behavior.
Alk. Apostolopoulos, T.E. Matikas, International Journal of Structural Integrity, vol. 7(2),
pp. 240-259 (2016).

Me otoxo tVv avayvwplon Tou Babpou ¢ PAABNG SLaBpwonC Kal TIC EMUMTWOELG OTOV
(oUyxpovo) Sidpacikd YAAUBA, KATACTPWONKE TPOYPOUMO EPYACTNPLAKWY SOKLUWV
S1aBpwong oe Sladopeg katnyopieg xaAuPa (yupvwy Sokilpiwv kabwg emiong kat
EVKIBWTIOPEVWVY SOKIUIWY). MeTd Tov KaBaplopd twv Soklpiwv xaAuBa, LETPRONKE N
anwAeta palag, e€ETAOTNKE LETAANOUPYIKA KoL LEAETHBNKE N emidavelokr Toug BAGBN
(BeAoviopol) esvw mpooBeta umoBARONkav o pla OElpd UNXOVIKWV  SOKLUWV
edpeAkuopov. AmO TNV avalucn €vog peydlou oplBpol Selypdtwyv, oto omoia ot
Kataypadeloeg aoTOXIEG CUOXETIOTNKAV UE TIG SOULKEG ATEAELEG KoL TO GOUAGISLa oTO
UALKO (w¢ uTteBUVWY yLa TNV MOPOUCLO EVOOETILDAVELOKWVY UIKPOPNYLATWOEWY). ATtO
v PeAETn Twv emdavelwy Bpalvong tou xaAuPa, esvioxubnke n umoBeon mepl
ouvBetng eudavelag Bpavong dnhadn Pabupng efwtepikd (MAnoiov TNG €WTEPLKAG
grupavelag) Kol OAKLUNG E0WTEPLKA KABWE emiong Kat AAAwY GOLVOUEVWY TOTIKAG

amoKOAANGONG TNC SLETILP AVELAG TOU HOPTEVOLTIKOU GAOLOU o TOV TUpnva.

5.1 Fevika otolyeia

Onwc sival yvwaoto, £vag CNUOVTIKOG TIOPAYOVTAC HE KATAOTPODLKEG CUVETELEC YLa
TOUC avOpWIoUG, TNV OLKOVOULO KOl TIG KOTOOKEUEC HETA amo €vov CELOMO, €lval n
Soulky ootoxia tou oldnpol OmMALOHOU OKUPOSEUATOC. Mol TNV OVTLUETWIILON TNG
POKANONG autn¢ pLv amnod mepimou 15 xpovia otnv Evpwrnaikn Evwon swonyxdn évag
OLKOVOULKOTEPOC XAAUBQAC Kal HNXOVIKG ovaBaBulopévog, yvwoTtog wg XaAuBog

Tempcore, 1 w¢ Oupaoikog xaAuPag uvPNARG avtoxng Kot OAKIUOTNTOG, HE
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XOPAKTNPLOTIKO Sladopormoinor g Tou (armod toug maAalotepoug xaAuBeg), Tnv e€wtepLkn
paptevoltikn {wvn.

Qoto00, N UNXavIKA amodoon Twv Kataokeuwyv anod 0/2, e€aptatal og peydlo Babuo
oo Tov Babuo tou Seopol cuvadelag LeTaU xaAuBa Kal oKUPOSENATOG N ool Aoyw
Twv dawvopévwy SlaBpwong tou XGAuBa pelwveTal Spapatikd. Tuxvad n mapoucia
ETUOETIKWV OVTWY YAWPLOU KaTOOoTPEDEL TNV TMAONTIK TPOCTATEUTIKA {wvn TOU
XaAuBa kat o puBuog SlaBpwong yivetal €vtovog [ref 5.1] oe cuvduacuo 6e pe TNV
paydaila avéavopevn ekmoumn CO; otnv atpoodalpa, autd odnyel o MepAlTéPw
uelwon tou pH tou okupodépatoc k.o.K. [ref 5.2, 5.3]. Ztnv neplntwon auth n mapouvcia
TIOPWSEOUC OTO ECWTEPLKO TOU OKUPOSEUATOC Kal oL EMLPAVELAKEG PNYUATWOELG TOU, OF
peyaho Babuo cupParlouv apvntikd otnv mabnTikr mpootacia Tou XaAuBa Kabwg

guvoouvTal ol ouvOnKeg emiSeivwong Katl SLaBpwaong Tou OMALOHEVOU OKUPOSEATOC.

Mapd to yeyovog otL to mpotumo BS EN 1504-5: 2013[ref 5.4], akoAouBeital amod TIg
XWPeC t™N¢ Eupwmaikng Evwong mapéxovtag OAeg TIC amapaitnteg SpAoELS ya TNV
OTTOKOTAOTOON ONMOVTIKWY KOTOOKEUWY, OL KOWWVIEC woTtoco 6ev To ULOBeTOUV
KUplwg Aoyw eAAToU¢ MAnpodOpNnoNE KAl OLKOVOULKAG SuoTpaylag.

Yt SlapKela Twv TeEAeuTaiwy SEKOETIWY, N OVATITUEN OPLOUEVWY UN KOTOOTPEMTIKWY
HeBOdwv €dwoaoe xpnolpec mAnpodopiec mapakorolBnong g "vysiag" twv dopkwv
OTOLXELWV TOU OMALOMEVOU OKUPOSEUATOC TWV KOTOOKEUWVY HECW Kotoypadng tou
nUIduVapLKoU, Tou puBpol SLaBpwong K.a.. ZUXVA WOTO00 TUYXAVOUV MOPEPHNVELAG
KOl EV YEVEL QTIEXOUV CNUOVTIKA 0TNV amodoon oAokAnpwpevng mAnpoddpnong mepl

NG avOEKTIKOTNTAC TWV Kotaokevwv [ref 5.5, 5.6].

IXETIKA Tipoodata amodeixBnke OTL N unxavikn omodoon Ttou SlaBpwuévou
odnpoonAlopou, mapouotalel otadtakr umoBabuwon [ref 5.7, 5.8, 5.9, 5.10, 5.11,
5.12]. NapdAAnAa, o Oykog Twv Tpoiovtwy StaBpwong katalappavel moAamAdoLo
OyKo Tou amoPaAAopevou UALKOU YaAuPa. To yeyovog autd €XEL WG CUVEMELX, O
EVKIBwTIOPEVOG  XAAUBOG va TiPOKaAsel Bpuppatiopd TG emkAAuyng Tou
OKUPOSEUATOC KOl SPOUATIKN Helwon Twv duvapewv ocuvadelag HeTaly XaAuBa Kal
okupodépatoc. H omoubatdtnta tne enidpacng tng dtaBpwang otnv dtapkelo {wng Twv
KOTOOKEUWV amo OmAlopévo okupodepa (RC), mpooéAkuoe To evlladEpov TG

EMLOTNMOVIKAG KOWOTNTOG HME TOPAAANAN OVATITUEN ONUOVIIKWY EPEUVNTIKWY
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TIPOYPOUUATWY YyUpw amd Tnv meplypadn TwV NAEKTPOXNUIKWY  Sladlkaclwy
Sl1aBpwong Tou, TNV MPocopoiwon Twv cuvinkwv dLABPWONG, TIC CUVEMELEG OTNV

UNxavikn cupneplpopd tou xaAuPa kot aAAa [ref 5.13, 5.14, 5.15, 5.16, 5.17].

Y€ YEVIKEC YPOAUUEG OUWC, Ol LEAETEG O SOUEC 1 oToLXElDL OTTALOUEVOU OKUPOSEUATOG
(RC) mou ektiBevtal o puoko mapdakTio meplBAaAAov, eival ISlaitepa MEPLOPLOPEVEC, OL
TEPLOOOTEPEG Ao auTEG Og, Bacilovtal o gpyaoctnplOKEG SOKIUEG. AOKIUEG TTOU
wWoTO00 elval amapaitnteg ywo tn PeAtiwon tNg KATAvOnong TwV HNXOVIOUWV
SLaBpwong tou YaAuPa os oTolXeEll OTTALOUEVOU OKUPOSEPATOC KoL KOT' EMEKTOON TWV
kataokeuwv (RC). Emupdobeta, N cuoxEtion tng mpokaAoUpevng PAABNS StaPfpwang
UETAEL YUVOU KO EYKLBWTIOUEVOU WG TTPOC TA KUNXOVLKA TOUG XAPAKTNPLOTIKA KAl TN
VEWUETPLO TWV TAPAYOUEVWY BEAOVIOUWY, £XOUV TIEPLOPLOUEVN €kTaon [ref 5.18, 5.19].
Y10 B£pa auto Wlaitepa evoladpEpouoa eival n melpapatiky epyaocia [ref 5.20], n onola
S1e€nxOn o "yupuvad" kal "eyKIBWTIOHEVA" OTO OKUPOSEUA SOKIULA, OE EMUITAXUVOUEVN

gpyootnplakn dtaBpwon otov xaAuBa katnyopiag B500c.

JUudwva pe Ta anoteAéoparta Tng epyaciag [ref 5.21] yia to (610 eminedo NG anwAeLog
HAloc, N MTWON TWV LNXOVIKWY BLOTATWY TWV EYKIBWTIOUEVWY SoKIHiwy XaAuBa Atav

HeyoAUTEPN Ao O, TL 0 avtioTtolyn ota "yuuva" okiuta.

TNV mapolaoa evOTNTA METPABNKAY ONUAVTIIKOL TIAPAUETPOL KOL XOPOAKTNPLOTIKA TOU
nieptBarlovtog okupoSEpatog (HéyeBog Kal eUPOC TWV PWYHWY), TO XAPAKTNPLOTIKA
Beloviopwv otov YGAuBa OAa 6e Ta avwtépw umootnpixtnkav pe SEM kat EDX, kot
TPAYHATOTOLRONKOV UNXAVIKEG SOKLUEG Kal oTLG SUo opadeg YaAuBa mototntag B500c¢
(yupva kot eykiBwtiopéva). H tekpnpilwon tng unofaduiong tou Sipaocikol xaAuBa
AOoyw SLaPBpwong pe XAwPLOVTO, TPAYUOTOTMOLNONKE TEIPAUATIKA TEPALTEPW KO

EKTEVWCG OTLG Katnyopieg "yupuvwv" dokipiwv xadAuBa: B400c, B450c¢ kat B500s.
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5.2 Nepapatiki Atadikaoia

E€etaotnkav tpelc StapopeTikeég katnyopleg "yupvol" Sipaoikol xaAuBa prkouc 580
mm, @16, pe otolxeia: B400c, B450¢ katB5005 Eupwnaikwy £pyootaciwy, e LNXOAVIKA
XOPAKTNPLOTIKA Omwe Selyvovtal otov Mivakag 5.1. Ta dokipa autd, €melta omo
SLaBpwon (oto 6o meptparlov), e€sTdotnkav otoxeupéva o U0 Xpovoug ekBeong 45
Kol 90npepwv. MNa OAeC TIG Katnyopleg xaAuBa mpayUaTOMoINONKOV UNXAVIKEG SOKLUEC
edpeAkuopol oludwva pe to ISO/FDIS 15630-1 [ref 5.22]. AmO T OOKIUES,
aflodoynBnkav ta opla tng taong dlappong Ry, NG HEYLOTNG AVIOXAG Rm, NG
opolopopdnG mapapopdwaong Agt Kat tng mukvotntag evépyelag U (energy density). [ref
5.45].

Nivakag 5.1 Ta eAdylota opLo Twv UNYAVIKWY XXPAKTNPLOTIKWY yla XaAuBeg MEaonc kat

YnAng oAkiuotntoc coupwva ue EC2 (Steel Classes). [ref 5.45].

Taon Alappong Ay EAGXLOTEG TLUEG
Katnyopia Rp (MPa) (%) k= (R,/Ry)
B500g 500 >35 > 1.08
B400c 400 > 7.5 >1.15<1.35
B450¢ 450 > 7.5 >1.15<1.35

MNépav autwv e€etdotnke oelpd "yupvwv" Kot "eykiBwtiopévwy” Sipaoikwv paBdwv
XGAuBoa B500c. ELSIKOTEPA VLA TLG AVAYKEG TNG TTOPOUCAC HEAETNG, TTAPACKEUAOTNKAY
Sokipla omAlopévou okupodépatog C16/20 pe xaAuBoa @D10-B500c. ItdX0C TNG
OVAAUONG QUTAG ATAV N AMOTIUNGN KAl oL GUVETELEG TNG BAABNC oToV eyKIPWTIOUEVO
¥aAuBa. Ta Sokipla autd utoBANONKav o SOKLUEC EpyaoTnpLlakng StaBpwaong, Leta &
v adaipeon Tou OKUPOSEUATOG, HETPNONKE N amwAsla paloag Kal HEAETAONKE n
erudavetakn BAAPn (Behoviouol). Mpog touto Slapopdwdnkav, 60 Sokipla UAKOUG
520mm (30 "yupva" kot 30 Sdokipa xaAuBa mou eykiPwtioTtnkav oTto oKupOdeua) Kalt
ekTEBNKOV oto BaAapo ahatovépwaong (5% NaCl), ue eUpog pH6.5-7.2, yia Stadopoug
xpovouc: Twv 10, 20, 30, 45, 60 kat 90 nuepwv pe 8 nUEPnoLoUg KUKAoug wet/dry
cUudwva pe to ASTM B117-94 [ref 5.23]. Meta tnv adaipeon Twv MAACTIKOTUTIWY, T
Sokipla omALoUEVOU OKUPOSENATOC, GUVTNPENRONKAV KATAAANAQ yLa 28 NUEPEC KAl oTNV
OUVEXELX eKTEBNKAV oTnv SaPpwon. e 8 SOKipLO OMALOUEVOU OKUPOSEUATOG TIOU

eKTEONKAV yla 90 nuEpeg, afloAoynBnKav CUYKEKPLUEVA XOPAKTNPLOTIKA UEYEDN TOU
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okupodépatoc. Ot papdol xaAuBa (HRkoug 520mm) eVowHATWONKAV KEVIPLKA OTOUG
TAQOTIKOTUTIOUC (e0WwTePLKAG Stapétpou 30mm) Slatnpwvtag otabepr] MEPLUETPLKNA
erukaluPn okupodEpatog 10mm. To OKUPOSEUD TTAPACKEUACTNKE HUE TOLUEVTO TUTIOU
CEM IV (cUpdwva pe to EN-197) kat Adyo vepou/ totpevtou 0.6 (W/C). H emihoyn g
katnyopiag okupodépatog C16/20 pe mayog emkaAung 10mm, €ywve yia Vo Adyouc:
Adevoc yla va mpooopolwBel To peyaAUTtepo PEPOG TOU SOopKOU TTAOUTOU TNG XWPAC
pag Omou oto TapeABov xpnolponotidnke okupddepa katnyopiag B225 (mapopolwv
emudooswv tou C16/20) kat adeTEPOU yLa TNV (XPovikd) cuvtopn StaBpwTtikr mpooBoAn
TOU eyKIBwTLoOHEVOU XAaAuBa. MNpokelpévou de va efetaotel n PAABN daBpwong g
e€wTePIKNG emidavELOKAG oTpwaong, Stapopdwbnkav pe KAtAAnAeg Topég delypata
EYKAPOLA €(TE KATA UAKOG, OTIOU TIpayHATOTOONKE TapakoAouBnaon kat Kataypadn
Twv dawopévwy SlaBpwong otnv Slemidpdvela (okupodepa — YaAuBa) HEoW

avoAUoswv SEM kat EDX. Xta IxApota 5.1 kot 5.2, mapouoialovral kot ol duo

Katnyopieg xaAuBa £metta amod epyactnpLlakn £kBeon 60 NUEPWV.

IxAna 5.1 "Tuuvo" StaBpwuévo dokiuto Emetta armo 60 NUEPEC EkTeonc, UE UEON
anwlela ualog 8.20 %.

IXAMa 5.2 "EykiBwrtiougvo” StaBpwugvo Sokipto Ensita ano 60 nuUEPEG EkBeanc, LE
uéon anwAeta ualog 2.80%.

Metd to téAog TnG KABe TepLodou €kBeanc, oL paBdol xaAuPa "amookupodetrOnkav"
Kal kaBapiotnkav cupdwva pe Tnv podlaypadry ASTM G1 [ref 5.24], luylothKav €K
VEOU Kal uTtoAoylotnke n omwAela palag TouG. ITNV CUVEXELD, HECW PndLokng
QVAAUONG EKOVAG KOL €VOG OMTIKOU MLKPOOKOToU, afloAoyndbnkav Ta YEWUETPIKA
XOPAKTNPLOTIKA Twv Belovicpwv (Babog, emidpdavela kat popdr twv PBeAoviopwv).

Mnxavikég SOKIUEG EpEAKUTHOU TTpayaTomoLlnOnkay Kat otig U0 opadeg Sokiuiwy.
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5.3 ANOTEAEONATA TG MELPOUATIKAG Stadilkaoiog

Ma tnv petaAloypadikr) amotipnon TG LAPTEVOLTIKAG emidaveLlag Twv XaAuBwv D16,
Tipaypatonolnonke n akoAoudn dadikaoia:

Tepaxopog Twv papdwv oe 12 tuxaieg B£oelg kat PETPNON TG EMLPAVELAG TOUG WOTE
va AndBel n avtmpoowneuTiky Héon TN (emudavetag). (Zxnua 5.3). Mpog touto, os
OAa Ta TEpA)O XGAUPa xpnolpomolBnke eW6kO yuaAdyapto, Hia  aKOpn
SloPBadulopévn oslpd and ocpupldoxopTa Kal TNV CUVEXELD, eUPantion og StGAuua
NITAL 2%. Ta £tolpa mAéov Selypata, TonoBetnBnkav og £va cUUPBATLKO scanner Kal e
Vv BonBela AoyLlopLKoU avaAUoNG ELKOVAG, LETPABNKE N emLdaveLakr) {wvn LOpTEVOLTN
KaBe plag dtatopng onweg daivetal oto Nivakag 5.2. Mépav autwy, n afloAdynon tng

BAABNC SLaBpwaonc mpaypatomnolndnke pe tnv BorBeta SEM kat EDX avdluaonc.

IXAKA 5.3 METPHOELS EMIPAVELAC UAPTEVOLTIKNG {WVNG, EMAAANAWY EYKAPOLWV
Statouwv Sipaacikou yaAuBa.

Nivakag 5.2 Metpnon emiuépoud Slatouwv Selyudtwy avapopdc twv @16 Tempcore

XoAUBwv. [ref 5.45].

OAwn Erudavela Mécoo mAdTog
emupavela Sdlatopng Twvng
Katnyopia  Statopng paptevoitn . - - paptevoitn
X('I)\UB(I (mmz)’ Atol (mmZ)’ Amart (%) (mm)
B450¢ 207,01 78,25 37,80 1.72
B500g 203,08 71,26 35,09 1.56
B400¢ 196,22% 54,03 27,53 1.18

*H oAwkn emipdvela Slatoprc eivat xapnAotepn tou opiou 201 mm? cUppwva
pe tov EN10080 (CEN 2005c) yia d16.
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Ytov Nivakag 5.3 mapouaolalovial YEWHETPIKA XOPAKTNPLOTIKA BeAovioUwy o Sokipa
B400c, €metta ano Sladopoug xpovoug EKBEaNC. ATO TIC EYKAPOLEC SLATOUEG UETPNONG

paptevaoitn kot Behovicpwy, mpoékuPav ta akoAouba yevikd cupnepacpata [ref 5.45].

¢ AUO 1] TEPLOCOTEPOL YELTOVIKOL BEAOVIOUOL, CUVEVWVOVTAL O€ Evav LEYAAUTEPO eviaio.
e Epdavion évrovng tomikng PAABNG opelAOEVNG OE E0TLOOUEVOUG SLAPBPWONG

(r.x otig B€oelg mapéng couldidiwy).

e Evtomopog PBeloviopwv otn Pacn Twv veupwoewv (ribs), mou onuatodotouv
avarmopeuKTA POLVOUEVA CUYKEVTPWONCS UPNAWY HNXAVIKWY TACEWV OTNV SLAPKELD
évtovwyv doptioewv.

e OL Behoviopol mapouciacav molkiAn yewuetpia kat Tumo (pnxol, Pabelg, andtopol,

UTO KALOT, QKON KOL ECWTEPLKA KOTA TO HAKOG OVOTTTUGOOEVOL).

Nivakag 5.3 MewueTpIka YopakTnpLoTika Bedoviouwv oe dokiuta B400c, Emeita amo

Stapopouc xpovoug ekdeaonc. [ref 5.45].

Mukvotnta

AnwAela Huépeg  Emddveia  Aptbudg 3 Méoo BaBog Méytoto B&Bog Méon ermuddvela Méyiotn
z 3 . Behoviopwv p )
Agiypa uazac (%) €kBeong (cm?)  Behoviopwv (vacm?)  Beloviopdv (mm) Behoviopdv (mm) (mm?) emupavela (mm?)
16.1 5.30 40 158.41 333 2.10 257 385 1.18 2.34
16.2 525 40 165.61 323 1.95 249 315 1.51 2.26
16.3 7.85 75 155.44 717 4.61 312 396 0.81 1.46
16.4 7.70 15 166.10 651 3.92 318 454 0.76 1.89
16.5 10.88 110 157.97 916 5.80 315 543 1.39 3.14
16.6 11.27 110 171.02 1149 6.72 288 465 1.25 2.61
16.7 14.26 145 165.50 1185 7.16 365 537 1.75 3.78
16.8 15.15 145 158.11 1105 6.99 372 551 2.21 3.50

o TV KATavonon Tou pnXaviopoU avamtuéng tTwv Beloviopwy (pits) oe oxéon Ue to
TIOCOOTO ANMWAELAC MATaG, LETPAONKAV TO YEWUETPLKA XOUPAKTNPLOTIKA KOl N TIUKVOTNTA
TOUC. AOYW TWV TOLKIAWY YEWUETPIKWVY HETABOAWY, TNG UEYAANG TUTIKNG OMOKALONG
TOUC KaBWE Kol ToU HeyaAou aplBpol BeAOVIOUWY, OL LETPAOELS TIPOYLOTOTIORONKAY
O€ OUYKEKPLUEVO UNKOC SoKLpiwy 32cm Kat yia Badn Beloviopwy avw Twyv 200pum. Av
Kol Ta ¢GaLVOUEVO TNG OVATITUENG BEAOVIOUWY KAl OL TUXOV CUVEVWOELG TOUG OTN
Slapkela TG SLABpwWONG OmalToUV Hla EUPUTEPN KoL AEMTOUEPECTEPN UEAETN Kal
OUOXETLON HE TIG LNXOVIKEC LOLOTNTEG TOU XAAUPA, WOTOOO OXETIKA LIE TOV LNXOVIOUO

™¢ avamtuéng toug, pumopolv va StatunwBouv ta akoAouBa. Amo tov Mivaka 5.3
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TIPOKUTITEL OTL TO HECO BAB0¢ BeAoviouwy, TOPAUEVEL OPLOKA OTABEPO yla amwAELd
pafog amno 7.70% €wg 11.27%. AvtiBeta, o Seiypota pe anwAsia palag and 14.26%

£€w¢ 15.15% 1o mAnBo¢ Twv Beloviopuwyv otabepomnoleital.

Nivakag 5.4 Mnyavikég 1610TNTeC TwV mpodiaBpwuévwy Sokiuiwv (ava katnyopia).
[ref 5.45].

ABpwon AnwAew Ry Rm Agt u
Aokipo  (nuépeg) Malag (%) (MPa) (MPa) (%) Rwm/R, (MPa)
B400c
Aokipo 4 45 593 435 518 6.3 1.19 28.17
Aokipo 5 5.54 431 5198 5.7 1.21 25.12
Aokiplo 6 481 429 520 6.3 1.21 28.13
Méon g — 543 431.67 519.27 6.1 1.20 27.14
Aokipo 7 90 8.55 400 496.75 5.2 1.24 22.15
Aokiplo 8 9.70 414 4935 4.1 1.19 17.73
Aokipo 9 9.64 408 487.5 4.7 1.19 20.08
Méon tpuy  — 930 407.33 492.58 47 121 1999
B450c
Aokipwo 4 45 6.01 528 614 4.6 1.16 24.58
Aokipo 5 6.16 534 613 4.1 115 22.16
Aokipo 6 6.08 533 617 4.3 1.15 22.8
Méon Ty — 6.08 531.67 614.67 4.3 1.16 23.18
Aokipo 7 90 11.19 511.8 565.8 24 1.10 11.66
Aokiplo 8 11.32 509 581 2.7 1.14 13.19
Aokipo 9 10.13 496 375 3.0 1.15 14.93
Méon iy — 10.88 505.6 573.93 2.7 1.14 13.26
B5008
Aokipo 4 45 4.68 529 619.5 54 1:17 29.03
Aokiplo 5 541 5153 608 4.9 1.18 23.85
Aokipo 6 6.15 514 595 4.3 1.16 21.77
Méon iy — 541 51943 607.5 49 1.17 24.88
Aokipo 7 90 11.31 488 562 2.7 1.15 12.92
Aokipio 8 9.85 4923 572 34 1.16 17
Aokipo 9 11.17  490.6 570 3.0 1.12 14.75
Méon tiun — 10.78  490.3 568 3.0 115 14.89

ATO TIG UNXAVLKEC SOKIUEC eEPeAKUGHOU TwV pAaBdwy xaAuBa (oe xpovoug €kBeang 45
Kat 90 nuUeEpWV Kat pn Stafpwpévwy), Nivakag 5.4, TPoEKUYPE OTL ONUOAVTLKEC UNXOVIKEG
L6LOTNTEG TOU UALKOU OTASLOKA KOl OXETIKA cUvTopa TiBevtal katw amo ta sAdylota

opla tou EC2. [ref 5.45].

MeTtafl TwVv WBLOTATWY aVTOXNG KAl OAKILOTNTOC N CNUAVIIKOTEPN amwAELa eviomiletal
OTLG LOLOTNTEG OAKLUOTNTOG, AVTIOETA HE TIG LOLOTNTEG OVTOXI G OL OTIOLEG GUYKPATOUVTAL

ev MoAloig dvw twv gloylotwyv oplwv. Ita IxApata 5.4 (a) kai (b), deixvetal n
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Spopatikn Helwon Twv OLOTATWY OAKLMOTNTAG TOUC. ZUYKEKPLUEVO TIOPOUCLATETAL N
TITWON Tou opiou opolopopdng mapauopdwaon KAtw tou 7.50% ylo toug XGAUBEG

katnyopiag C kol KATw Tou 5% yla Toug XAAuBeg Katnyoplog Bylwa amwAela palag

nepinou 5%.

Agt (%)

0 45 90 0 ' 45 ' 90
(a) Xpovog ékBeong (b) Xpoévog ékBeong

(nuépeg) (nuépeg)

IXAMa 5.4 H emtibpaon tou xpovou ékBeonc otic t8L10TNTeG oAkiuotntac dtaBpwaonc (a)
070 0pLo mapaudppwonc Ag: kat (b) otnv nukvotnta evépyetac (energy density U). [ref
5.45].

210 IXNpa 5.5 mapatibevral ot meploxég Twv BEoewv Bpavong pe epdavn Tov OAKLUO
Xapaktipa ootoxiag ota dokipla avadopdc avtiBeta pe ta ehadpd dopfpwutva (45

NUEPEG £kBeang oe SLABpwaon) Omou SlamoTwONKaAV UKTA XOpOKTNELOTIKA Bpavong.

AwaBpwon AwaBpwon
45 nuepwv

Mn SoBpwpévo Mn SwoBpwpévo

45 nuepwv

B400  B450.
AwaBpwon

45 nuepwv

B500;

IXAMA 5.5 Artoyn tne enpavelag paong mpLv Kal UETA oo EkIean 45 NUEPWV TwV

dokiuiwv oe StaBpwon. [ref 5.45].
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5.4 AnoteAéopata tng avalvong SEM kat EDX otig Tpeig Katnyopieg
XaAvuBa

H napdBeon Twv amoteAeopdtwy Kal n avtiotowyn availuon SEM-EDX yia tov xaAuBa
D16, eival aVIUTPOCWIEVTIKA KABWE Ta EUPHHATA Elval TIEPITTOU OUOLA KOL VLA TOUG
TPELC TUTIOUG XAAuBa. Ito IxAMa 5.6 amewovilovtol SEM kal EDX avaAUoELG o pun
StaBpwpéva dokipa avadopdag B450c, Siywg va €xel mponynBel tavuon. ITig
eEWTEPLKEG TIEPLOXEC TNG emidavelag(APeLg petafl 20um kat 500um), Stakplvetal pio
vPnAnR TukvoTNTA TMPOCHEEWY Kal mopwv. Me tn xprion tou EDX, evtomictnkav

npoopielg SiOx kat MnS, FeS [SiOx=0koUpo Xpwua, MnS=xpwpo ykpl-mepiBAaon

nAektpoviwv omoBookeédaonc (EBSD)].

cps/eV

Mn

Fe Mn | Fe

IXAHa 5.6 lMeploxéc ue eykAeiopata kat SiOx oe un StaBpwuévo Supaoikd yaAvBa

ntAnoiov ¢ eéwteptknc entpavelag. [ref 5.45].
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MNepattépw SlepeuviOnKe N emidpaon TwWV EYKAELOMATWY AUTWY EMELTa amo 45 kat 90
nNUEpeg €kBeong oe Seiypata xaAluBa B450c¢ emiong Sixwg mponyolpevn Tavuaorn. ITo
IxAna 5.7, mapoucialovtal Sokipla mou ektéBnkav 45 NUEPEC Kat oL TUToL BAGBnG mou
kataypadnkav: (a) crevice type corrosion (n StaBpwon ekdnAwvetat evdoemidpavelaka,
pe pnén, oto UAwko) (b) a mixture pitting (mMANBocg emipavelokwy Peloviouwv
Sl1aBpwong, onuelakd os Slaomapta SlaKekpLUEva onpeia, eyyUtata To £va Tou GAAoU)
(c), (f), ne evboemidavelakeg meploxeg evepyol SLaBpwong kabwg ekel SlayxuBnkav
wovta xAwpiou (Cl-) ta omola exktddnkav Kol o€ MePLOXEG couAdLdiwy. Ito IXAna 5.7,

Slakpilvovtal meploxeg PAABNG, €€WTEPIKA KOl EO0WTEPIKA HE TA YOPAKTNPLOTIKA

yvwpiopata tou BaBouc kal tn B€on Toug. [ref 5.45].

(b)

IxAua 5.7 Qawopeva PAABng encita and 45 nuépeg SiwaBpwon. (a), (b), (c), (f)
ekbdbnlovuevn eéwtepika 1 Ue evdoempaveiakn pnén, dnAadn diaxvon twv 1OVTwV
XAwpiou (Cl-) katw amd tnv enupavelaky otpwon, (MEPLOYES EVWTEWY aoUA@LSiwv). [ref

5.45].
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Y10 IXAMA 5.8 mapouatdletal n avaluon SEM, piog Stapnkoug toung dokipuiou xaAupa

(6lxwg Tavuon) (B450C) mou ektéOnke 90 nuépeg otn StaBpwon.

IXAKa 5.8 Atoyn tou UALkoU LE eykAsiouata ooud@ildiwy Eneita armo 90 nUEPEC
StaBpwon. [ref 5.45].

,
o | Fe | ()
80 1~ = 51 1 i e \ ﬁ A/\A\ \ A d
Al N | \ IV \ B AT 7 INT
\ L% N\ > Al 7 N / FI A AY / v
W \y" \ A / AN Femdesy!

IxAna 5.9 (a) Mepikn amokoAAnon tng {wvns uaptevaoitn. Tooo to oxnua tne {wvng, 600
Kat ot mpoeéoxec Tou UALkoU otn §€an autr) odnyouv os Stakuuavon tng oAKIUOTNTOG
ToUu UAikou, (b) dtakvuuavon tne oAKLUOTNTAG TOU UALKOU OTO OpLo TNG armokOAAnang ue
SOLOKPLTEG TIC TEPLOXEC TNC YaBupnc katl TNG oAkiunc aotoyiac (c) kat (d) n avaAuon EDX
belyvel Tnv napouaoia evwoswv MnS oto oplo tn¢ anokoAAnaong. [ref 5.45].
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1o IxAua 5.9 (c kot d) 660nke Eudaon TOTKA, OTNV TEPLOXN TNG AMOKOAANCNG TNG
HaPTEVOLTIKNG {wvng Twv SUo TEepLOXWV HE evwoel couAdldiwv MnS kat FeS. H
efwtepikn meploxn epdavilel Bpavon Pabupr KAl N €0WTEPLKN XAPAKTNPLOTKA

OAKLUNG aotoyloc. [ref 5.45].

5.5 AnoteAéopata MeTpriGEWV 0TO OKUPOSEQ, SOKLULWV OTIALOHEVOU
OKUPOSENATOG

Emetta amd €kBeon Twv SOKIUwV omAlopévou okupodépatog yia 90 nuépeg otnv
oAaTovEPWON, AMOTUTIWONKAV Ol EMIUNAKELS ETLPAVELAKEG PWYHEG, SnAadn n B€on
TOUG, TO EUPOG TOUG KALL TO PNKOC ToUC. ELSIkOTEPQ, KATA KOG TwV SokLuiwy, oplotnkay
TLEVTE SLOKEKPLUEVEC TIEPLOXEC TWV 10cm umtd otokeia l, I, 11, IV koL V. Ta anoteAéopata

NG LETPNONG AMOTUTIWVOVTOL TTANPWE otov Mivaka 5.5.1.

Nivakag 5.5.1 EMIQaVEIAKEC PWYUEC KOTA WUNKOG TwV OOKIWWiwYV OnmAICUEVOU

okUpoSEuatoc Ertetta amno 90 uépeg otn StaBpwoan.

Anéotaon 0-10 10-20 20-30 30-40 40-50 | Meon T
adpdos | em) | (em) | (em) (cm) cm) | TS
SR I 1l I v \% (mm)
RaBixdc I'I)\dto’q I'l)\dto’q I'I)\dtclwc I'I)\dtgq I'I)\dro’q I'I)\dtc?q
Bl pwypAc | pwypAg pwyHAg pwyAg pwypic | pwyprg

(mm) (mm) (mm) (mm) (mm) (mm)
le 0.25 0.10 0.10 0.20 0.20 0.17
2e 0.30 0.40 0.45 0.35 0.40 038
3e 0.10 0.15 0.20 0.35 0.25 021
4e 0.15 0.15 0.20 0.10 0.15 0.15
5e 0.25 0.15 0.50 0.40 0.35 033
6e 0.25 035 0.30 0.40 0.35 033
Te 0.30 0.40 0.50 0.45 0.15 0.36
8e 0.25 0.40 0.55 0.35 0.20 0.35

YUudwva pe to deUtepo Voo tou Fick, anouoia emipavelokng pwypng oto okupodeua,
0 pubpog Slaxuoncg Twv YAwPLOVTWY OTO OKUPOSEUQ, €EapTATOL OO TNV Katnyopla
OKUPOSENATOC, TOV TUTIO TOU TOLUEVTOU, TNV avaloyia vepoU - TOLUEVTOU Kol TOV TPOTIO

OUVTAPNONG TOU UETA TN OKUPOSETNON. AladOpPETIKOG GUVSUACHOG TWV TTAPAUETPWY
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autwy, dtapopdwvel SladopeTikeG ouVONKeS Kat SladopeTikoug pUBOUG ELCOS0U TwY

XAwpPLOVTWY 0TO OKUPOSEUQ.

H avamtuén emdpavelakwyv pnypatwoswyv oto okupodeua (Aoyw SlaBpwong tou
XaAuBa), emtpenel TNV eUKOAN €lcodo TwV efwTtepkwv emBeTKWVY Ttapayoviwy (Cl-,
vepoU, 0EuyovoU)KaL WG €K TOUTOU, N LOXUG TOU VOUOU TG dlaxuong eivat ateAng. Me
Baon TG avaAUTIKEG Ox£aelg tTnG epyaoiag [ref 5.25], elodyetol £vog TPOMOMOLNUEVOC
EUTELPLKOG OUVTEAEDTNG SLAXUONG OTO OKUPOSEUD WG CUVAPTNGON TOU TAATOUG TNG KABE
EMLPAVELAKN G PWYHAG. H KaTnyopila ToU OKUPOSEUATOG KA N TIEPLEKTLKOTNTA TOLUEVTOU
Tou  eTUAEXONKav otnv UEAETN,

obnynoe oe ouvteleotn Ouaxuong (tou pn

PNYHOTWHEVOU) TiEPiTou Dn=2.07 (m?/s)*10712,

O ouvteleoTtng Slaxuong YAwpLovTwy oto okupodepa [D(w)] mapouoia emipavelakwy
PWYHWV UTtOAOYIETOL QIO TNV aKOAoU BN pobnuatiky oxeon:

D(w)=f(w) * D(m),

omou: D(w): ZuvteAeotr¢ Slaxuong e TN mapouacia pwyunc.

f(w): Zuvteleotrg eUpoug pwyHAc, f(w)=(31.61*wW?+4.73*w+1).

w: eUPOG PWYUAG = 0.1mm.

Nivakag 5.5.2 AtakUuovon tou cUVTEAEDTH SLaYUONG OTO PHYUATWUEVO OKUPOSEUA.

, , 0-10 10-20 20-30 30-40 40-50
winooros soaior | €™ | Cm | em e | (em)
i i 6 IV %

Kwdikog D(w) D(w) D(w) D(w) D(w)

okupuiou (m7s ) (m7s ) (m7s) (m7s ) (m7s )
le 861E-12 | 3.70E-12 | 3.70E-12 | 6.65E-12 | 6.65E-12
2e 10.90E-12 | 16 46E-12 | 19.73E-12 | 1351E-12 | 16.46E-12
3e 3.70E-12 5.01E-12 6.65E-12 13 51E-12 8.61E-12
4e 5.01E-12 5.01E-12 6.65E-12 3.70E-12 5.01E-12
Be 861E-12 | B5.01E-12 | 23.32E-12 | 16.46E-12 | 1351E-12
be 8.61E-12 | 1351E-12 | 10.90E-12 | 16.46E-12 | 13.51E-12
7e 10.90E-12 | 16 46E-12 | 23.32E-12 | 19.73E-12 5.01E-12
8e 8.61E-12 | 16.46E-12 | 27.25E-12 | 1351E-12 | 6.65E-12

O Mivakag 5.5.2 Mapouatalel tnv dlakupaveon tou cuvteheotr Sldxuong os kaBe Bon

TWV KUAWVSpLKWV SoKLiwv omAlopévou okupodépatog, dnuoupyndnke &g pe Baon tig

OVWTEPW EELOWOELG KOL TIC TLUEC Tou Mivaka 5.5.1.
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Ta amoteAéopata TNEG LETPNONG TWV XAWPLOVTWY ot KUALVOPLKA SOKIHLOL OTTALOUEVOU
oKUpOSENaTOG, £6woav o SPAMATIKY) UTIEpBOCN TOU HEYLOTOU cupPatikol opiou
YAwptdvtwv (1,20 kg/m3) oclpdwva pe to mpoturto EN 206. O Nivakag 5.5.2
TOPOUGCLALEL pia peyAdAn TOLKIALX TLHWY TOU cuvteAeotn Slaxuong yla pnyUotwHEvVa
Oelypota. OplOPEVEG TIMEC €K TwV omolwv, umoloyiotnkav €wcg Kat 14 ¢opeg
UEYOAUTEPEG TOU KN PNYMATWUEVOU. JUVETMWG, TAPOUCIO PWYMWV, QVOUEVOVTAL

TayUTepOL puBuol dLdxuong YAwPLOVTWV.

5.6 Hut-Auvauiko (Half-cell potential)

Yta Sokipta ta omola StaBpwbnkav yia 90 nuépeg, pe 8 kUKAoug wet/dry nuepnoiwg
Kat pH petall twv Tuwv petafd 6,5 kot 7.2, oe Beppokpacio 35°C (+1.1-1.7)°C,
npaypatonolnonkav petpnoelg nuiduvapkou (half-cell potential). Zta Zxquota 5.6.1,
5.6.2, 5.6.3, QMTOTUTIWVETOL N CUOXETLON METOEY TWV TIHWV UETPNONG NUL-GuvapLKoU
(half-cell potential) kat Tou €VPOUC TWV PWYHWY KATA TIEPLOXN ETIELTA ATIO TNV €KBEON
otn SLaBpwon Twv SOKIUIWY OTMALOUEVOU OKUPOSEUATOC (Ylat péEon amwAela palag

4.06%) KaBwG Kal N KOTA UAKOG KOTAVOL TOU EUPOUG TWV PWYHWV TOU OKUPOSEUATOG.

- 550

- 500
< == Sokiplo le
g == SokipLo 2e
D -450
g = SOKIpLO 3e
o 4 y
3 = SOKIULO 4€
>
5> -400 ; ,
© wi SOKiLO 5e
% w= BOKIlLO 6e
(Y
i:‘,‘_ - 350 Sokiplo 7e
= Sokiuio 8e

- 300

I Il [ v V
- 250
0 10 20 30 40 50 (cm)

Mnkog Aokiuiou (cm)

IXAUO 5.6.1 METPAOEIC TIUWV TOU NUI-OUVOULKOU KATA UNKOG TWV KUALVOPLKWVY

SoKIUiwV orALoUEVOU OKUPOSELATOC Enelta arto 90 nuépec StaBpwon
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0,6

MAdTtog pwypng (mm)
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IxAua 5.6.2 Katavour tou eUpoUC TwVY pWYUWY KOTA UNKOG TWV KUALVOPLKWY SokKiuiwv

onAtouévou okupodeuatoc Ertetta amo 90 uepec StaBpworn.
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IXAMQ 5.6.3 JuoyEtTion UETaéU TNC KATAVOUNG TwV TIUWV TOU NUL-SUVAULKOU Tou
StaBpwuévou xaAvBa yia uéon anwicia ualac 4,06% kot Tou €UPOUC PWYUNG OTO

okupObeua eEnetta ano 90 nuépeg dtaBpwon.
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5.7 AnoteAéopata Metprioewv otov XaAuBa

5.7.1 AntwAela pafog

To MPOYPAUUO €PYOOTNPLOKWY SOKIUWVY TNG TeEXVNTNG SaBpwoaong, mepleAapfave 6
SoKIPEC yla dladopeTikolg xpovoug £kBeong (10, 20, 30, 45, 60 kat 90 nuépeg).
JuvoAikd, xpnolpomnotwiBnkav 60 Sokipta (30 yupuva kat 30 eykiBwTiopéva). MeTd Tig
SOKLUEG aUTEG, Ta Seilypata kabapiotnkav cupudwva pe tnv podiaypacn ASTMG1 kalt
ouvtnpnonkav otnv Pu&n, Hakpld amo vypacia. Ta dokipo {uyloTnKav K VEOU Kal N
pada Toug ouykpiBnke pe Tnv avtiotoyn apxtkn pala. O Nivakag 5.7.1 mapouolalel Tig

UECEC TWMEC TNG amwAeLlag pnalog Twv SoKIHiwY (KaTd opddeg Le Tov Xpovo £kBeanc).

Nivakag 5.7.1 H uéon tiun tn¢ anwletag Ualoc Twv YUUVWY KAl TwV EYKIBWTIOUEVWY

Sokiuiwv (katd ouddeg) e Tov xpovo EkBeong Toug.

Xpdvog 'Ambhem . |AnwAsia padag
ékBeong | Halag YURVOV leyiBwrtiopévwv
(nuépeg) Soxwpiwv (%) | sokpiwv (%)

10 0.50% 0.20%
20 1.80% 0.80%
30 2.60% 1.65%
45 5.50% 2.18%
60 8.20% 2.80%
90 11.80% 4.06%

5.7.2 E¢€taon BeAoviopwv

Mo tnv e€€taon twv Behoviopwy, akohouBndnkav Siadopa Brpata mou siyov oxéon
OKPLBWE HE TIC Tapatnpnocls Twv SlaBpwuévwy dokiwy: Etol ota IxAuata 5.7.2.1
Kol 5.7.2.2 napouaotalovral Eva armAo "yupuvo" Kot £va eyKIPWTIOUEVO SOKIULO HETA TOV
kaBaplopd (SnAadn tnv adaipeon twv mpoloviwy tng dLABpwong Kol UTOAsippaTa
okupodépatoc). Evdewktikn elval n mapoucia meploxwv (Mpacwvog KUKAOC) Sixwg
SlaBpwaon Kol UE TEPLOXEC WE evromuopévn cofapr BAABn StaPfpwong (Ue KOKKLVO
KUKAO). 210 ZXAua 5.7.2.1 mopouotaletal pia tumikni anon Stafpwpévou "yuuvou"
Sokipiou. Metafy twv dUo opadwv xaluPa, ta eykiPwTtiopéva dokipla mapouciaoav

EVTOVOTEPOUG BeAoviopolg, IXAna 5.7.2.3.
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IXAMQ 5.7.2.2 "EykiBwrtiouévo” Sokiuto B500c @10 ue anwAeia palog 4.06%. MNpdoivog
KUKAOC: adlaBpwtn mepLoyn Kot KOKKIVOG KUKAOG: Meploxéc ue tomika SiaBpwrtikd

patvoueva Bedoviouwv.

IXAMA 5.7.2.3 BeAoviouog os eykiBwtiauévo Sokipto.

To mpwto otddio tng dtadikaoiag avantuéng BeAoviopwy oto xaAuBa oxetiletal Ue TNV
Kataotpodn TNG MPOCTATEVUTIKNG MAONTIKAC oTpwong ofeldiwy, TIG TOTIKEG CUVONKEC,
v umapén AAAWV ELEIKWY TTOPAYOVTWY OTIWCE TO TTAXOG TWV 0eldiwv KaBwg emiong Kat
NV XNk otaBepotnta tng Stemiddvelag oeldiou kat SLOAUUATOG.

Ot punxaviopol mou AapuBavouv xwpo oTo MPWTOo oTtadlo avamtuéng BEAOVIOUWY, EXOUV
avantuxOei otnv epyaocia [ref 5.26]. Ot B€oelg oU emeAéynoay yla TV apakolouBnon

™G avamntuéng Beloviocpwy, apxka €6etav Hikpd Badn £wg kat 25-30um. Mapd OpwWG
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T SuoYEPELEG MapaKkoAoUBNONG TNG avamtuéng BEAOVIOUWY OTO apXLKO Toug oTadlo,
T oupmepdacpotTa odnynoav otnv amoyn OtL Kotd tnVv £€EAEN Twv PeAoVICUWY,
Aaupavouv ywpa, yevikwg, Sladopa fexwplotd oevapla ota "yupva' Kol Ta
"eykIBwTiopéva" Sokipla xaluPa, onwg elval: Avamrtuén BeAoVIOHWVY HECW TNC
av&nong tng emdpAVELAC TOUG ) TOU LEYLOTOU BABOUG TOUG | aKOWN GUVOUACUOC LUTWY
Twv 800 peyebwv IXAMA 5.7.2.4 Mépav auTWV OUWE (OMWE KAl TNV TPWTN Katnyopia
"yupvwv" xaAUBwvV Tou g€eTdotnkay), £ToL Kal edw, mapatnpnbnke cuvdeon peTafy
VELTOVIKWV Beloviocpwy og évav eviaio kot euputepo. H e€EALEN S NG yewHETplag Twy
BeAoviopwY CUVOEETAL OTEVA HE TIG TOTILKEG OUVONKEG, TOo €160¢ TwV o&eldiwv mou
TIAPAYOVTAL TOTUKA, TNV UTtapEn TUXOV coUAPLSIwY Kat GAAO. Ta CUUTIEPACUATA AUTA,
Bpiokovtal og cupdwvia pe avtiotolyeg epyaocieg [ref 5.26, 5.27, 5.28]. ATO UNXAVLKAC
amoyPng, to evdladépov tnNe e€ETAONG KOl TNG UEAETNG TwWV BEAOVIOUWY, CUVEEETaL
otaBepd pe ALVOUEVA CUYKEVIPWONG MNXOVIKWV TAOEWV OTI( B€0el( QUTEC Kol

ETIOUEVWG E TNV UNXOVIKA CUUITEPLPOPA TOU UALKOU.

-

Emudpavela "':j i Ermupavela
paBdou . papsdou .
. BeAoviopog . Beloviopog
XOAuBa XaAuBa .

MpoodeuTikn
BAGBN

(a) (b) “(©

IXANA 5.7.2.4 Synuatikn anotunwon Baoikwv unxaviouwv avantvénge Beloviouwv. a)
Avénon tou Badouc kat TG emipavelag tou Beloviouou, b) Avénon kupiwc tNg
enupaveiac tou Bedoviouou, ¢) Avénon kupiwc tou Badoug BeAoviouou.

Amo pakpookorikn amoyn, o tumog tng StaBpwong ota "yupvad" Sokipla avadopdg,

xapaktnpiletal w¢ opowopopdo¢ oe avtibBeon pe Tov TUMO SldBpwong ota

eyKLBwtiopéva Ta omoia Stakpivovtal anod tomika évtova pavopeva BAABNG.

Ma Stadopoug xpovoug €kBeang Twv SokLpiwy (eykIBwTlopévwy Kat yupvwy), 20, 30,
45, 60 kot 90 nuEpeg otn SLaBpwon, HetpnOnkav ta péylota Babn oe 5 tuxaia Selypata
KaBe opadag. Ma tov EAeyXo KoL TNV PEAETN EVOG eKAOTOU, KABE Selypa omALoUEVOU
OKUPOSENATOC oploTnke amod mévie Slakpltég meploxEg (I, I, 11, 1V, V) unkoug 10 cm.
Onwg mpoékuPe, IXAMA 5.7.2.5, HOALG, MO TIG TIPWTIEG TTOCOOTLALEG KaTaypadEC

anwAelag palag, to Pabog Twv BeAoviCpwY TwV eYKIBWTIOUEVWY SoKIMiwy elval
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onNUavtikd uPnAotepo €vavil Twv "yupvwy". 3to IXAna 5.7.2.5., ansikovilovral ta
péylota BAOn BeAoviopwy ota eYKIBWTIOUEVA Yo TILEG LEYAAUTEPEG amo 100um Kal

yla Ta YUVA Sokipta yia TIES Avw Twv 40um.
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o ©°
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o

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
AnwAeta palag (%)
Ixnua 5.7.2.5 Jvuoyétion uéyiotou Badoug BeAovioUwWVY Kol TOCOOTIHIOAG OMWAELOG

ualoc oe "eykiBwtiouéva” kat "yuuva" dokiuta.

Y10 IXAMa 5.7.2.6 MopoUCLAOVTOL XOPAKTNPLOTIKEG ELKOVEG BEAOVIOUWY EMELTA ATIO
NV avaAluon toug péow emefepyaociog Image-). Eival mpodavég OTL 0 MO cuxva
eudavilopevog TUTOG Peloviopol ota "yupva" Sokipla €XEL  XAPAKTNPLOTKA
eMemTikoU oxNUatog. Xta eykiBwtiopéva delypata avtiBeta, kuplapyxouv Babeig —

alunpol Belovicuol PLKPOTEPNG EKTOONG KAl HLKPOTEPNG EAEVBEPNG TP AVELAG.

IXAMa 5.7.2.6 Tumikn amoyn Belovicuwv oe (a) "yuuva" kat (b) "eykiBwtiouéva"

bokiuta.
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5.7.3 MnXavikEG L8LotnTeg Tou XaAuvBa B500c

ZUpdpwva pe tov EC2 oL unxavikeg dLotnteg tng taong dtappon (Rp) Kat opoldpopdng
napapdpdwong (Ag) tou xdAuBa uPnAng avtoxng B500¢, ocuviotoUv €§QUPETIKA
ONUOVTIKEG TTAPAUETPOUG OXESLACUOU TWV KATOOKEUWV OO OMALOUEVO CKUPOSENA YL
OOUEG O€ OELOOYOVOUG TIEPLOXEC. UMWV S pe TIc TpodlaypadEég, o B500c emiBAAeL
auotnpa eAaylota opLa anodoxng yLa to oplo dappons (Rp), pe Tty 500 MPa, yia tnv
noapapdpodwon otn péyotn avroxn (Ag) lon mpog 7,50% kat n tun tou Adyou Rm/Rp
Hetafl Twv twy, 1.15 (<Rm/Rp<) ka 1.35.

OL HETPNOELG TNG KNXAVLIKAC anodoong Twv Un StaBpwuévwy Sokipiwyv B500¢ £€6&L€av
T Tou opiou Slapponc, Rp = 529MPa Kal 6plo opolopopdnc napapopdwong Agt =
12,80%. >to MNivaka 5.7.3.1 mopouclAlovTol TA OTOTEAECHATA TWV HNXOVIKWY
WwoTitwv Twv 6Uo opddwv SoKlHiwy HE TNV aviiotolxn omwAsia palog Adyw
SLaBpwongc. Ztov i6to Nivaka 5.7.3.1 mopouctalovtol oL UNXAVIKEG LOLOTNTEG TWV oplwv
Taong Sloppong Kal opoopopdng mapapopdwong tou B500c yia ta "yupva" dokipla
£netto ano 60 nuépeg €kBeong Kot yla ta eyKIBwTLopéva £metta oo 20 nuépeg kat 90
NUEpec €kBeong. H avaAuon Twv amoTteAEOUATWY SEIXVEL OTL N TTWON TNG OAKLUOTNTOC
TWV eyKIBWTIOPEVWY SlaBpwpévwy Soklpiwy, avtiotolxel oe "yupva" Sokipla pe
SumAdoia anwAetla palag.

Nivakag 5.7.3.1 AtoteAc¢ouata Mnxavikwy IStotntwy "yuuvwv" kot "sykiBwtiougvwy”
SoKIUiWV yLa SLaopeTikoUc xpovoug EkGeanc atnv StaBpwon. (Ot aptduoi pe KOKKIVo

XPWUO QVTIOTOLYOUV O€ UNXOVIKEC EMIOOOELC KATW QITO TA KATWTATH Oplo Tou EC2).

Rp Agt |AnwAela Rp Agt |AnwAsia Rp Agt |AnwAsia
(MPa) | (%) | nélag (MPa) (%) padag (MPa) (%) | nédag
Aokipto (%) Aokipo (%) Aokipo (%)
1b | 503.5 | 7.80 | 7.35 11e 521 11.45 | 0.81% 21e 508 7.05 | 3.50
g g
8 2b | 500.6 | 8.10 | 8.95 2‘ 12e 515 11.05 | 0.76% % 22e 492 838 | 4.90
i3 <% S g
58 3b | 4844 [ 795 | 9.20 82 |13 517 920 [ 0.78% | 8 & 23e | 5155 | 7.60 | 3.65
<2 ' 43
Ts 85 8o
EXr) 4b | 4823 | 8.10 | 8.40 EgS 14e 512 11.70 | 0.96% Eo 24e 505 7.40 | 4.30
2 & &
5b | 4715 | 7.60 | 7.10 E 15e 531 10.40 | 0.68% ,E 25e 502 730 | 3.95
( |
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5.7.4 MetaAloypadikn kot Xnuikq AvaAvon (SEM, EDX)

Zta Selypatra yaAuBa B500c, P10, mpayuatomoluiOnke emiong MeTalloypadikn
avaiuon péow SEM kat EDX, mpuv kat PeTd amno dtadopa enineda tng dtafpwong. 2
6Uo un SwBpwuéva kat SlaPpwpéva Selypata xaAuBa, evtomioctnkav TEPLOXEC
EVWOEWV PE 0oUAPLSLa (MNS Kkal FeS) og ouvumapén pe aAAeg omég. Ol BE0ELg QUTEG
OUVLOTOUV TAPAYOVTEG UTIOBABULONG TNEG OUVOXNE TOU UALKOU. OL evWoEeLlG coUAPLSLwy,
ota un SlaBpwpéva dokiula, HeTpABNnKov He péylotn dldotacn mepimou 2 um, o€
avtiBeon pe ta eykiBwTtiopéva dokipta (60 nuépeg StaBpwon, anwAsta palag = 2.80%),
OTIoU To HEYEDOC Toug uTtepEPatve Ta 12um. OL SLACTIOPTEG AUTEG EVWOELG COUAPLSIwY
Kal aMa eykAelopata ) akabapoleg, evtomniotnkav og B£oelg peta€y 10um Kot 350 um
amo tnv e€wteptkn eridavela. Mpog tovto, §60nKe LSLaitepn MPOCOXH OTNV avixveuon
ooUADLSlwY €VTOC TOu paptevoltikol ¢Aolol Tou UAKoU. 3to IxApna 5.7.4.1
TLOPOUGLALETAL | CUCKEUN TOU NAEKTPOVIKOU HLKPOoKOTtiou (SEM-EDX) kot o Stotopn
SloPpwpévou eykiBwtiopévou Sokipiou, (émerta amd 60nuépeg €kBeong tou o€
niepBarov YAwPLOVTWV) OTIOU yLa TIG AVAYKES TNG eMefepyaciog Tou, otepeomnoliOnke
ue pntivn. Xto IxApa 5.7.4.2 amelkoviletal n xaptoypadnon evwoewv couldidiou

ENeLta anod epyoaotnplakn Siafpwon kot anwAela palag 2,80%.

Ao tic AfYelg, mAnoiov TG efwtepikng emipavelag avayvwplotnkav (péow EDX
avaAuong) otolxeia kot evwoelg Si, FeS kot MnS (Si e okoUpo xpwHa, To couAdidia pe
ovoLXTo yKkpL xpwpa oto EBSD). Ita IxAuata 5.7.4.2 (c, d kot e) paivetal n umopén MnS

(oTolxela pe KOKKLVO Kal Kitplvo) og anootacn 350 um armmo tnv e€wTtepikn emdavela.

Y10 IxXnua 5.7.4.3, mapouaialetal n Stemidavela XaAuBa-okupoSEUATOG N omola £XEL
KataAnd Ol mMANPpwWE amod ta npoiovta SLaBpwong Yeyovog ou SIKALOAOYEL TELOTIKA
NV anwAELD TOU 00U cuvadelag LeTafl okupodEpaTog Kal xaAuBa. Mapouactaletatl
gniong n anodopnon Tng suplTEPNC MEPLOXNG TNS pABdou xdAuBa Adyw tng taxeiag
VEWUETPIKNG alénong Twv oouADLSiwY, Yeyovog Tou emMIOEWVWVEL TV SOMIKN
OKEPOLOTNTA TOU HE OPOTO TOV KivOUVO OUVEVWONC TOUC HE AAAOUG €MLAVELAKOUG
Beloviopoug [ref 5.29], 6Aa 6 T patvopeva autd yio anwAela paag poAlg 2,80%. H
avadepBeioa xwplkn uMOBABULON TWV TIEPLOXWV TOU UALKOU e eVWOELG MnS kal FeS,
emPBePawwvetol kat SwoloAoyeital emiong amd tnv epyoocia [ref 5.30] omou

TIPOPBAAAETAL O LOXUPLOUOG OTL N evaoBnaia Twv coudPLdiwv og SLafpwtikd Stalvpota
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UE YAwpLovta, amodidetal o€ pia EMAEKTIKA TIPoopOdNoN (Twv YAWPLOVIWY) TOUG Ao
TIG EVWOELS 0oUADLSIWY OTa OpLA TOUG HE ToV Oldnpo, TTIOU €XEL WG ATIOTEAECUQ, TN

XNHLKA A Ko TNV NAEKTPOXN LKA SLlaAuon Toud.

Ixnua 5.7.4.1 Arton t0N¢ CUOKEUNC TOU NAEKTPOVIKOU ULIKPOOKOTTIOU Kall Uial EYKApoL

Statoun tou StaBpwuévou dokiuiouB500c.

IXAMUa 5.7.4.2 (a) YYnAn mukvoTnTa GUYKEVTPWONG 0OUAQLSIWY TANGCIioV TNG EEWTEPLKNG
emwpaveiac (350um) tou dtaBpwuévou xaAuBa (yia antwisia paloc uoig 2.80%).
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Se Fe [l s

IXAMa 5.7.4.2 (b), meployec couApibiwv.

S-KA
Map data 770
MAG: 1307 x HV: 300 kV WD: 8.2 mm

Ixnua 5.7.4.2 (c), (d), (e) avayvwpion ototyeiwv Fe, Mn kat S.
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Map data 768 9 um
MAG: 1626 x HV: 30.0 kV WD: 8.1 mm

—1.00 * Map
C
1 T T 1 I T T 1 I
10 keV 20 25

IXAUa 5.7.4.3 (a) H éxO9son 60 nuepwv oe StaBpwtiko meptBardov, evioyuoe tnv
EUPAVION QULVOUEVWY TTANTIOV TNG EEWTEPLKIC ETTLPAVELAC (EEWTEPLKT EITE ECWTEPIKA)

tou bokiuiou kat (b), (c) oéeibia Fe kat Si kat evwaoeig couA@idiwv (MnS, FeS).
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5.7.5 ZulAtnon TwWV OMOTEAECUATWY

Elval yvwotd otL n ouvumoapén ofuydvou Kal vepoU otnv KaBodo, pmopouv va
cuppaiouv otnv Stadoon tng StaPpwonc [ref 5.31, 5.32]. Qotdo0, MapPA TO YEYOVOG OTL
o€ TIOMEC PeEAETEG N peTadopd TwV YAwpLSiwv oto okupOSepa €xeL povielomnolnOei pe
TN xprion tou deltepou vopou tou Fick (vopog tne Staxuoncg)ouxva dev Aappavetal ur'
oyin n emppon TUXOV eMLPAVELOKWY PWYHWYV 0TO oKUPOdepa. Eival emiong yvwoto, otL
n évapén PBeloviopwv pmopel vo kataypadel kat Otav akopn ta mocootd O;
TIpaEVOUV o€ XapunAd nocootd [ref 5.33]. Y6 autn tnv évvola Pe TV mapodo tou
XpoOvou pmopel va mpokAnBel cofapr SlaBpwtikn Spdon XwPLlg MPOoelSOMOLNTIKA
onuadia dLaPpwaong OMweG ivol oL ASKESEC OKOUPLAG OTNV eEWTEPLKN ETILPAVELD TOU
okupodépatoc. Me Baon &g to yeyovog OTL HE TNV CUUBATLKA (TNV GUYKEKPLUEVN)
ouvBeon pilypato¢ UAlkwy, elvoal oxedov aduvatn n  mapaywyr] OTMALCUEVOU
OKUPOSENATOC SlXWGS PWYHEG, Yol TOV AOY0o auTo akplpwc o kwdwkag ACI 318, AapBavel

ooBapd urtoyn tnv UTtapérn Toug.

H guddvion emipavelakwy pwyHwy OTo OTOLXELO OTMALOUEVOU OKUPOSEUATOC AOYW
SlaBpwong €xel peletnBel amd moAAoUC epeuvnTEC KABWC Kol N avamodeuktn
avamntuén epeAKUOTIKWY TACEWV 0TO oKUpOSepa (AOyw Twv mpoidvtwy SlaBpwaonc). Me
ToV TPOTO aUTO ap)Xilel n otadlakrn aAlolwan tng endavelag okupodépatog, otav &g n
SLaBpwon mapatabel, To EUPOC TWV PNYUOTWOEWY OTO CKUPOSELO ETILOEWVWVETOL EWG
™e epdAvIiong TWV o8 NPOOTIALCHWY. ITNV MEPIMTWAON AUTH, N €l00860¢ TWV EMOETIKWY
napayoviwy (Cl-, ofuydvo kat vepoul) oto xaAuBa, yivetal eukoAOTEPN, XwpLig Toug
TIEPLOPLOHOUG KAl TNV TTOAUTIAOKOTNTA TWV VOHWV NG Staxuong. MeTd tTa avwTépw,
gival mpodaveg OtL N eMISLWKOUEVN TIABNTIKI TIPooTaciol Tou oldnNPoomMALoUOU EXEL
anwAeoBel oplotika Kot n StaBpwon tou xaAuPBo amotelel yeyovog mou odnyel os
taxela peiwon twv pnxavikwv olotntwy tou [ref 5.34, 5.35,5.36]. And tov Mivaka
5.5.1, ¢aivetatl OtL N UETABANTOTNTA TOU €UPOUG TWV PWYHWY CKUPOSEUATOG KATA
unKoc tou 6lou KuAvdplkol Sokipiou, amodidetol katd KUpLO AOyo Oto OTL O

OUVTEAEOTNAG dLaxuong amo B€on o Ban, SladEpel PEXPL 6 ) Kal 7 dopEg.

Yta StaBpwpéva dokipta, kataypddnkav SUo otadla pnyuatwong. To mpwto otadlo Je

TIC OPXLKEC PWYHEC TTIOU £V TIPOKELUEVW adopd Tepiodo Alywv nuepwv Kot To Sg0TEPO
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(xpovika) otadlo, mou agopad otnv otadlakn €EEALEN TWV PNYUATWOEWY HEXPL TO EUPOC
Twv 0,55mm. Ek Tou Adyou autoU kabiotatal aduvatn n kotaypadn piag aflomnotng
OUOXETIONG LETAEL Tou BaBpol SLaBpwaong Kol Tou EUPOUC TWV PWYHWV. OL LETPAOELG
Tapouctlalouv XOpOKTNPELOTIK SL00TIOPA N OTIola TILOTWVETAL OTN U Opolopopdn
SlaBpwon tng emidpavelog tou xaAvBa. Ta tomika ¢oawvopeva dafpwong, mapodtl
ennpedlouv oe peyalo Padbuo tnv ektacn tng PAABNnc SlaBpwong, wotodco auth
EWTEPIKA TTAPAUEVEL Un opatr), tapdAAnAa &g, epdaviletal vo €XEL UIKPO QVTIKTUTIO
OTO HEOO VP0G pWYKNC. MBavotepog Adyog al€nong Tou MAATOUG TNC eMLPAVELOKAG
pnypatwong eival n arnAenidpacn AAwWV Yetovikwy (lowg Kol ovTISLaUETPLKA

OVATMTUGOOUEVWYV) KOTA UNKOC pWYLWVY, AKOUN KOL ECWTEPLKA OTO GKUPOSEQL.

Ta ZxApata 5.6.1 IxAua 5.6.2, Ssixvouv OTL TO NUL-OUVALKO KAl TO EUPOC TWV PWYHWV
Bpilokovtal og cupdwvia yLor XOUNAEG TILEG LKPOU EUPOUG PWYHWV KOL NULSUVALKOU.
Y10 IXAMA 5.6.3, SelyveTal pLa ypaUUIK CUGKETION METAED TLLWV TOU NULSUVOULKOU
KOl TOU TIAATOUC €MIPAVELOKWY PWYHWVY HEXPL 0,5mm. Me Bdaon to amoteAéopata
UTA, PLKPA eTdAVELAKA EUPN PWYHNC HETOED TwV TLHWV 0,1-0,15mm, avtiotolyouv os
TIHEG NUbULVAPLKOU €wg -400mV omou oludwva pe to ASTM C876-91 [ref 5.37]
Kataypadetal evepyog SlaBpwtikn dpdcn. JUVENWE pia TpoBAeYn mou pmopel va
ekdppaotel adopd iow¢ oe pkpd gvpn pwyuns (0,1-0,2mm) Soulkwyv oToLKEiwY
OTTALOHEVOU OKUPOSEUATOC avahoyng Katnyopiag okupoSépatog oe mapabaldoolo
nieplBAANov. EMopévwg pa ektipnon mpoPAsPng os xounAd elpn pwyung Kpivetal
onUavtiki yla tnv wheAn dapkela {wnG oAAA Kal TV SOULKA AKEPALOTNTA TWV

SOULKWV OTOLYELWV OTIALOEVOU OKUPOSELATOC KATAOKEV WV.

5.7.5.1 AnwAela MaZag

YOopdpwva pe to Mivaka 5.7.1 éneta anod 90 nuépeg daBpwong, Ta "yupuva" Sokiula
kateypapav omwAele¢ 11,80% Evavtl 4,06% mocootiaiog anmwAsla Ualag Twv
EVKIBWTIOpEVWY SoKLHiwY. Elval BERalo waotooo Ot pio AAAN katnyopia uPnAotepng
molotnTag okupodepatog Oa mapouaoiale peyolUtepn avtiotoon os StaBpwon.

5.7.5.2 BeAoviopoi

H pétpnon twv Beloviouwy mpaypatonolonke ota "yupva" kot ota "eykiBwtiopéva

KOTA UNKOG OAWV TwV SoKIUiwY XAAUBa amo TIG MPWTEG UOALG NUEPEC EKBeoNg otnv
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SlaBpwon. Zta Ixauorta 5.7.2.4 kat 5.7.2.6 mapouactalovral diadopol feloviopol Kat
otoug Suo tumouc Sokipuiwv. MapatnprnBnke otL n StaBpwtikn Spacn dpxloe otnv Bacn
TWV VEUPWOEWV KOL €V OCUVEXELD ETEKTAONKE EMLPAVELAKA OTNV EVOLAUEDN TIEPLOXN.
Metd tov KaBaplopd twv Selypatwy, adol UETPHONKE OTEPEOOKOTIKA TO HEYLOTO

BaBoc tou mMuBuEva Twv BeAoviopwy.

OL B€0e1g Twv Beloviopwy HEAETAONKAV (XPNOLLOTIOLWVTAG EVAV HEYEOUVTIKO pako 35
XAlooTwv) oclpdwva PE TNV TEXVIKA TIOU akoAouBnBnke otn peAétn [ref 5. 19]. Ito
Ixnua 5.7.2.5 nopouocialovtol to Padn Twv BeAOVIOUWY TWV EYKIPWTIOUEVWY
Soklpiwv. Onweg daivetal, HOAG amd TG TPWTEG NUEPEC €kBeong, to PABog Twv
BEAOVIOUWY TIOPOUGCLALETOL ONUAVIIKA HEYOAUTEPO TWV aAVIIOTOXWV "yupuvwv"

SOoKLLWV.

ElS1kOTEPQ, OO TIC MPWTEG NUEPES £KBEGNC TWV EYKIBWTIOUEVWY SOKIUIWY UE amWAELQ
uafoc 0,80%, to péyloto Babog Twv Peloviopwyv avnlBe oe 640um. AvtiBeta, ota
"yupva" dokipla pe tputAdoila anwAsta palog 2,60% to péyloto Babog BeAoviouwv
aviABe og 135um kat yla anwAela palog 11,80%, 1o péyloto Babog Twv Beloviopwy

Sev Eemépaoe ta 335um.

To IxAua 5.7.2.6, poptupd tnv emBetikdétnTa tng SoPfpwtikic dpdong ota
eYKLIBwTIOpEVA SOKipLa, OTTOU 0 KUPLOG TUTIOC BEAOVIOUWY €XEL HoPPN HE OLXUNPA Kol
OmOTOU - KATAKOPUDA XOPAKTNPLOTIKA, 0 avtiBeon pe ta "yupva" dokiplo omou ot
Beloviopol mapouoialouv nrotepn popdr. H Hikpdtepn avtiotacn otn dtafpwaon Tou
"eyKIBwTIOHEVOU" 0TO okupOdepa XaAuBo oe oxéon He To "yupvo" xaAuPa oto
nieptBarlov tou BaAdpou alatovédwaonc, TOavoV attloAoyeital amo To ULKpo péEyebog
(tagnc um) tng avodou (mou eivat o xahuPag) omou katadTavel 0 NAEKTPOAUTNG LECW
Tou Slacuvdedpevou MOPWOOUC ToU OKUPOSENATOG. META TO MOPATAVW, N YEVLKA
amoyn mou pmnopel va ekdppactel eival OTL, ota eYKIBWTIOUEVA SOKILO OVOUEVETAL
VPNAGTEPN CUYKEVTPWAON MNXOVLKAG KATATIOVNONG Yl TIG (OLEG TIHEG anmwAsLlag palag
£vavtl Twv "yupvwv" dokipiwy. Evdeiktika tng PAGPNG dtaPpwong ot dUo opddeg
Soklpuiwy glval Ta avwTtépw Slaypappota. IXETIKA avadopd e TV paydaio Lnxavikn
uTtoBABLON TWV EYKIBWTIOUEVWY SOKLLWY avamtuooeTal Kal otnv epyaoia [ref 5.19]

kot [ref 5.38]. Xe kaBe mepintwon nmaviwg napouotalel eviladépov n eEEtaon NG

88

—
| —



€EEANLENC TWV BEAOVIOUWY HE TIELPALATA VLA LEYAAUTEPOUC XPOVOUG €kBeong oto 18Lo

nieptBailov.

5.7.5.3 MnXOaVIKEG LOLOTNTEG

ATO ToUuC TVOKEG AMOTEAECUATWY TIPOKUTITEL OTL yla pla anwAsia palog 8,20% twv
"yupvwv" Soklpiwv n mtwon tou opilou Slappong ntav 7,65% SnAadn woodlvapn
Tieplmou mooooTlaio MTwaon KE aUTH TG anwAgLag HAlag avtiBeTa PHe TNV GNUAVTIKA
TITWOoN Tou 0pilou opoldpopdng mapapdpdwong Ag ou nTav 38.20%. H katdaotaon
OpwG ota eykiPwtiopéva dokipta, dadopomondnke olaitepa KabBwWC ylo anmwAeLla
pafog poAtg 0,80%, n mTwaon TG TG Tou oplou dlappong Ntav unepduthdacta 1,85%
KQL N TUUA TOou oplou opolopopdng mapapopdwong Agmepinou 16%. Ztnv idla opdda
Soklpiwy yla anwAela palog 4,06%, n mTwaon Tou opilou dlappong Atav nepimou 4,6%
KOLL N TITWON TOU oplou TNC opolopopdnc mopapopdwong nTav mepimouv dekamAaoia

adouU autn avnAbe oe 41%.

Onwc SLamotwinKeE, oL TIHEC TWV HNXOVIKWY LLOTTWY OPLOUEVWY SOKLUIWY OTIWE: TO
Rp KaL to Agt Bp€Bnkav katw amod ta eAdylota anodektd opla tou EC; (min R,=500MPa
Kal min Ag=7,50%). Ano TNV avaAlucon Twv anmoTEAECUATWY, TIPOKUTITEL OTL N TTWOT TWV
OLOTNTWV OAKLUOTNTOC TWV EVKIBWTIOUEVWY SOKLULWY OVTIOTOLXEL OF TIUEG KYULVWV»
Soklpiwv pe SutAn anwAela paloc. H dwadopomoinon tou puBpol MTWoNg TWV
OLOTATWY OAKLUOTNTAG OPXLIKA HImopel vor amoboBel ota amoteAéopaTa TOU HEYLOTOU
BaBoug PBeAOVIOUWV OTIC OVTIOTOLXEG KOTNnyopleg (eykKIBwTlopévwy kat "yuuvwv'"),
SeUTEPEVOVTWG b€ OTNV KOTA UKOC Leiwan ¢ "Héong vontnc" SLapPETPOU ToU UALKOU.
Mapopola {ntrpata Helwong tng SLapéTpou Twv paBdwv tou xaAuBo Adyw StaBpwaonc,
gpeuvnBnkav nén kot and alloug epeuvntéc onwc: [ref 5.39, 5.10, 5.11]. Me Baon ta
nopioparta tng [ref5.40] €peuvag mpogkuPe OTL: To TTAATOC TNG EMLPAVELAS TNG PWYHAG
0,3 mm og xaunAng avtoxng okupodepa C16/20 ocuviotd €va KpLTAPLO TEAOUG TNG
Slapkelag {wng Twv SlaPpwpévwy otolyelwv OMALOUEVOU OKUPOSEUATOC aAAG Kal pia

evbladpEpouoa BeUATLKN yLO TEPALTEPW AVATITUEN KAl €pEUval.
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5.7.5.4 Napovuoia ZouAPpLdiwv

JUudwva pe TNV HeAETN [ref 5.41], Katd Tn SLAPKELD TNC TTAPOOKEUNG TOU avBpakoU)ou
XaAuBa omou AapBavouv xwpa dddopeg LETAAOUPYLKEG SLEPYACIES, TO HAYYAVLO
elodyetal (oe avaloyla Mn/S>4) pe otoxo tov kabBaplopd tou oldrpou amd TIG
averBupnteg moootnteC Tou Belou S. Elval yvwotd €€ aA\ou OTL OL EVWOELG TOU HE TOV
olénpo eival emippeneic MPo¢ oXNUOTIOUO EYKAELOUATWY 0OUAPLSiwv FeS-MnS mou

guBuvovtal yLa tpokAnon MoAAwWY Kot coBapwv PoBANUATWY.

H mapouoia evwoewv couAdLdiwv oto xaAuBa omAtopou (MnS katl FeS), mpocdidet oto
UALKO 8Laitepn evaloBnoia otn dLaBpwaon, Adyw &€ TN mapousiog Twy LOVIwY YAwpiou
napatnpouvtal dawvoueva Tomkng Stappwong, [ref 5.42, 5.43]. To IxAua 5.7.4.2,
mapouotalel TUKVOTNTA ateAewwv Kol "oakaBapowwv" mAnciov tng e€wtePLKAG
empavelag os anootacn 350um amnd tov pAoLd Twv pn StaBpwpévwy paBdwv xailuBa

TIoAAQ amo ta omnoia ival couAdidia Fes kat MnS.

To IxANa 5.7.2.5 Seiyvel OTL OTNV EMLPAVELX TOU EVKIPWTLOUEVOU XAAUBA, LOALG OTTO TLG
TIPWTEC LETPNOELG amwAELOC Halog, To BAB0G VoG LeydAoU aplBOU KOTOYEYPOUUEVWY
BeAoviopwv elvol LEYAAUTEPO OTIC TTEPLOXEG TWV EVWOEWV GOUAPLSiwv. Adyw b€ Tou
YEYOVOTOG OTL T LOVTA XAWPLoOU TIPoopodWVTAL ETUAEKTIKA KOL CUCCWPEUTLKA 0T OpLal
TwVv coUADLSLwV (MnS, FeS) pe tov oidnpo, mpaypatomnoleltal toxeia avénon Tou Oykou

toug [ref 5.30].

OLmeploxEg mapouaiag couldLdiwv Stadpapatiflouyv MPWTOYWVIOTIKO pOAO OTA aPXLKA
otadla TG EcWTEPLKAG SLaBpwaong Twv paBdwv xaAuPa. Amo ta IxApata 5.7.4.2 kot
5.7.4.3 kal emiong amo TG epyaoiec [ref 5.21, 5.29] eivat mpodaveg OtTL n mapousia Kat
N avamodeuKTn YEWUETPLKN avénon Twv umodoplwv couAdLdiwy, TPOKAAEL KPIOLUEGS
TIAPEVEPYELEC OTIC UNXOVIKEG LOLOTNTEC Tou XAAuBa KabBwg emipavelakd kat Aiyo
evdoOTEpA TPOKAAELTAL COBOPK CUYKEVIPWAON UNXOVIKWY TACEWV.

H otadlakn avgnon tou oykou Twv evwoewv MnS kat FeS (couAdidia) mou udiotavrat
KOVTA oTnV €EWTEPIKN eTLPAVELX TOU XOAUBa, Aoyilovtal w¢ MEPLOXEC E QVUTIAPKTN
UNXAVIKA 0VvTOXH, Ol OTMoleC woToco, ot SLAPKELD UNXOAVIKNAG KaTtamovnong eival
UTteLBUVEG yLa TNV avarmntuén cofapou taotkol mediou, KaBwS Snuoupyolv cUVONKEC

oAnAenibpaong pe aAla kolwpoata otnv idta B€on. Metda amd autad, yilvetal
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TMEPLOOOTEPO €UAoyn n Slwadopomoinon Tou pubpol mMTWONG Twv LSLOTATWY
OAKLUOTNTAG, HETAED EVKIPBWTIOMEVWV KaL «YUUVWV». Mia tpoondBela amotipinong tTwy
UNXOVIKWY BLOTATWY TWV eYKIBWTIOHEVWY XOAUBwY w¢ cuvaptnon tou Babuoul
SLABPwWOoNE TOU XPNOLLOTIOLWVTAC TOUG KATAOTATIKOUC VOLOUC TWV UALKWY TNG Epyaciog
[ref 5.44] anétuxe va MPOOEYYIOEL TAL AMOTEAECHUATA TWV UNXAVIKWYV LoLoTATwy (Rp Kot
Agt) tou Nivaka 5.7.3.1 MBavog Adyog yU' auto, umopet va sival n ocuvomapén twv
EYKAELOUATWY Kal TwV €EWTepIKwY PeAoVIoUWVY n omola avaAuBnke otnv mapolca
gvoTnTO.

IXNUOTIKA, TO avAaAoyo TNnG ouvumopéng eEwTePLKAG Kol €0WTEPIKNG BAABNC
amnewkoviletal ota Figures 30 (IxApna 5.7.5.1) kat 31 tng epyaciog "Characteristics
defects-corrosion damage and mechanical behavior of dual phase rebar", Vol (30), 2017,

pp 1-19. [ref 5.46].

IXAMA 5.7.5.1 AMEIKOVION TOU E0WTEPLKOU Kol eEWTEPLKOU unxaviouol @dopdc mou

avantuydnke otov S1paotko xaAuBa onAtouoU ueta amo StaBpwon.

5.7.6 Zupnepdopata

YtV mapouloa evoTNTA, UEAETAONKE N UNXQVLKA CUUMEPLPOPA TPLWV KOTNYOPLWY
Supaoikol xaAuBa uPnAng avtoxng tTwv: B400c, B450c¢, kal B500s mpLv Kol HETA TV
£kBeon toug oe ouVONKeG XS: Kol XSz cUpdwva pe to EN206 kol mpogékupav ta
okOAouBa: H mooootiaia TTtwon Twv LOLOTATWY OVTOXAG TWV TPOSLOPPWUEVWY
"yupvwv" xaAuBwv, kataypddnke mepimou oodlvapn Tng LEGNG MTooooTIalag TTWoNG
™G anwAeLlag palag. Qotoco yla anwAela palag nepimou 10%, n mtwon Twv WBLOTHTWY
OAKLLOTNTAG EKPACUEVN HE TNV LOLOTNTA TOU oplou TNG Mapapopdwaong TNV HEYLOTN
avtoxn (opoldopopdn mapapopdwaon), PpednKe KATW amod ta EAAXLOTA ATTOSEKTA OpLaL

mou opilel o Eurocode 2 (EC2). To ¢awvopevo autd amodoOnke o€ UNXOVLIOUOUG
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OUVEPYELAG OlopOpwY TIOPAUETPWY OMwWE N  oAAnAenibpoon Twv eEWIEPLKWV
emupavelakwy PeAoVICUwY, Tou TIOpwWdoUG Kol AMwV eykAelopATwY (GOUADLSIWV)

EVTOG TNG LAPTEVOLTIKNG {wvNgC.

Metd amd pia eioou ektevr) MElPAPATIKA UEAETN BACLOPEVN Ot £€va MPOYPOLUA
TeEXVNTAG ddBpwong "yupvwy" Kol EYKIBWTIOUEVWY OTO OKUPOSEU SOKLUiWY

Sidbaoikol xaAuBa uPnAng avroxnc B500c mpogkuav ta akolouba:

Ta eykiPwtiopéva dokipta xaAuBa, mopouciooay XopaKTNELOTIKA TOTIKN G SLafpwaong
UEe BeAOVIOUOUG, LOXUPOTEPNG QUTAC TTOU Kataypdadnke ota "yupuva" dokiuta.

To dawouevo auto Kataypadpnke EVTovOTEpO OTa eYKIBWTIOUEVA BLlaitepa OTav T
Sokipla ouykpiBnkav yla oomoon anwAsia palag. Onwe Atav 68 avapevouevo, N
SlaBpwrtikn Spaon iyxe avaloyn emidpacn OTIC UNXAVIKEG LOLOTNTEG TwV SU0 OpAdWV
xaAuBa ("yupvwv" kat "eykiBwTtiopévwy"), kabwg yla tnv dla anwAelo palog, ta
eyKIBwTopEVa Sokipa katéypadav epdavwe LEYaAUTEPN TITWON € OAQ TOL LNXOVLKAL

TOUG XOPOKTNPLOTIKAL.

H avixveuon neploxwv pe eykAeiopata evwoewv coUAPLELwY OTOV HAPTEVOLTIKO PAOLO
KOl TO YEYOVOG OTL T LOVTA XAWPLoU amoppodwvTal EMIAEKTIKA ATO TIG EVWOELG OUTEG
(ota 6pLd Toug e To UALKO TOU o8 pou), amoteAolv éva coBapd AGyo ekkivnong tng
£0WTEPLKAG SLAPBpwong oto xaAuBa. H mpokalovpevn autr BAGBN mapouaotalel loxupn

ETLPPON OTN UNXavikn arnodoon tou dipaacikol xaAuBa mototntag B500c.

Amo tnVv avaAuon evoc peyaiou aplBuou Beloviopwyv (BaBoug dvw twv 100pum péow
avaAuong Image-J), StamiotwOnke OTL yla TNV (St amwAela Paog ol eYKIBWTIOUEVEG
paBdol yxaluBa uméotnoav onpovtikotepn PBAABN €vavil twv amiwv papdwv.
gvioxybovtag tnv amoyn Ot n  UKpOtepn avtiotaon otn  SlaBpwon  Ttou
"eyKIBwTIOPEVOU" 01O okupOdepa XaAuBo oe oxéon He To "yupvo" xaAuPa oto
nieplBaAlov tou BaAdpou aAatovepwaonc, Bavov attiohoyeltal and To PKpo PEyedog
(ta€&ng um) Tng avodou (mou eivat o YaAuBag) omou Katadtavel o NAEKTPOAUTNG HECW
Tou Slaocuvdeopevou mopwdoug Tou okupodeuatoc. H ektipnon evtovotepng BAGBNG
SlaBpwoNG KATA TEPLOXEG, UTESELEE QVIUTPOOWTIEUTIKEG BECELC KATA MNKOG TNG

StaBpwpevng paBdou xahuBa, cuudwva e TIG onoleg mpPoBAEPONnKe emituxwe n B€on
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™N¢ TeAKNG aotoxiag. To yeyovog auto eVOUVAUWOE TEPALTEPW TNV amoyn OTL n
S1aBpwon umoPadbuilel onUavtikd TNV SOWULKA OKEPALOTNTA ToUu XAAuBa Kal Kot
ETIEKTOON TWV KOTOOKEUWV.

Kata tnv SLapKeLa TV UNXOVIKWV SOKLUWY edpeAKUCTUOU, BEoelg couAPLSiwv MNS Kat
FeS, odnynoav oe evdoemidpavelaky avénon UKPOPNYHOTWOEWY LE OTTOTEAECUA TNV
gudavion ovvBetng empavelag Bpavong SnAadn Pabupnc efwtepka (mAnciov g
EWTEPLKNG EMIPAVELOG OTOV MOPTEVOLTN) KAl OAKLUNG ECWTEPLKA. ATIO TNV LEAETN TWV
gmpavelwv Bpavong, evioxuBbnke n umoBeon mepl UMAPENG GALVOUEVWV TOTILKAG
amokKOAANONG TNG SLEMIPAVELOG TOU UOPTEVOLTIKOU dAolol amod Tov mupnva  Adyw

EYKAELOUATWY, TIOPWV Kal COUADLELwV.

Itnv (6la evotnTa £miong, mPayHaTomolnOnke mPoomabelo EpUNVELOG TWV CUVETTELWV
TIOU UMOPEL Vo €X0UV OL TIOIKIAEG ECWTEPLKEG KOl EEWTEPLKEG ATEAELEC TWV SLDATIKWY
XoAUBWVY otnv pnxavikn cuumnepldopd tou UAWKOU. H Umapén Twv eAOTTWUATWY
(defects) autwv €xovtoc TNV apxlk TOU¢ TPpoEAeucn omd TNV XUTEUGH KAl TNV
TapOywyr TOU UALKOU, GUVLOTOUV TapAyovieG SOULKAG umoBaduilong tou UALKoU
WOlaitepa O0tav autd cuvdualovtal e TouC €wTteplkA opatol BeAoviopoug Adyw
S1aBpwong. Ta eupnUATO AUTA EEETACTNKOV TIEPAULTEPW HEOW availuong SEM and EDX
omou emPBeBalwBNKe N CUCXETLON TOTILKAG OTTOKOAANGNG TNG LAPTEVOLTIKAG {WvNng oo

TOV MUpnva e TNV Uapén couAdLdiwv.
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KepaAaio 6

Aopkn akepadotnTa Tov Sipactkol XaAuBa ONMALOHOU UTLO CELOHLKA

doprtia

PAPER

Structural Integrity of Steel Bar under Seismic Loads.

Alk. Apostolopoulos, T. Matikas et al. Materials Physics and Mechanics, vol. 25(1), pp.
22-29 (2016).

TNV mopoloa eVOTNTA, TIPAYLATONMOLONKE UEAETN UNXOVIKNC CUUTEPLPOPAS TPLWV
Katnyoplwv Stpaactkol xaAuBa uPnAng avtoxng twv: B400c, B500s kat B450c¢ Sokipiwy,
SLOpETPOU 16Mm, KATW Ao OELOULKA GOoPTia TAL OTIOL0 TTPOCOUOLWONKAV LUE UNXOVIKEG
SOKLUEC OALYyOKUKALKN C KOTtwon( (Low Cycle Fatigue tests) eAeyxopevng mopapopdwaong
R=-1.

Me Bdaon Ta AmOTEAECHOTA TWV NXOVIKWY SOKLUWYV KoL TIC avaluoelg SEM kat EDX twv
SoKLpiwv YaAuBa PV Kot PETA amo StaBpwon, mpoékuPav ta akolouBa: H Sopkn
oKepOLOTNTA TOU XAAuBa emnpedletal Wdlaitepa apvntika amo tov Babud dtafpwong
ToU UALKOU Kuplwg ota xapnAd epn entBaArropevng mapopdpdpwaons. Ta eykAsiopata
0OUAPLOLWV 0TNV HAPTEVOLTIKN {WVN OE CUVEPYELD E TOUC EEWTEPLKOUG ETILHAVELAKOUG
Beloviopoug, umoBabuilouv onuavtika t™ Sldpkela {wnAG Tou UAWKOU. KataAutiki
wWOoTO00 KpiBnke n emibpaon tTwv GaAVOUEVWY AUYLOHOU TOCO WG TPOC TNV UEYLOTN

ovTtoxn 000 Kal wg mpog TNV dlapkela {wng tou xaAupa.
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JTIYULOTUTTA aTTO TNV UNYAVIKN SOKLUN OALYOKUKALKNG KOTTwan¢ Tou dokiuiou Kot
arroyn tnc oepBoidpauAikiic unyavnc optiong.

6.1 Fevika otoeia - Elcaywyn

H eni6paon tng S1aBpwaonc oTo oléNPOOTALOLO TWV KATOOKEUWV aTtOTEAEL €va cUvnBeC

TPOBANUA LE TTOAEG OUVETIELEG.

To ¢paoua Fourier yia tn kivnon tou edddoug, Kkota tn SlapKela eVOG oslGUOU TIoU
ouVvEPBN otnv lanwvia, £€6el€e OTL n POPTION ATOV KUKALKN KOL N ouxvotnTa ToU
ovtiotolyel oto péyloto mAATog nTav mepimou 2Hz. Epeuva ylo TOV KATOOTPOLKO
oelopo tou Tang Shan otnv Kiva emiBePfaiwoe OtL 0 TPOMOG acToxiag Tou KTIpiou amnod
SOUKO XAAUBa ntov cuvonKeg KOTIWONC OALYOKUKALKAG KOTwong (LCF) [ref 6.1]. Kata
OUVETIELQ, TO OELOULKA dopTia el TwvV HEPOVIWY OTOLXELWV OTTALOUEVOU OKUPOSEUOTOG

TWV KATAOKEUWV, SpouV UTIO TNV Hopdr GOPTLONG OALYOKUKALKNC KOTTWONC.

OAoL oL avehaotikol KUKAOL ¢OpTIONG wotoco, Boa TPEMEL vo Aoylotouv wg
ocuvelodépovteg atn BAABN, dedopévou OtTL amoteAolv TNV LoTopia pOPTLONG TOU KABE
OTOLXElOU KOl N OUCCWPEUCH TOUG MIOPEL va YIVEL CNUAVTIKA avaloya HE To

XAPOKTNPLOTIKA TNG edadLkng Kivnong [ref 6.2].

Yta dawopeva tng cuvbuacpévng dpaong tng SLaPpwong Kal TNG OALYOKUKALKAG
KOTIWONG TOU GLONPOOMALOUOU OXETIKA Alyn ipoooyn €xel S0Bel puéxpL onuepa amo tnv
EPEUVNTIKN KOWOTNTA. O cUVOUACUOG SPAGCNC TOUG lval ETUIALOG YLOL TLG KATOOKEUEC

[ref 6.3, 6.4, 6.5, 6.6, 6.7, 6.8, 6.9]. H avenadapkela tng €peuvag eival akopa LeyaAutepn
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yla Toug Sipaoikoug xaAuBeg xaAuBeg uPnAng oAkipotntag B400¢, B500g kat B450¢ tou

XPNOLUOTOoLOUVTAL EUPUTATA OTNV EUPWTTALKN KOLVOTNTA.

Ytoug xaAuPeg B400c, B450c kat B500b, pe Siapetpo 16mm HeTpnOnke n amwAela
pualag petd amo €kBeon otn dldBpwan, n cuumnepldpopd o OALYOKUKALKN KOTIwaOn, N
6paon Twv YAwPLOVIWV Kal Twv MnS, FeS eykKASIOUATWY OMWE KAl N EMPPON TwV
dawopevwy Auylopol. Ot ev Aoyw £vvoleg-peyEDn Sladpapatifouv kaBoplotikd polo

oTn SOoULKA OKEPALOTNTA TOU OL&NPOOTALOOU UTIO CELOULKA dopTia.

6.2 Nelpapatikn dtadikacia
6.2.1 AlaBpwon Kat anwAela padog

Ta dokipla extéBnkav oto BdAapo alatovédwaong (5% NacCl), ue evpog pH 6.5-7 kat
Bepuokpaoia 35 +1.1-1.7°C yia S1ddpopoug xpovoug, Le 8 nUepPraloug KUKAoug wet/dry
oUpdwva pe to ASTMB117-94. Itn cuvéxela ta Sokipla kabapiotnkav Kot Enpavenkav

oUpdwva pe to ASTMG1-90.

OL €IKOVEG MO TO OTEPEOCKOTILO £6el€av BeAovioUoUC otnv entdavela Twv SOKLUIWY
Tou XaAuBa. OL oXeTKA peydAol Behoviopol HOALS amo Tig 10 nuépeg tng €kBeong Toug
£6elav va eival ol SpacTtikég BEaelg otig omoleg n StaBpwon éAae xwpa Kotd KUPLO
Aoyo. OL Behoviopol £6el€av Evapén amo Tnv BAcn TWV VEUPWOEWY TwV paBdwv xaAupa
Kal TTPoodeuTIKA otnv evblaueon meployn. Oco to eninedo daBpwong auédavel, ot
BeAoviopol kat oL emipaveLaKESG KONOTNTEG TNV eMLdAVELA TOU XAAUBO LEYGAWOOV Kot

evwoOnkav tpokaAwvtag emidavelakeg ekSopEC (eykomég-notches).

Ytnv mpoondbela evtoriopol g StaBpwtikng BAABNG, Ta dokipla KAatd UAKOG TOUG
KaAUDONKav pPe PUGCLKO Kepl, EKTOC Ao €val LECALO TUAHA TOUG, TOUAdxLoTov 20 mm,
(amootaon nepinou petafL SVo Sladoxikwy veupwoewv). Ta dokipLo tomoBetnOnKav

oto Balapo ahatovédwong (1SO 9227) umo ywvia 45°-60° polpwv.
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6.2.2 Aradkaoia pnxavikwv doktpwv (Mechanical testing procedure)

OL veupoxaAuBeg mapnxbnoav oe esupwnaikég Blopnyavieg kot eAndBnoav pe tn
uopdn paBdwv. H ovopaotikr SLapeTtpog Twv paBdwv Atav 16mm (D16), To GUVOAKO
UNKOC TWV SoKLiwv NTav 205-210mm Kot To eAeUBepo UrNKog SOKLUNC TOUG (HeTafl TwV
apnaywyv) oplotnke va sival £€€L GopEC N ovoUAOoTIK Toug SLApeTpog. MNpwv anod Tig
LUNXAVIKEG SOKIUEG, Ta Sokipta StafpwBnkav oto BaAapo aAatovédwaong Kot o aplOpuoc

TwV SElYUATWY TIOU XpnotpomnolBnke amnewkoviletat oto Mivaka6.1.

Nivakag 6.1 Aptduog unxavikwv OOKIUWY OE OALYOKUKALKN) KOMWOon TwV TPLWV
Katnyoptwv xaAuBa.

ALQpPETPOG , . EruBaANdpevn ApBpdg
papSou Zux(v:zt)nm EAS:S:‘?O noapapdpdwon, Sokipwy
XOAuBa €% 0 9
+2.5 % 5 3
B450C 6D = 17
+4,0 % 5 4
+25% 4 3
B400C 16 mm 2,0 6D 14
+4,0% 4 3
+25% 4 3
B500B 6D 15
+4.0% 4 4
26 | 20
JUVOALKEG SoKLpEG LCF yio e= + 2,5% 22
JUVOMKEG Sokipég LCF yia e= + 4,0% 24
( |
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H &levépyela pnxavikwv OSoKLUWY OALYOKUKALKAG KOTMwong, €&lXe€ w¢ oOTOXOo TNV

Slepelivnon Kat TNV LEAETN yLa TNV ATOKTNON MANPodopilag OXETIKA Le Ta akoAouba:

a) Tnv enidpaon tTwv SladOpwv EMMESWV ETUTAXUVOUEVNG EPYOOTNPLAKNG SLaBpwaong
oAOTOVEPWONC OTN CUVOALKN) SOTMOVWEVN EVEPYELA KOl OTOV OPLOUO Twv KUKAWV
dopTIoNG PEXPL TNV aoToXla yLa KaBe katnyopia xaAuBa.

b) Tnv cuvépyela ¢ Slafpwtikng SpAong Kol TG OALYOKUKALKAG KOMWGONG otnv

dépouoa LKAVOTNTA TWV ETILUEPOUC KATNYOPLWV XAAUBo oTALoHOU.

OAeg oL pnyavikég OoKIUEC TpayuatomolnBnkav ot Bepuokpacio Swpatiou
XPNolHomolwvtag KAataAMnAn autopatn oepBoldpavAiky pnxavr (servo-hydraulic
testing system). OAe¢ oL UETPNOELS KATAyPAPNKOAV XPNOLUOTOLWVTAG £V TIARPWG
OUTOMOTOTOLNMEVO  UTOAOYLOTIKO  OUOTNHO. JUYKEKPLUEVOC 0OplOUOC  SOoKLHWY
OALYOKUKALKNG KOTwOoNG mpayuatonolndnke ywa kabe eminedo SidBpwong oe Suo
Sladopetika emnineda eheyxopuevng mapoapdpdwonc, £2,5% kot +4%. Juvohlkd €Aapoav

Xwpa 46 PNXOVIKEG SOKLUEG OALYOKUKALKAG KOTIWONG.
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O Nivakag 6.2 (a, b), Le Ta LNXOVLKA XOPAKTNPLOTIKA epEAKUOUOU Twv XaAUBwv B400c,
B450¢ kat B500g avtAnBnke amo tnv epyacia [ref 6.10]. Ot Soklpég autég Sie€nxbnoav
cUudwva pe o poturo ISO 15630-1 pe To HAKOG SELYUATWY VO OVEPXETAL 08 580mm.
OL UNXOVIKEC OOKLUEG Tpaypatomol)Bnkav o autopatn oepBolSpauALky Hnxavn

(servo-hydraulic testing system).

O Nivakag 6.2 TapoucLAlel Ta KATW AMOSEKTA OpLA YL TOUG XAAUBEC LY NARC KoL LEONG

oAkuotnTag mou kaBopilovtal amo tov Eupwkwdika 2 (EC2).

Nivakag 6.2 (a) Xapaktnplotikég TIUES (Opila) Twv yaAUBwv avapopdd.

Katnyopia Tdon Swappong Agt [%] EAGXLOTEG TIUEG
XGAuBa Rp [MPa] 5 k=[Rm/Rp]k
B5008 500 >5 >1.08
B400c 400 >7.5 >1.15<1.35
B450c 450 >7.5 >1.15<1.35

Nivakag 6.2 (b) Mnyavika yapaktnptotika Twv xaAUBwv mou eAgyxydnkav: B400c,

B450c kot B500s.
, Rpo.2, Rm, €100, Agt, U,
Katnyopia MPa MPa Rn/Rpe.2 o, o, MPa
B400c 435 549.23 1.26 15.33 15.6 78.06
B450c 536.4 647.95 1.21 11.48 11.6 69.75
B500s 523 638.35 1.22 14.03 14.4 82.83
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6.2.3 O pOAoG TwV MnS gyKAELOHATWV

Ta MnS eykAelopata, Stadpapatilouv nyetikd poAo otnv apxikn SlaBpwaon dLotTL Ta
Lovta YAwpilou KIVoUUEVA ETUAEKTIKA TTPOG AQUTA CUCCWPEVUOVTAL OTO OPLA TOUG LE TO
ol6epo tov onoio Stalvouv [ref 6.10, 6.11, 6.12]. Ta eykAsiopota MnS pe tn cuvomapén
GAAWV KEVWV Kal TwWV eEWTEPIKWV BeAdoviopwv amoteAoUV MepPLOXEG UTTORABULONG TNG
OUVOXNG TOU UALKOU Tou YGAuBa. Ito IxAua 6.1 mapouctalovial gupnuUaTa Ao
npoSlaPfpwpuéva Sokipa xadAuvBa. H EDX avaluon £6ele 1ovta yAwpilou mou €xouv
Tapelodpprosl otn Soun Tou UALKOU Kupilwg PEow corrosion paths. Emiong couAdidia
TIOU EVTOTOTNKAV KAl EVIOG TG {wvng Tou poptevoitn os Sladopeg BEoel amod thv

e€wTepikn emipavela petafy 20um - 500um.

Ytn peAétn [ref 6.10], e€stdotnke n pUNXavikr cuumepldopd oe TPELS TUTIOUC XAAUBa
OTMALOHOU oKupodépatoc. H afloAdynon NG HUNXOVIKAC OUUTEPLPOPAC OTOUC
Sidpaowkolg xaAuPBeg B400c, B450c kat B500s uPnAng Kot HEONG OAKLUOTNTAG, UE
ovopaoTiky Slapetpo 16 mm, S1e€nxBbn mplv Kol PeTd tnv €kBeon oe meplBailov
oAatovéPwonc. Ta AMOTEAECHATO OAWV TWV HUNXOVIKWV SOoKWwvV edeAKUCHOU
ouyKpiBnNKav Kal e cuvbuaouo pe Ta amoteAéopata tng SEM kot EDX avaAuong
oénynoav ota akoAouba cupnepAouOTa:

H mtwon twv 8loTATWwY avioxAg Twv TPo-SLofpwHEVWY SoKLHiwY, ATav oxedov
looduvapn Ue TNV mocootiaia anwAsla Halog mov wotooo BPILoKETOL AMAvVwW amo ta
g\dylota opla ou kaBopilovtat and tov eupwkwdika 2 (EC2). Qotdoo, N MTwon Twy
OLOTATWY OAKLMOTNTAG, TIOU ekPPAlETOL WC N TIPANOPPWON OTN HEYLOTN avtoxn,

BplokeTal KATW OO TOL KATWTATA OPLA.

Ta gupnuata Seiyvouv eniong otL n umoBAdULON TNS KNXAVLIKAG amodoaong Tou XaAuBa
Sev umopel va anmodobel og éva CUYKEKPLUEVO pNXAVIOUO, al\d dalvetal va gival o
QMOTEAECHA TIOAWY  Topayoviwy  oAAnAemibpaong, OmMwce eival n  avamtuén
Beloviopwv otnv e€wTteptkn emidavela tou XaAluPa ol omolol avantvooovtal anod tnv
T poucia EKTETAPEVOU TTOPWEOUC TOU UALKOU OTLC BE0ELC aUTEG KABWE Kal TNV Umapén
EVWOEWV ooUAPLSiwy. Mapopola guprnuata £XoUV TIAPOUCLAOTEL OTIC epyoaoieg [ref

6.14, 6.15, 6.16].
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To IxApata 6.2, 6.3 kat 6.4 Ssiyvouv TNV Tautomnoinon tou MnS evtog tng SLATOUN G TWV
paBdwv x&AuBa, tTnv avamtuén Toug Kal tn oUVEeaH Toug e AANEG EEWTEPLKEG EYKOTIEG
miou odeilovtal oTLg TEPLOXEC Ue Slakeva Kal pit Stafpwong (BeAoviopoug) Enetta ano
90 nuépeg €kBeong toug. H avénon tou Babuou tng BAABng, Adyw tng paydaiag
emdelvwong Twv meploxwv MnS kot FeS, BEtel o kivbuvo Tn SopLKA AKEPALOTNTA TWV
XoAUBwv omAlopou. H mapamnavw amodin yia ta couAdidia emiBefatwvovial amo Tig

epyooieg [ref 6.14, 6.15, 6.16].

Joudwva pe TIc epyaocieg [ref 6.14, 6.15, 6.16] ota eykAeiopata ocouAdLdiwv
anoppodwvTal EMIAEKTIKA TA LOVTA YAwpiou ota Opld Toug Ue To oidnpo tov omolo

StaAvouv.

cps/eV cps/eV

| 7 100 * Acqunsition S840} 2.2 100 * Azgeiiion 8802
1 1.00 = Acaston 5000
1

b)
IXAMa 6.1 a) Aviyveuan 10vtwv YAwpiou OTO E0WTEPLKO TOU UALKOU TtpodiaBpwuévou
Sdokiuiou kat b) Meploxéc ue eykAeiopara MnS kat Fes.

106

—
| —



IXAMa 6.3 Arroyn ¢ emipavelac Jpaong Umo TV mapousia evwoewv MnS (ykpt
xpowua). H vmobopia vmoBaduion tou UAkoU evioxU9nke amoé TNV mopousia
goUA@LSiwv.

IXAMA 6.4 Atoyn empavetakng @Fopdc Sokipiou ensita amo 90 nUEPeC EkBeang atn
SlaBpwoaon omov eival eppavic n cuvonopén eowteptknc BAaBne (MnS) kat eEwtepikrc
(Pit).
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OL avwTépw avopePOUEVEC TTEPLOXEC TTIANGILOV TNG eEWTEPIKNG EMLPAVELAC TOU UALKOU
(eykAelopata, keva, PBelovicpol) pe tnv mBavr mapoucia oviikol udpoyovou,
OUVEPYOUV e ooPapég mMPoUmoBEcELC yla TNV AVATITUEN TOTILKWY CUYKEVIPWOEWVY
UNXOVIKWV Tacswv. YMO Tnv mopoucio efwteplkwv (opTicEwV n CUYKEVTPpWON
LNXOVLIKWV TACEWV 08NYEL 0TOV OXNUATIOUO "SIKTUOU" UIKPOPWYHWV Kal pwyHwy. [ref

5.45].

6.2.4 ATTOTEAECLOTAL TWV HNXOVIKWV SOKLLWV OALYOKUKALKNG KOTIWONG
kot ZulAtnon

OuL S0OKLWEG OALYOKUKALKAG KOTwong mpaypatonotidnkav o€ pn-Stafpwpéva Kot
npodlafpwpéva Sokipla, Enetta ano €kBeon toug oe BaAapo ahatovédwong emni 90
NUEpes. Na kabe tumo olénpoomAlopol (B400c, B450c kat B500s) emAEXONKe €va
eAeVBepo pnkog Sokung oo mpog 6@. OL UNXOVIKEG SOKLEG TpaypaTomoliOnkay
e€etalovtag Suo Sladopetikd enineda nuitovoeldoug napauopdwong, + 2,5% kat +

4,0% umno cuxvotnta 2,0 Hz.
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IXAUO 6.5 a) Empaveia Opavong Sokiuiou Emeita amd 90 nuEPec €kVsonc otn
StaBpwon, HE TNV moapoucio eYKAELOUATWY OOUA@LOIwV kot Kevwv b) Emipavela
Jpavong ue pwyun n onoia mponAde amo LOYUPEG ECWTEPLKEG pnéeLg otnv doun tou

UALkoU.

Zto Nivaka 6.3, cuvoiletal n enibpaon tng dtafpwong otn cuvoAkr Samavwuevn
EVEPYELA KOL OTO OUVOALKO Xpovo {wr¢ OAwV Twv Katnyoplwy tTwv papdwv xaAuBa. H
kotaypadeioa (aodntn) peiwaon tng Stapkelag {wng, Sivel éva HETPo avaloyiag Tng
umoBAOULONG AUTAC OE oxEan He TtV BAABN StaBpwonc. To yeyovog auTo UE ovaywyn
OE TIPAYMOTIKEG KOTOOKEUEG EYEIPEL APYLKA TOUAAXLOTOV TPOPRANUOTIONO yld TNV

00PAAELA TWV KOTAOKEUWY OE OELOULIKA EVEPYEG TIEPLOXEG.
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Onwc¢ daivetat otov Nivaka 6.3, n LKAVOTNTA TOU UALKOU va Sarmavroel eVvEpyeLa LEXPL
v ootoxia, eoaptatal amnd 1o €UpPog TNG emParlopevng mapapopdwaong mou
urtofdaAlovtat ta Sokipta. Koatd tn Sldpkela oeOMKWY GOPTIOEWY, N avaykn yla
EMOPKN EVEPYELOKA OMOBEUATA TOU UALKOU, ElvaL ETLTAKTIKY. OTWE NTAV AVAUEVOUEVO,
0 BaBuog tne PAABNG SLaPpwaong EXEL ONUAVTIKO OVTIKTUTIO 0TOV aplBpd Twv KUKAWY

doptong (Slapkela Lwng) HEXpL TNV actoyia.

Ye kaBe mepimtwon, n ouvépyela PAAPBNG (Aoyw eykAelopdtwv MnS Kal KEVWwV) oTo
£0WTEPLKO TNG Soung tou XaAuBa kat tTng PAAPNG Twv efwteplkwy BeAoviopuwy elval
umevBuvn yla TV actoxia oe Komwon. Eival emiong onuaviikd va onuewwBel n

enidpaon Tou Auylopol oto SoKipLo armd Toug MPWTOUG KUKAOUG pOpTLoNC.
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Nivakag 6.3 AtoteAéouata unxavikwyv SOKIUWY OALYOKUKALKNG KOTwong ota Sokiua
avagopdc kat ota StaBpwueva dokiuta Tolwv SLapopeTikwy TUNTwV xdAvBa, @16.

B450C-®16 avadopds B450C-®16 90 nuépeg StéBpwong
EAe0Bepo KokAou péxpy Aamavwpevn , KokAou B 3
Aokipo . € [%] > EAelBepo A Aanavwpevn |AnwAsla
MP.
HAKOG v aoctoyia [evépyeia[MPa] Aokipo siltoe €[%] mv}::zttp(:xm evépyeraMPa] judlac [%]
49 35 744 .21
30 ) 51557 36 16 416.06 8.81
51 60 +2,5% 36 756.17 40 6D +2.5% 18 470.93 9.4
52 33 700.50 23 13 343.23 9.38
60 34 768.04 Méon T 16 410.07 9.20
B Méon tpr ﬁ :23;(4) 39 8 374.1 9.34
: — 34 8 365.8 8.17
54 11 556.56 +4.0%
55 60 | +40% T 56037 30 e HES 12 296.2 10.1
56 10 558.00 26 7 296.2 8.15
Méon tun 11 528.61 Méon tur 9 333.08 8.94
B500B - ®16 90 nuépeg StaBpwong B400C - ®16 90 nuépeg StaBpwong
) KokAot [ Aamavapevn 3 i KUkAotL |Aamavipevn -
Aokipo Ehst'tespo €[%] |uéxprnv| evépyeia Andheia Aokipo EAe0Oepo| [%] |péxprtnv| evépyeia A," s
unkog aotoyia [MPa] hétac %] prikog actoyia [MPa] HZag [%]
34 19 475.8 8,9 37 13 337,21 9,57
28 60 +2.5% 18 480.9 9,65 40 6D +2,5% 15 360,62 9,6
31 17 4387 9,95 24 25 560,5 8.4
Méon tpun 18 465,13 9,5
29 7 347.4 8,48 Mban sl 17 4194 9,19
33 6 296,1 9,71 35 T 311,3 8,79
35 6D +4,0% - 347.1 8.72 31 6D +4.0% 7 3184 9,65
39 7 317,5 8,65 28 7 3274 9.2
Méon tun 6 327,02 8,89 Méon tpn 7 319,03 9,21
B500B - ®16 avadopdg B400C - ®16 avadopdg
) . KokAot | Aamavipevn , EAeUBepo KOKAot péxpt Aaravapevn
EA€VO P!
Aokipio p:x::,o €[%] péxpLInV evépyela Boxiwo MAKOG i v actoxia evépyera [MPa]
aevoxia [MPa] 49 22 4705
47 35 761,39
) 31 7322 32 60 | +2,5% 2 208,
6® +2,5% 60 25 558,15
- L st 61 27 610,54
61 30 727,62 T S .
Méon tq 31 719,08 et 24 523,34
52 11 32597 53 10 515,5
54 11 435.93 34 +4.0% 8 503.4
o 60 | +4.0% m T 55 60 4,0% 1 510,5
63 11 411,74 63 11 371,65
Méon tpi 10 390,24 Méon T 10 484,45
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ATO TNV UEAETN TWV QTTOTEAECHUATWY TWV UNXOVIKWY SOKLUWY, TIG LETPAOELS KOL TLG

avaAuoelc EDX kat SEM mou mapouaoidotnkay, e€dyovtal Ta akoAouBa cuumepacuoTa:

1. H mpokAnon tng eowteptkng PAABNG SaBpwong evioyUeTal oMo TNV Mopoucia
EVWOEWV 00UAPLSLWY, KEVWV Kal AANWV atelelwy evw N emidavelakn e€wteptkn BAABN
BeAovIoUWwV EMEKTELVETAL TAUTOXPOVA £1G BaBogC.

2. Metd and ¢option auTwv Twv BECEWV aVanTUOoOVTAL EOWTEPLKEG CUYKEVIPWOELG
TAOEWV TIOU TEALKA 08nyoUV 0TO OXNUATIOUO TWV PWYHWV. AdYyw &€ TNE eyyUTNTAC TOUG
mapotnpouvTol GaLVOUEVA CUVEVWONG TOUC Kot S1adoong toug. MeTd amd autad n
KateLBuvon TNG KUPLAPXNG PWYHUNAG TOUG £XEL TNV TACN VA ETMEKTEIVETAL TTPOG TNV
eEwtepikn empavela tng papdou xaiuPa.

3. Auti n taxeia SLaddoon tNg PWYHNC EXEL WG AMOTEAEGHA TNV Tapaywyn Yabupng
oaotoylag aveEdaptnTa TNV OAKLULOTNTA TOU UALKOU OTNV LOVOTOVLKI KOTATtovnon.

4. Elval emiong onuavTko va onuelwBbel otL amd toug mpwtoug KUkKAoug GpopTiong, Ta
Auylopika datvopeva mpokalolUv auénuévn taon povomAeupa oto Sokipo. H
Sladkaoio auth emidEpeL Toxela eEAVTANGN TNG OAKILOTNTOG TOU UALKOU.

5. MpoékuPe oOtL n emudpavela Bpavong tou xaluPBa omAlopol odeiletal o’ £vav
ouvlUOUO TTEPLOCOTEPWY IO SUO PNXAVIOUWY 00ToXiag mou AOyw TNG ¢pUGNC TOUG
KOTA TLG AVOKUKALOELG TipoKaAoUV Kupiwe Pabupn actoyia. Emiong, elval onuovtiko va
avadepBel O0TL AOoyw Twv daAVOUEVWY AUYLOHOU N OAKLHOTNTA TOu UALKOU eival
Olaitepa meploplopévn, €8IKA otnv emPoAr 4% mapauopdwong autr UNopel va
g€avtAnOel mpwv amd TO OXNUOTIOMO KAl TNV avamtuén-61adocn Twv PWYHWV.
JUYKEKPLUEVA OTOLXEla Ttepl TNG akoAouBlog Twv GOLWVOUEVWYV OQUTWV EVTOC TNG
SlapkeLag Tou KUKAoU Poptiong sivatl aduvarto va e€axBolv.

6. H afloAoynon tng cupmnepldopdc Twv MAAALOTEPWY KOTACKEUWY TIOU BacileTal Lovo
og padnuatikd povieha (LEBodog petatoniong-pushover), dixwg va AndBel umon n
uTtoBABLON TWV LBLOTATWY TN AVTOXNG KAl TNG OAKLLOTNTAS TWV UALKWVY AOyw dpdaong

SLaBpwong puropel va 0dnynosL og avaglomiota Ko akatdAAnAa amoteAéopaTa.
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6.2.5 Jupnepaopata

H unxavikn cupmnepidopd twv XaAUBwv uPnAwv erdocswv B400c, B450¢ kot B500g (ue
v unapén poptevoitn otnv e€wteptkr {wvn) und oelouikd doptia, o meplBallov
SLaBpwong, mpenel va pehetnBel mepattépw. Baolkdg AOyog yLa Tnv napandvw anoyn
glvat n vmapén twv MnS gykAeElOPHATWY OE TIEPLOXEC TNG SOMNG Tou UAWKOU eilval
UmevBbuva ylo TNV ECWTEPLK) OUYKEVTPWON MUNXAVIKWY TACEWV KOl TEALKA TO
OXNUOTIOUO pwyHWV. Qotoco, Aoyw tng gyyluTnTdg Toug, obnyouv oto aLVOUEVO
avantuéng moAAomAwv pwypwv. To Safpwtikd meplParov Tpokalel LoxupoUlg
e€wTtepLKOUC BEAOVIOUOUG KOl 0€ CUVOUAOUO LE TNV AUENON TOU OYKOU TwV 0OUAPLSLwY
(MnS kat FeS) (Aoyw tng mpoopodnong Loviwv xAwpiou), odnyel pe tnv mpoodo tou
XPOVOU O€ amPOPBAENTA AMOTEAECHOTA YL TN SOULKN AKEPALOTNTO TOU XAAUBO Kot KT’
EMEKTOON TWV KOTOLOKEU WV OTIALOUEVOU OKUPOSELOTOC TTOU TIANTTOVTAL Ao GaLvVOUEVOL

SLaBpwong.
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KedpaAawo 7

H enidpaon tng Stafpwong Ko Tou aveAaoTIKOU AUYLGHOU AOYw

OELOLKN G POpTIONG oTNV dLapkeLla {wNG

Jtnv mapoloa evotnta efetaletal n emnidpoon ¢ PAABNg SlaBpwong Kol tou

avelaotikol Auylopol otnv dldpketla {whg Tou XaAuBa omAlopoU XoUNANRG Kal HEong
oAkiuoétnTag B5004 kat B500s, Stapétpou ®12 und cuvOrkeg OALYOKUKALKNG KOTIWONG

(Low Cycle Fatigue) yaAUBwv. e €va oUvoAo 110 Soklpiwv mpaypotonoonkayv:
TELPAUOTIKEG SOKLUEG TPV KOl UETA TNV €kBeon twv Soklpiwv oe epyaotnplakn
S1aBpwon. MpayuatomotBnkav 106 Sokipég SLABPWONC Kol UETPAOEL QTMWAELOG
pnalag, 8 UNXoVIKEG SOKLUEG epeAKUOUOU Kal 102 SOKLUEC OALYOKUKALKNG KOTIWONG

eAeyxOUevVNG Mapapopdwaong.

To amoteAéopata TWV TEPAUATIKWY SOKLUWY oTo UEYEDN: mocooTlalag amwAELag
ualag, evpoug mapapopdwong Kol HeETABANTOU HNKOUG AUYLOUOU, ouyKpiBnkav Kot
ocuvbudotnkav PE TO guphApoTa tng avaAuong SEM kat EDX kat odrnynooav ota
TAPAKATW cUpnepdcpata: H mocootiaio anwAeta palag, n Stafpwaon pe BeAoviopolg
KOL O QVEAQOTLKOC AUYLOMOC, OUVIOTOUV TIG KUPLEG TOPAUETPOUC TIOU EMNPEAlOUV TN

Stapketa Lwng Twv XoAUBwV OTALGHOU KATW oo OELOUKA dopTia.

To mepapatikd amotedéopata  Katedetéav OTL N UTORBABUION TG HNXOVIKNG
ouumnepldpopdg Twv XaAUBWVY OMALOUOU O CELOUIKEG dopTioelg, umopel va amodobel
OTO UNXOVIOUO aveAAoTIKOU AUYLOHOU O oUVSUAOUO UE TO LOTOPLKO GOPTLONG KoL TNV
UTtapén ektetopévou mopwdoug atnv emidpavela twv pafdwv. H emipavela Bpadong
TOU OLdNPOOTMALOHOU KATW oo CEloKA dopTtia, amotedsl cuvduacpud Sladopwv
unxaviopwv BAGBNG mou Adyw g $UoNG TOUC EXOUV WC ATIOTEAECUO TNV TIPOKANCN
kupiwg "Pabupng" actoxiag. Avayvwpilovtag emiong OTL €0IKA otnv Teplmtwon
emBoAng nmapapopdwonc +4% (oe XAAUBEC LEONG KAl XOUNANC OAKLLOTNTOC) OTOoU
QUECO UTIELOEPYOVTOL AUYLOMLIKA (aLVOUEVA, N OAKILOTNTA TOU UALKOU dEpeTal
Slaitepa mepLOPLOPEVN Kol e€OVTAELTAL TIPLV OO TO OXNUATIOMO, TNV CUVEVWON Kot

TV S1ad00on TWV PWYHWV.
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7.1 Tevika

Ta amoteAéopota TNG OEOULKNG Spaong (oelopka $opTia) WE YyVwoTO TO CELCULKA
doptia Spouv ota hEpOVTA GTOLXELD TWV KATOOKEUWYV UTIO TN LoPdr) avVOKUKAL{OUEVWY
dopTicewv oL OMoileg CUXVA TPOCOUOLWVOVTOL WG LOVOAEOVLKN OALYOKUKALKR $OpPTLON
(Low Cycle Fatigue) [ref 7.1].

‘OAol oL avehaotikol KUkAoL doOpTIong cuvelopEpouv otn PAAPN KOTIWGONC Tou UALKOU
KaBw¢ amoteAouV To LoTopLKO hOpTIoNG Tou KABe Sokipalopevou otolxelou [ref 7.2] Ev
ToUTNG otnv TPEYouoQ TUPOAKTLKNA oxeblaopou, o OUVTEAEOTNAG
TIAQLOTILOTNTAG/UETATOTLONG  XPNOLUOTIoLEiTol av Kot 6ev AauBdvel umoyn 1tn
cuoowpeuon BAAPNG. Autd cupPaivel kaBwg olwnnpd umotiBetal 6tL n dopkn BAARN

EMEPYETAL LOVO AOYW TNC HEyLoTNC mapapdpdwonc [ref 7.2].

Kata tn S1apKeLo LOXUPWY CELOULKWY CUUBAVTWY OTOU Ol KATAOKEVEC UTtoBAAAovTaL
og auvénuévo aplBuod kol évtaon avakukAloewv (0To avelaoTiko pdacpa), n otadlakd
ouUCOoWPELOUEVN BAABN UMOPEL va. EMNPEACEL ApPVNTLKA TN GUVOALKH Toug amddoan.
AUTO 1o €160¢ Kat to péyeBog tng BAAPNG, umopel emiong va e€eAiyBOel petda tnv mapodo
TIOAWV ULKPOTEPNG £VTOONG CELOUWV. JUVETIWG €VOC KUPLOG OELOUOG eV Umopel va
OVTIUETWIIETOL WG £V UEUOVWHEVO TIEPLOTATIKO QVEEAPTNTO TNG XPOVOoIioTopiog

dopTIonG aAAA wC Eva cupBAV pLag akoAouBiag CELoUKWY SpACEwWV.

MapOTL pLat eKTINCN TNG OELOULKAG BAGBNC MPOCGOUOLALEL PE TN KOTIWON TOU UETAAAOU
UTTO HETABANTO eVPOG AVAKUKALLOUEVNC GOPTLONG EV TOUTOLG, OXETIKA Alyn tpocoyn £XEL
600el amd TNV E£peuVNTIKN KOWwOTNTa MEXPL OAUEPA OTn ocuvduacpévn Spdon
SLaBpwong kat oALlyoKUKAIKNC KOTwaong LCF tou xaAuBa. Touto &g kabBwg elvat yvwoto
TO YEYOVOC OTL KABOE £vag oMo UTOUG TOUC TTAPAYOVTEG EMNPEALEL TNV AVIOXA KoL TV
anodoon Tou G16NPOOTMALOUOU TWV KOTOLOKEUWY KOl LELWVEL TO TIPOGSOKIUO (WA TWV

Sdouwv avtwy [ref 7.3,7.4,7.5,7.6,7.7, 7.8].

Oplopéveg emotnUoVikEG epyaoieg (Apostolopoulos and Papadakis 2008 kot
Apostolopoulos and Michalopoulos 2006) otnv tpéxouca BiBAloypadia mapouvciaocav
ONUAVTIKA {NTHUOTa avtoxng Twv XoAUBwv mou obnyouv ce amotoun Pelwon Twv
LUNXAVIKWY TOUG XOPOKTNPLOTIKWY KAL TNG LKAVOTNTAG TOUC va SamavroouV eVEPYEL

(dissipative capacity). Napouola eival Ta anoteAéopata Twv epyaciwv [ref 7.9, 7.10,
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7.11,7.12, 7.13], otig omoleg €va eupl GACUA TTAPOUOPPWOEWY KATA TLC TIELPOUOTLIKEG

SoKLUEG 06 ynoE o€ AUYLOULKA dalvopeva Twv SokLulwy Kal ev cuvexeia otnv actoyia.

Ye mpoodateg pehéteg, [ref 7.14, 7.15] SlepeuvnOnke TMEPAUATIKA N emidpacn TNG
SLaBpwong otov aveAaoTKO AUYLOUO KOL TN HN-YPOMULK KUKALKA QmoKplon Twv
paBdwv omAlopou. 3tig epyaoieg [ref 7.16, 7.17, 7.18] pueAetnbnke n enidpoon tng
Sl1aBpwong otov avelooTIKO AUYLOMO KOL TN KUKALKN QVTAmOKplon TtTwv paBdwv
OTTALOHOU PECW KN YPOLULKAG AVAAUCNG TTEMEPACUEVWY OTOLXELWV. Ta amoteAéopota
TWV HEAETWV autwv €6elfav OtL n ouvbuaopévn 6paocn tng SlaBpwong Kal Tou
oveAaOTIKOU AUYLOUOU, £XOUV GNUAVTIKA eMidpacn oTnv Mpowpn actoxia Twv paBdwv

OTMALoMOU UTtO OUVONKEG AVaKUKALLOUEVNG POpTLONG.

JTIG KOTOLOKEVUEG OELOUOYOVWV TIEPLOXWV XPNOLUOTIOLOUVTOL EUPEWG XAAuBec uPNnAAg
OVTOXNG KAl OAKLULOTNTAG, EVOPUOVICUEVOL £TOL LIE TN YEVIKOTEPN SLEBVH TAON yLo Xprion
XoAUBwWV pe ovopaoTikr avtoxn Stappong uPnAotepn twv 355MPa. H xprion xaAUBwv
VPNANG aVTOXNC Kol OAKLUOTNTOC, UMOPEL va 06nNyNOEL 08 onUOVTIKA €€olkovounon
TIOPWV amd TOV TOMEN TWV KATAOKEUWY, TO KOOTOG TWV UAKWVY KAl TNG HEIWONC Twv
ekmounwv COz. Ot xaAuPeg autol mapodTL dlatiBevrol oTIG ayopeg 6w KAl OPKETA
XPOVLa, oUVEXWG BeATlwvovTal pe TNV eEEMEN TWV EpeUVWV Kal TG UeTaloupyiag. H
EMLOTNMOVLIKA oTa BEpaTa UTA UTTOPEL VOl 08NyroeL oTtnv UAoTtolnon euplTEPNG XPRONG

TOUC € BETIKO KOLVWVIKOOLKOVOLLKO QVTLKTUTIO.

H avaAuon tng amokplong Tou XaAuBa omALoHoU 0 UVONRKEG OALYOKUKALKAG KOTIWONG
LCF (osloutkry ¢option) avtumpoowrevel, mpoondbela spufabuvong tne €peuvag oe
BEpata TMAQOTIUNG QTOKPLONG TWV KOTOOKEUWV OMALOHEVOU okupodépatoc (RC

structures) n omola MapapEVEL LEXPL ONUEPQ OTOXEUUEVN avalntnon [ref 7.9].

Mpog emiPBefaiwon Twv avwTépw, ailel va onUeElWBOEL OTL Tl EVPWTAIKA TPOTUTIA YLa
Ttouc XaAuBec omAopou (EN 10080: 2005), dev nmepthapfavouv Stadikaoieg Sokipwv
OALYOKUKALKNG kOTwon¢ (LCF). MéxpL onuepa, HOVO Ta LOTIAVIKA KoL TO TTOPTOYOALKA
npotuna emBAAAOUV TNV EKTEAECN OUUUETPKWV KUKAwV (ebeAkuopol/OAiPng)
$OPTLONG YLA TOV EAEYXO TWV MAPAYOUEVWV XOAUBwWY OTIALGOU, EVW TO OXESLO TOU VEOU

gupwmnaikol TPOTUTOU yla evioxUoelc (prEN 10080: 2012) avoAwvetal povov o
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eVOEIKTIKEC UTIOOELEELC ekTEAEONC SOKLUWV OALYOKUKALKAG komwong LCF, [ref 7.10].
MapoAa autd, OAa Ta avWTEPW eMLBaAAOpevVa eTtineda mapapdpdwaonc, N cuxvoTNTOC,
0 aplBUOC KUKAWVY Kal To eAeUBgpo UNKOg Twv SelyHATwWY, OTA MPOTUTIA AUTA Oev
Baoilovtal ota amMOTEAECUATA TNG EMLOTNUOVIKIC EPEUVAC OXETIKA LE TNV TIPOYHOTLKNA
ouunepldpopad tou XAAUBA OMALOMOU YlO KATAOKEUECG OTMALOUEVOU okupodeuatog (RC

structures).

Xwplc apdtBolia, n dafpwon Tou oWnpoomAloUoU eival €vag Adyog "mpowpng"”
UTIOBABUION TWV KATAOKEUWV Ot TEePLBAMOV YAWPLOVTWY KOL OUTO TPOKOAEL
SKaloAoynUEVN avnouXLla OTLG KOWVWVIEG TTEPLOXWVY E EVTOVI CELOULKOTNTA, OTWG Elval
n mepLoxn tng Meooyeiou. Eva peydAo HEPOC TWV KATOLOKEU WY OTLG TIEPLOXEG QLUTEC Elval

Olaitepa exteOelpévo oe Baldooleg ouvOnkeg (meptBArov pe XAwPLOvVTAL).

Emelta ano £Viova CELOUKA CUUPBAVTA UE LEYANEC ATIWAELEC KOL TEPAOTLEG OLKOVOULKEG
{nuieg, n emotnUovikA kowotnta £6woe Wlaitepn mpoooyr otn pépouca kavotnta
TWV KOTOOKEU WV UTIO OUVONKEG OELOULKAG POPTIONG. EVag GnUaVTLKOC TapAdyovTag mou
Uropel va 08nyNoEL 08 KATAOTPOPLKA KATAPPEUOT, KATA TNV SLAPKELO EVOC GELGHOU,
glval n aotoyia tou odNPoomMALoUoU. ATOTEAECUA AUTOU UTIRPEE N UEYGAN onupacio
OTN CUCTNUATIKA MEAETN TNC UNXAVIKNAG avaBaduilong Tou oldnpoomAlopoy. H avtoxn
TWV KOTOOKEUWY OTTALOHEVOU OoKUupodEpatog e€optdtal os peydho Pabud amd 1N
ouvadelo HeTafl TOU OMALOHOU KoL TOU OKUPOSEUATOG KAOWGS TTOAAEG HEAETEG £XOUV
ovadeléel TOo yeyovog NG peiwong g ouvadelag Aoyw SlaBpwong Ttou

owdnpoomnAtopol [ref 7.19].

‘Otav to KPLoLUo OTOLXELR TWV KATAOKEUWV (KOAWVEG, SoKol KATL.) BplokovTal KATW amo
™ SUTAR 0PVNTIKN EMIMTWON TWV WOVTWV XAwpiou Tou StafpwTikol meptBAaAAovtog Kat
LOXUPWV OELOUKWY ¢dopTioewv, o XAaAuPBoc omAlopol PBploketal oe ouVONKEG
SLaBpwong Kot OALYOKUKAIKNC KOTwonc. Q¢ €k ToUTOU, £XEL ONUAVILIKI TIPAKTIKNA
onuacia n Ole€aywyn €peuvog OXETIKA HE TNV uTofabuion tng amodoong tTwv

SlaBpwpévwy XaAUBwv omALlopoU uno oslopka dpoptia [ref 7.20].

2ta mAaiola g mapouoag evOTNTaG EEETACTNKE N cUVOVOGUEVN entidpaocn tne BAABNG

SLaBpwong kat Tou aveAaoTikol AuylopoU otn Stapkela {wng Twv papdwv omAlopou,
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B500a kot B500g YapnAAG Kol HEONG OAKLUOTNTOC UTO OUVONKEC OALYOKUKALKNG
Komwong. H umoPfaduion autr UETPATAL KOL TAPOUCLALETAL GE OpPOUC CUVOALKNG
LKAVOTNTOC AmopPOdNCNG OELOULKAC EVEPYELOC TWV SOKLUIWV XaAuBa Katd th ¢poption

Kol oplOpoU aVOKUKANOEWY HEXPL TNV 0.oTOo)X(A.

7.2 NEPAPATIKO HEPOG

Mpokelévou va PeAETNOel n pNXovVIKA cupnepldopd tTwv paBdwyv omAlopol umo
ouvlnkeg SLaPpwTikng SpAaong Kol aveAAOTIKOU AUYLOMOU OE OALYOKUKALKN KOTtwan,
£EETAOTNKE £VAC AVILTPOOWITEUTIKOC aplBOg dokipiwy xaAuBa katnyoplog B500, Kat

B500s, Stapétpou P12 [katnyopia mAaotiuotntag A, B, MNivakag 7.1].

Ae€nydnoav melpapata £PeAKUGHOU Kol OALYOKUKALKAG kKOmwong. To  Sokiula
ekTEBNKAV oto BdAapo ahatovédwaong (5% NaCl), ue eupog pH 6.5-7.2, eni 45 kat 90
NUEPEG, Ue 8 nueproloug KUKAouc wet/dry kat Beppokpacia 35 (+1.1 -1.7 C) [ref 7.23]
[ASTM Standard B117-94 (2003)]. Mpoketpévou va diepeuvnBel n doPfpwtikn Spaon
OTLC MNXOVIKEG LOL0TNTEG Sle€nxOnoav SoKLUEC EDEAKUOUOU OE CUYKEKPLUEVO aplOuo
Soklpiwv avagdopdg kot SlaPpwpévwy  SOKLUIWY. AUTEC OL UNXOAVIKEG OOKLUEG

epeAkuopoU paypatonow)fnkav cupudwva pe to mpoturo ISO 15630-1 [ref 7.21].

ErumAéov, Ste€nxOnoav SoKLUEC OALYOKUKALKAG KOTIwoNC yiot U0 eminmeda eAeyXOUEVNC
napapopdwong *2,5% katr *4%. OAeg oL HnYOovikéG Sokluég Ole€nxbnoav oe
Beppokpaocio Swuatiov xpnoonowwvtag tnv Instron dynamic servo-hydraulic system,
OTOU  OAEC oL  WETPNOELS  KaTtaypddnkav  XPNOLUOTOLWVTOC €va  TIANPWG
OLUTOMOTOTIOLNLEVO UTTOAOYLOTIKO cvuotnua. Ot SOKLUEG edpeAkuopouv
npaypatonolnOnkav oe técoepa Sokipla tng KaBe koatnyoplag B500,, B500s yLo
Sladopetikouc xpovouc duaBpwaong [Mivakag 7.2]. Ot SOKIUEG OALYOKUKALKNG KOTIWONG
Sle€nxOnoav cupdwva pe TNV melpapatikn Stadikacio tng peAétng [ref 7.22], [Mivakoag
7.3-7.38].

120

—
| —



Nivakag 7.1 Xapaktnplotika opla pnxoavikwv tdtotntwv yaAuBoa B5004 kat B500s

oUupwva ue tov EC2.

) Avtoyn Stappong I‘Iapauc?pd)won EAQXLOTEG TILEG
Katnyopia Ro (MPa) 910 Heyloto k=[Rm/Rp]k
doprtio, Agt

B500A >500 >2.5% >1.05
B500B >500 > 5% >1.08

( |
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Nivakag 7.2 AnoteAéouata anwAetwv ualoc KoL Unyavikwy 161otntwv yaAvBwyv (B500,4

kot B500s) Sokiuiwv avagopdc kot tpodiaBpwuevwy Sokiuiwv.

AnwAeia Avtoxn Méyiotn Napapdpdwon Mukvotnta
012 nédag [%) Suapporic avtoxn oT0 péyLoTo evépyeLag
Rp (MPa) Rm (MPa) doprio, Agt [%] U [MPa]
Hpépec 0 90 0 90 0 90 0 90
ékBeanc NUEPES | NUEPES NUEPES | NUEPES | NUEPES | NMEPES NUEPES | NUEPECS
B5008B -1 11,10 532 516,4 615,5 535 9,22 1,75 52,15 8,87
B500B -2 11,43 531,5 518 623,3 538,4 10,54 1,72 65,93 9,06
B500B -3 11,55 533 517,8 619,8 534,3 11,67 1,64 58,63 8,73
B5008B -4 11,28 532,3 520 627 539,5 8,85 1,66 67,45 9,14
Méan 11,34 532,2 | 518,05 621,4 536,8 10,07 1,70 61,04 8,95
i
B500A -1 8,50 529 491,5 554,5 493,2 5,57 1,28 36,55 5,87
B500A -2 7,95 534,2 488,7 558 488,7 6,84 1,23 37,62 5,98
B500A -3 8,45 532 490,3 556,3 491 4,97 1,25 35,07 6,03
BS500A -4 10,40 528 485,9 553,5 490,5 6,25 1,30 38,09 5,95
Méon 8,83 530,8 489,1 555,58 | 490,85 5,91 1,33 36,84 5,96
i

MNa ka&Be tumo yaluPa B500s kot B500p emAéxBnkav SUo Sladopetikd HeYEDN

eAelBepou pnkoug, 6@ (AVIUTPOOWTEUTIKO Tou eAeVBgpOU UNKOUC TwV PABSWY ota

ktipla pe oxedlaopd uPnAng katnyopiag mAaotipuotntag) kot 8P (ywa oxedloopd oe

XaunAn katnyopia péong oAKlHOTNTAC, cUUPWVA HE Ta OpLla TTou KaBopilovtal oTov

Eupwkwdika 8). Katd Tov avIloELGUIKO OXESLOOUO OL OMOOTACELG QUTEC AVTILOTOLXOUV

O£ OUVOETAPEC UTIOOTNAWUATWY OE KATAOKEVEC OTTALOMEVOU OKUPOSENOTOG.
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7.3 AnwAewa padog

H nmoapaywyn tou otpwpotog ofeldiwv mou KaAUNTeL Ta Sokipta, auEdvovtag To axog
Tou SOKIUioU OTadlaKA HUE TO Xpovo €kBeong tou oto SlaBpwtiko meptParlov. H
nooootiaia anwAsla palog unmoloylotnke amnod tov Adoyo Mi-M¢ / M, ormou M; kat Mg
QVTUTPOOWTEUOUV avtioTolya Tn HAlo Tou SOKLUIoU TPV Kal HETA TNV €KkBeoN Tou o€

SlaBpwon [ref 7.24].

7.4 Nepapata epeAKUOHOU

To omMOTEAECUATA TWV UNXAVIKWY SOKUWVY ePpeAkucpol emiBeBaiwoav TNV otadlokn
OQTMOUELWON TWV UNXOVIKWY LOLOTATWY TwV SlaBpwpévwy Sokipiwv. Ta amoteAéopota
TWV HNXaVIKwy SoKLpwv epeAkuopol moapouoialovtal oto Mivaka 7.2, o 0poug
unxoavikwy wotAtwy (R, Rm, Agt kat U) katl mocootiaiog anwAeslag palog omnou ta
Sokipta xaluBa B500, mapouciooav XapunAOTePES TLUEG amWAELAG LAL0G OE OXEON UE
to Sokipta tou YaAuPa B500s. Ot TEG tng oamwAslag palag oto Sokipta B5004
Kupaivovtal avapeoa oe 7.95% kat 10,40% (péon tun 8.83%), amd tnv AAAn oto
XGAuBoa B500g Kupaivovtol avapeoo otic Tipeg 11.10% kot 11.55% (uéon tiun 11.34%).
Ao tov Nivaka 7.2 mpogkuPe OTL petd amo 90 nuépeg €kBeong otn dLaBpwon Kal ot
6U0 tumoL xaAuBa (B5004 kat B500g), mapouciacav peiwaon twv dlotritwy avtoxng (Rp,
Rm) avaloyn pe Tnv anwAela palag, o€ avtibeon e TG ILOTNTEG OAKLLOTNTAS (Agt, U)

TIoU Kateypaav Spopatiky mtwaon.

Eldikotepa €metta amnod 90 nuépec StaBpwanc, n taon Stappong tou B500s StatnprOnke
ota enineda twv 500MPa pe puBuo pelwong HoALS 2,7%. puBuod AvtiBeta, otov xaAuBa
B500x (yLa Tov 610 xpovo £kBeang), n t@on Slappong NTav xaunAdtepn amod ta OpLa Tou
B£touv oL kavoviopol apouatalovtog pubpo pelwong 7.85% (avtiotolyn g anwAeLag
HAgag).

H mocooTtilaio mtwaon tng HEYLOTNE avToXG yia tov B500B ftav 13.6% kot yio tov B500,
11.65%. H pnxavikn 81otnta tng oAKipotntog Agt (mapapopdwaon otn HEYLOT avtoxn)
Tou B500s, katéypayge Spapoatikn mrtwon ¢ Taéng tou 83.12% kal tou B500a
avtiotolyn mMTtwon TnG Taéng tou 77.5%. OL petproelg avédeléav to yeyovog OTL Ta
Sdokipla petad tnv €kBeon toug otn SlaBpwon mopoucioocav TIHEG oAwpotntag Agt

XOUNAOTEPEG Mo Ta EAd)LOTA OpLa Ttou B€touv ol kavoviopol (EC2).
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Onwg ATOV AVOUEVOUEVO N UNXOVIKN OLOTNTA TNG TUKVOTNTOC €VEPYELOG (energy
density, U) mapoucotalel avtiotoyng taéng peiwon (o B5004, 83.82% kat o B500g,
85.34%).

Ot 8laltepa YapnAEg TILEC TNG MUKVOTNTOC evépyeLlag (U, energy density) katl otoug Suo
tUTouc XaAuPa Seiyvel OTL N XPrON TOUC OE KATAOKEUEC OELOOYEVWY TIEPLOXWV Elval
OTOTPEMTIKN. Xtn OLAPKELD TWV OELOUIKWY SOVACEWV OmMoU 0 oldNpPOOTMALOUOG
uTtoBAMAETAL O POPTIOELG OTNV TIEPLOXN TNG OALYOKUKALKNC KOTIWONG EKEL N avAyKn yla

EMOPKN EVEPYELOKA OMOBEATA KPIVETOL ETULTAKTLKY).

Tol AMOTEAECUOTO TWV UNXOVIKWY SOKLHWY EPEAKUCHOU TIPLV Kal PETA TN Stadikaoia
™T¢ dwaPBpwoaong Bplokovtal os amoAiutn cupdwvia pe tnv gpyacia [ref 7.25], mapott

avadppetal o Supaciko xaAuvpo.

H eritdoyn xaAUBwv uPnAng avtoxnig (yio mapddetypa tou B500) 0TI KOTOOKEVEG TWV
oclopoYOVWY TeploXwv eival emodalng av dev ocuvodevetal (o xaAuBog) kol amnod

XopaKkTnPLoTka VPNANRC oAkuotntag [ref 7.26].

7.5 Nepdpata 0AlyOKUKALKAG KOTtWoNG

YToug XGAuBeg B5004 kat B500s (Stafpwpévoug kal un Stafpwpévoug) die€nxdbnoav
TELPAATA OALYOKUKALKNG KOTMwong. Xtou¢ Mivakeg [7.3 — 7.8] ouvoyilovtal ta
OUTTOTEAEG AT TWV OXETIKWY TIELPAUATWY OE OPOUG, LEYLOTNC KAl EAAXLOTNG TAoNG (armod
1o Slaypappa tdong mapapdpdwonc) yia Stadopetikolg xpovoug Stafpwaonc, To
OGUVOALKOG aplOUOG KUKAWY HEXPL TNV aoToxia Kal Samavwuevng evépyelag (dissipated
energy). 2toug Nivakeg [7.4, 7.5 kot 7.7, 7.8] mapouaotdlovtal Kol Ol TTOCOOTLOLEC

anwAeleg paloc.
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Nivakag 7.3 Mnyavikeg 1&LOTNTEC Kait TO TPocdOkKLU0 {wr¢ Tou un StaBpwuévou xaAuvBa

@12, B500s.
@12 B500B — pn Stappwpévo
' EAc0B2po Méytctn Tdc'sn 010 |Ajvaun oto Ehd'xwtn E)\f’:xwtn ll(l:!KAOl AQTAVOUEVN
Aokipo HAKOG € [%] Taon €NAXIOTO | eAdyioto | TAon Suvapn | péxpLnv evépyela

[MPa] | e[MPa] | ¢g[KN] [MPa] [KN] actoyia [MPa]
B500B-41 566,38 -546.2 -61.8 -553.6 62,6 48 1152.8
B500B-42 580,72 -554 -62.7 -563.1 -63.7 49 11417
B500B-43 568.8 -530,5 -60 542 613 37 878.4
B500B-44 6D 568.7 -539.5 61 -546,6 61,8 48 11447
B500B-45 5653 5312 -60.,1 -530.3 -60 42 976.5
Méon tun 570,0 -540,3 -61,1 -547,1 -61,9 45 1058,8

£2,.5%
B500B-46 5452 -482 4 -54.6 -510,5 57,7 20 388
B500B-47 545.1 -480.8 -54.4 -508.,4 575 20 391
B500B-48 549 4 4738 -53,6 5117 -57.9 19 381
B500B-49 8d 549.7 -462.7 -523 -507.6 574 23 423
B500B-50 5495 4755 -53.8 -507.5 574 19 375
Méon tui 547.8 -475 -53.7 -509,1 57,6 20 391,6
B500B-51 607.5 -404.7 -45.8 -503,1 56,9 11 348
B500B-52 606.5 -386.5 -43.7 -498 56,3 9 276
B500B-53 598.5 -395.7 -44.7 -502,6 -56.8 10 309
B500B-54 8d 614.4 4175 472 -522.6 -59.1 9 311.6
B500B-55 607.4 -404.2 -45.7 -502,3 -56,8 9 290
Méon tun 606,9 -401,7 454 -505,7 572 9 306,92
i 0,

B500B-56 Vi 610 -546,3 -61.8 -565.4 63,9 13 574
B500B-57 613.8 -570.7 -64.5 -582.4 65,9 13 554.6
B500B-58 613.2 -583.3 -66 -590.,6 -66.8 13 5445
B500B-59 6D 608.5 5512 -62.3 -573.8 -64.9 13 5285
B500B-60 609.5 -545 61,6 -564,9 63,9 13 533
Méon tun 611 -559.3 -63,3 -575.4 -65,1 13 546,9

Nivakag 7.4 Mnyxavikeég t5L0tNTeC Kal To mpoodokiuo {wr¢ tou xaAuvBa P12, B500s-

Eneita armo 45 nuépec ékBeoncg otn dtaBpwon.

@12 B500B — 45 nuépeg Stafpwon

EA£0Bgpo Méyiotn | Tdon oto AUvapn ot EAGyotn | EAdxtotn | KOkAou Aanavwpevn | AnwAsia

Aokipo KOG e [%] taon ehdyioto | eAdioto | tdon Suvapn | péxprtnv EVEpyELQ paag
[MPa] € [MPa] € [KN] [MPa] [KN] aotoyia [MPa] [%]
B500B-21 560,16 -531,58 -60,1 -533.5 -60,3 33 749.4 537
BS500B-22 559.07 -540.5 -61.1 -5447 | 616 37 826 6.05
B500B-23 6@ 56545 | 55975 | 633 | -5606 | 634 39 870 5.85
Méon tun 561,6 -543,9 -61,5 -546,3 -61,8 36 815,1 5,76

0,
B500B-1 12,5% 5794 -464 -52,5 -526 -59.5 16 3118 5.63
B500B-2 565,3 -447 -50,6 -508.4 -57.5 16 309.6 6,18
B500B-3 8P 558.8 -421,25 -47.6 -492 9 -55,7 19 356 5,84
Méon tiun 567.8 -444,1 -50,2 -509,1 -57,6 17 3258 5,88
B500B-4 598,62 -366 -414 -501,8 -56,7 9 265,8 5,95
B500B-5 596,9 -377 -42.6 -487,1 -55,1 8 2414 6,08
B500B-6 8@ 600,7 -383 -43.3 -498.3 -56.4 8 248 5,75
Méon tun 598,7 -375,3 -42.4 -495,7 -56,1 8 251,7 5,93
i 0,

B500B-10 A 595.5 -515,6 -58.3 -540,8 -61,2 11 432.,6 5.80
B500B-30 598.,5 -518.44 -58,6 -544.8 -61,6 11 449 6,03
B500B-40 6P 5942 -522.4 -59,1 -543.9 -61,5 11 450 5,94
Méon Tuh 596,1 5188 58,7 5432 614 11 4439 592
Méon tun 5,88

—

125

'




Nivakag 7.5 Mnxavikeg 1510tNTeC Kot 0 mpoodokiuo {wr¢ tou yaAuBa @12, B500s-

enetta antd 90 nuépec ékBeonc otn StaBpwon.

@12 B500B — 90 nuépeg Stafpwon

EAe0O Méylotn | Taon oto |AUvaunoto EAdxiotn |EAdyxiotn| KokAou Aanavwpevn | AnwAsla
Aokipo v :po € [%] tdon eAdyloto | eAdxioto tdon S0vapn | péxpLnv EVEpYELQL paog
Hilkos [MPa] | e[MPa] | &[KN] [MPa] | [KN] | aotoxia [MPa] 1%]
B500B-36 587.,6 -552 -62,43 -559 -63,22 28 610,8 10,50
B500B-37 587,7 -546,7 -61.83 -551,2 -62,34 26 587,25 11,02
B500B-38 584.6 -565.9 -64 -569,2 -64,37 26 612.8 11,75
B500B-39 6D 579,1 -538.,7 -60,92 -545.8 -61,72 29 640 10,92
B500B-20 554.6 -512,6 -57,97 -522,6 -59,1 31 692 11,10
Méon tun +25% 578,72 -543,2 -61,4 -549.6 -62,9 28 628,57 11,06
B500B-11 586 -4294 -48,56 -478.5 -54,11 17 308.1 11,6
B500B-12 590 -449 8 -50,87 -502.9 -56,88 19 346 10,70
B500B-13 80 582.8 -439 -49,65 -489 -55.3 16 290 12,25
B500B-14 583,5 4499 -50,88 -496.8 -56,18 17 315,1 11,15
Méon tpn 585,58 -442 -50 -491,8 55,6 17 314,8 11,43
B500B-15 610 -344.6 -38,97 -480 -54,28 8 2357 11,10
B500B-16 599,3 -336 -38 -462 -52,25 9 240,6 12.35
B500B-17 606 -349 -39.47 -491,3 -55,56 8 232,1 12,10
B500B-18 8 607 -346 -39,13 -482.8 -54.6 i 2114 10,55
B500B-19 599.6 -371.4 -42 -514 -58,13 8 242,65 11,82
Méon tun 604,38 -3494 -38.9 -486 -54,2 8 232,49 11,58
i 0,
B500B-32 S 602 -518,7 -58.,66 -549,1 -62,1 8 3283 11,02
B500B-33 601 -498.1 -56,33 -538.8 -60,93 11 400 11,76
B500B-34 616 -542.2 -61,32 -583,5 -65,99 11 405,7 10,90
B500B-35 6D 603,8 -519.1 -58,7 -554.5 -62,71 11 416,1 12,05
B500B-31 576,35 -496.4 -56,14 -528 -59,71 10 376,23 11,22
Méon tun 586 -514,9 -58.8 -550,8 -62,9 10 385,27 11,39
Méon tipn 11,37

—
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Nivakag 7.6 Mnyavikeg t6L0TNTEC Kt TO TPoodOkLU0 {wh¢ Tou un StaBpwugvou xaAuBa

@12, B500,.
@12 B500A — pn StaBpwuévo
EAe0BEDO Méywotn |Tédon oto AUvapnoto| EAdxiotn | EAdylotn KOkAoL |Aamavwpevn

Aokipo " P € [%] tdon ehdyloto | €Aayloto tdon S0vapun | péxpLnv EVEpYELQL

HriKog [MPa] | € [mPa] £ [KN] [MPa] [KN] actoxia [MPa]
B500A-41 552 -510,6 -57.74 -532 -60,16 33 711,4
B500A-42 546 -498.6 -56,39 -529.4 -59.87 23 497.6
B500A-43 550 -516 -58,35 -532 -60,16 31 683,8
B500A-44 6P 553 -511,8 -57,88 -538.3 -60,88 39 814,8
B500A-45 5574 -529,2 -59.85 -538.3 -60,88 32 707
Méon tun 551,7 -513,2 -58 -534 -60,4 31 682,9

i 5 o,
B500A-46 2i% 549 -439.5 -49.7 -514,7 -58.21 15 274
B500A-47 5542 -429 -48,52 =515 -58.24 16 289
B500A-48 553,37 -438,14 -49,55 -511,3 -57,82 17 308
B500A-49 8@ 5532 -427.3 -48,32 -516.4 -58.4 21 354
B500A-50 549,2 -423 .4 -47,88 -509 -57,56 16 284
Méon Tl 551.8 -431,5 -48,8 -513,3 -58 17 301,8
B500A-51 559.5 -347,7 -39,32 -498 -56,32 8 232
B500A-52 552,5 -332,5 -37.6 -488 -55,19 8 221,5
B500A-53 555,7 -337.4 -38,16 -488.4 -55,23 8 247
B500A-54 8@ 556,1 -337,2 -38,13 -495,5 -56,04 7 226,5
BS5S00A-55 560,34 -344 -38.9 -496,8 -56,18 7 231
Méon tun 556,8 -339,8 384 -493.3 55,8 7 231,6
0,
B500A-56 sl 565,2 -505,2 -57,13 -541.,5 -61,24 10 379
B500A-57 566,17 -494 -55,87 -542.,6 -61,36 11 401,3
B500A-58 564.5 -500 -56,55 -536.9 -60,72 11 413
B500A-59 6P 569 -500 -56,55 -542.3 -61,33 11 402,65
BS00A-60 568,9 -495 -55,98 -537 -60,73 10 372
Méon tun 566,8 -498.8 -56,4 -540,1 -61,1 10 393,6
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Nivakag 7.7 Mnxavikeg tS10TNTEC Kkat to mPoodokiuo {wh¢ tou xaAuBa ®12, B500x-

enetta and 45 nuépec otn StaBpwaon.

@12 B500A — 45 npuépeg SaBpwon

— Méyiotn | Tdon oto Abvapnoto EAdxwotn [EAdyiotn| KokAot Aanavwpevn |AnwAeia
Aokipto EUUEPO| g [%] thon | eAdyoto | eAdxioto | thon | Sbvapn | HEXPLTNV evépyELa pédag
unKog [MPa] e[MPa] | £[KN] [MPa] [KN] aoctoyia [MPa] [%]
B500A-21 5402 5113 -57.82 5254 -59.42 27 5654 3.43
B500A-22 5388 -505,7 -57.19 -530.4 -59,98 25 519 3.91
B500A-23 6D 537.8 508 5745 -526 -59.49 24 513.5 3,77
Méon T 5389 5083 575 5273 596 25 532,6 37
0,
B500A-1 = 5428 406.5 4597 5182 586 12 214 337
B500A-2 540.2 4193 -47.42 -509.9 -57.66 14 250 3.82
B500A-3 8@ 5318 405 458 4919 -55.63 13 2417 36
Méon tpun 5383 4103 -46.4 -506,7 573 13 2352 3.6
B500A-4 5417 320,41 -36.24 4937 -55.83 7 184.7 3.86
B3500A-5 544.8 -326.6 36,94 -491.7 -55.61 7 1954 3.43
B500A-6 8@ 5475 307 3472 4854 54,89 7 182,6 3.63
Méon T 544,7 318 -36 4903 554 7 187,6 3,64
B3500A-10 % 532.6 424,89 -48.05 -502 -56.77 9 288.6 4.95
B500A-30 546.1 516.8 5844 516.6 -58.42 6 237.1 542
B500A-40 6D 562,7 5189 -58.68 5189 -58.68 9 311.8 1,62
Méon tpn 5471 -486,9 -55,1 5125 -58 8 279,2 4,00
Méon tun 3,73
Nivakag 7.8 Mnyavikéc 1610TNTeC Kot To MPoodokipo {wng tou yaAuBoa @©12, B500,s-
eneita anto 90 nuépec otn Stabpwon.
@12 B500A — 45 nuépeg StaBpwon
) EAe0Bepo Méyiot | Tdon oto [AGvapnoto EAdyiotn |EAéxiotn| KokAou Aanavipevn |AnwAsia
Aokipo piAKog €[%] tdon | eAdxoto | ehéxoto |  Tdon | SOvapn | HéEXPLTINV evépyela pédag
[MPa] € [MPa] € [KN] [MPa] [KN] aoctoxia [MPa] [%]
B3500A-36 513.8 -456.4 51,6 4982 -56.34 17 315,17 10,5
B500A-37 513.5 4731 -53.5 5033 -56.92 15 284,22 10,5
B500A-38 5248 4973 56,2 5266 59,55 15 291,73 48
B500A-39 6® 5254 -484 547 510 57.68 14 286,73 8.4
B500A-20 5252 -492.6 55,7 5083 5748 17 344.1 6.56
Méon tpn 53,59 5205 -480,7 544 -509,3 -57.6 15 3044 8,43
B500A-11 540,56 359 -40.6 4475 50,61 12 192 6.76
B500A-12 5442 -365 -41.28 -514.8 -58,22 12 190,26 8.08
B500A-13 5 537.74 -350 -39.58 484 54,74 12 195,34 7.73
B500A-14 533.85 -356 -40.26 -494.7 -55.95 12 194.1 3.83
Méon tpn 5391 3575 404 4853 54,9 12 192,9 7.85
B500A-15 534.46 256 28.95 4455 -50,38 6 157.2 3.66
B500A-16 536 -244.1 27,61 -447 -50,55 6 150.8 7,37
B500A-17 5584 2813 3181 4734 53,54 6 177.59 8,34
B500A-18 8® 540 2643 29.89 4635 5242 6 169,16 7.16
B500A-19 536.26 31523 -35.65 483 -54.62 5 147,04 6,71
Méon tun 541 2722 29,6 -462,5 51,7 6 160,4 7,65
0,
B500A-32 =A% 545 405 458 496 56,09 6 227 8.1
B500A-33 520 370 -41.84 489 553 6 194 11,7
B500A-34 533 414 -46.82 511 57.79 6 209.1 10,7
B500A-35 6D 528 -378.2 -42.77 485 -54.85 6 2117 10.3
B500A-31 524.8 4265 4823 -500 56,55 6 218.9 10,5
Méon tpn 530,2 -398,7 45,1 -496,2 -56,1 6 2121 10,2
Méon tpn 8,50

—
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Taon [MPa]

500

-500

IxAua 7.1 Ouadomoinueva dokiuta pe Stapopetika eAsU9epa Lnkn eAéyyou (60, 8D).

8@ Ztabepod

-4 -2 0 2
Napapopdpwon & [%]

IxAua 7.2  Auvylopika  dawvopeva

Taon [MPa]

Kota

6@ Ztabepod

500

-500

A

4 2 0 2 4

Napapdpdwon € [%]

™V avakukAlopevn ¢option a)

AVTUTPOooWwrteuTikog Bpoyxog uotépnonc yta 8® eldevlepo unkog, mapauopewon

£=%2,5% ko e=+4%. b) Avtutpoowneutiko¢ Bpoyxoc uotépnang yia 6@ eAeuBepo unkoc

UE TTapauoppwon €=12,5% kat e=+4%.

—
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Taon [MPa]

500 -

-500

500 -

Taon [MPa]

-500 : ——

+2 5% Ztabepod

+4% 2t0Bepod

T 1

0 ' 2 ' -4 2 0 2
Napapdpdpwon € [%] Napapdpdpwon € [%]

|
N

IXQUot 7.3  AUylOUIKA  dawvopeEve  Katd TNV avakukAl{opevn  @Ooption  a)
AVTUTPOOWITEUTIKOG Bpoyyog uateépnong yia 8@ eAeUdepo unkog (UnAe ypouun) kat 6@
(KOkktvn ypoauun) yio mopoudppwon £=32,5% b) Avtutpoowneutiko¢ Bpoyxog
votépnonc yia 80 elevdepo unkoc (umde ypauun) kot 6@ (kokkitvn ypouun) yia
napouoppwan €=+4%.

Y10 ZxAua 7.1 mapouaotaletal n opodonoinon Twv SoKLpiwy yio ta SUo eAelBepa KN
eAéyxou 60 kat 8D. Ito IXAMA 7.2 Ssiyvovtal avILMPooWIEUTIKOL BpdyxoL uoTéPnong
yia ta Vo Sladopetikd eAelBepa pnkn Twv pn SaPpwutvwv Soklpiwv yla
Slapopetikd eVpog mapapopdwons. Ito IxAna 7.2 (a) mapouvoidlovral oL Bpoyyol
votépnong Twv dokiuiwv 8@ pe évtova Auylopika dawvopeva kot ota duo emnineda
napapopdwong (£2,5%, *4%). H anokplon twv XaAUBWV gV TMIPOKELUEVW 08nyoLV Ta
Sokipla 8D oe yaunAa eninedo Samavwpevng evépyelag (dissipated energy) kot
Slapkelag {wng oe avtiBeon pe ta Sokipla 6@ IxApa 7.3 (a), (b). Zto Ixnua 7.2(b)
Selyvovtal ol Bpoyyol votépnong dokiwv 6@ pe Loxupd AUYLoUKA patvopeva Aoyw
ermuPBAnBeicoc mapapopdwong +4% os oxeon Ue v mapapdpdwong +2,5%. Toco and
o IxAuata 7.2 (a), (b) 6co kot amd toug Mivakeg [7.3 - 7.8] mpokumtel WSlaitepa
amoToun Pelwon tng LEYLoTNS avaAapBavopevng Taong Twv Sokipiwv anod 6@ ota 8O

yla to (6lo epog mapapopdwaong.

Ta anoteAéopata mou napouclalovtal ota IxApata 7.3 (a), (b) kat otoug Nivakeg [7.3
€wg 7.8] deixvouv OTL n avgnon tou eAeVBepou PAKOUG TwV SOKLUiwv emnpedlet

WOlaitepa apvnTIKA TN HMNXAVIK TOug amodoon Oe OElOUKA ¢optia Kabwg ta
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dawopeva Auvylopol mou AapBavouv xwpa odnyoUv cuxvd ot TPOWPES EaPVIKEG

00TOYX(EG.

H apvntikn enidpacn tou auénpévou UNKOUG AUYLOMOU OTNV HNXOVLIKN amodoon Tou
owdnpoonAlopol ouxva eival ducpevéotepn amd tnv enidpoon NG SLPPWTLKAG
S6paong. Avtiotolxa o aplBuog Twv KUKAwV PEXPL TNV aoTtoyia (Stapkela Lwrg) Yevika
UELWVETAL PE avénon Ttou emmédou NG emMPAAAOUEVNG TOPAUOPPWONG TIOAU

TLEPLOCOTEPO HE TOPAAANAN avénon Tou eAcUBepoOU UNKOUG AUYLOUOU.

Ewdkotepa, 10 un-StaPfpwpévo Sokipo @12, B500s yia ehevBepo pnkog 6@ o€
eleyxouevn mopapopdpwon +2,5%, mapouciace Samavwpevn evépyela (dissipated
energy) 1058,80MPa ka 45 TAPEL KUKAOUG HEXPL TNV aoToyia. Emetta amo 45 nUEpEG
€kBeang otn SLaPpwon tou M12, B500s, pe 5,76% anwAela Halag, oL LECEG TUUEG TNG
Samavwpevng evépyelag (dissipated energy) ntav 815,10MPa pe peiwon katd 23% kalt
36 KUKAOL PEXPL TNV acToyio NTol pelwon katd 20%. Enetta and 90 nuépeg £kBeong
11,06% anwAela palog o idlog xaAuBag napouciaoe: Sanavwuevn evépyela (dissipated
energy) 628,57MPa (6nAadn pelwon katd 40,64%) katl 28 MANPELG KUKAOUG PEXPL TNV

ootoyia, Atol peiwon katd 37,70%.

To un-6laBpwpévo Sokipo ®12, B500 yia eAelBepo unkog 6 oe eAeyyoOuevn
napapopdwon *4%, mnapoucioos: Samavwpevn evépyela (dissipated energy)
546,90MPa (48.3% peiwon o oxéon pe to 1058,80MPa) Kat 13 AR peLg KUKAOUG HEXPL
Vv aotoxia dnAadn peiwon 71.1% os oxéon pe Toug 45 mMANPeLg KUKAoUG. Enetta ano
45 nuépec €kBeong otn dLaBpwaon He 5.92% anwlela palag. Noapouciaoe Samavwpevn
evépyela (dissipated energy) 443,90MPa (18.84% peiwon oe oxéon pe ta 546,90MPa
Kal 58% pelwon os oxéon pe ta 1058,80MPa), 11 mAnpelg KUKAOUG HEXPL TNV aoToxia
(15.39% peiwon oe oxéon pe toug 13 MARPELG KUKAOUG Kal 75.5% pelwon OXETIKA UE
TOUG 45 TANPELG KUKAOUG).

O 1810g xaAuBag Emetta ano 90 nuépesg €kBeong otn SaBpwon pe 11.39% anwAsla
ualog napouciacs: damavwyuevn evépyela (dissipated energy) 385,27MPa (29.56%
uelwon oe oxéon pe ta 546,90MPa kal 63.6% pelwon os oxéon e ta 1058,80MPa), 10
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TANPELG KUKAOUG MEXPL TNV aotoxio (23.08% peiwon oXeTkd e Toug 13 MARPELS
KUKAOUC Kal 77.7% pelwon OXETIKA HE TOUG 45 TARPELG KUKAOUG).

AT TNV GAAN TTAEUPA, OL HECEC TIUEG TOU Un-Olofpwpévou dokuiov P12, B500g, yla
eAelBepo pnkog 8D kat +2.5% emParlopevng mapauopdwong eivar 391,60MPa
Samavwpevn evépyela (dissipated energy) (63% pelwon oxetika pe ta 1058,80MPa), 20
TANPELG KUKAOUG PEXPL TNV ootoxia (55.5 % uelwon oxetikd Pe toug 45 TANPELS
KUKAouc). Eival epdaveg otL n avnon tou elelBepou pnkoug and 6@ oe 8D odnynoe
oe dpapatiky peiwon tng Samavwpevng evépyelag (dissipated energy) kal tou

npoacadokipou {wng tou ®12, B500s xaAuBa.

‘Emetta and 45 nuépeg €kBeong otn StaBpwon tou M12, B500s yia 5.88% anmwAela palag
napouciace danavwpevn evépyela (dissipated energy) 325,80MPa (16.81% peiwon
OXETIKA pe ta 391,60MPa kat 69.2% peiwon oxetka ue ta 1058,80MPa dissipated
energy) kat 17 mAnpelg KUKAoug HéxpL TNV actoyia NTot 15% peiwaon oxeTika e toug 20

TIANPELG KUKAOUG KoL 62.2% LELWON OYETIKA UE TOUC 45 TTANPELG KUKAOUG.

Enetta ano 90 nuépeg €kBeong o 16Log xaAuBag pe 11.43% anwAela palag napouvcioos:
Samavwpevn evépyela (dissipated energy) 314,80MPa (6nAadn peiwon katad 19.62%)

Kat 17 mARpeLg KUKAOUG HEXPL TNV aoToxia AToL peiwaon kata 15%.

To un-SlaBpwpévo Sokipo D12, B500s yla elelBepo unkog 8M oe eleyxOuevn
napapopdwon +4% mnapoucioos: OSamavwpevn evépysla  (dissipated energy)
306,92MPa (6nAadn peiwon 71% oe oxéon ue ta 1058,8MPa dissipated energy) kat 9
TIANPELG KUKAOUG UEXPL TNV aotoxia (6nAadn pelwon katd 80% os oxeéon Ue toug 45
TIANPELG KUKAOUG).

‘Enetta anod 45 nuépeg €kBeong otn StaPpwon o idlog xaAuPag pe 5,93% anwAeta palog
napouociaoce: Samavwuevn evépyela (dissipated energy) 251,70MPa (ueiwon kata 18%
o€ oxéon pe ta 306,92MPa kat peiwon 71% ot oxéon pe ta 1058,8MPa) kal 8 mMARPELg
KUKAOUG HEXPL TNV aoToxia (pelwon kata 11,12% os oxéon He Toug 9 TTANPELS KUKAOUG

kal pelwon katda 80% os ox€on e toug 45 AN PELG KUKAOUG)
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Emetta and 90 nuépeg €kBeang o 16Log xahuBag pe 11.58% anwAsla palog napouvaoiaoe:
Samavwpevn evépyela (dissipated energy) 232,49MPa (ueiwon katd 24,26% oe ox£on
ue ta 306.92MPa kat peiwon katd 78% oe oxéon pe ta 1058,8MPa), kal 8 mMANRpPELS
KUKAOUG PEXPL TNV aoToyia (pelwon kata 11.12% os ox€on He Toug 9 TTANPELS KUKAOUG

Kol 82.2% o€ ox€on e Touc 45 TANPELS KUKAOUG.

Mapopola amopeiwon napouaotaletal oto pn-dtaBpwpévo 12, B5004 yla eAelBepo
unkog 6@ kaL eAeyxopevn mapapopowon +2.5%. OL pEoeg TIUEG elval 682,90MPa

damavwpevn evépyela (dissipated energy) kat 31 KUKAOL LEXPL TNV aoTo)la.

Enewta anod 45 nuépeg £€kBeong otn StaBpwon kat 3.70% anwAelo palog o (6Log
xaAuBag napouciaocs: damavwpevn evépyela (dissipated energy) 532,60MPa (peiwon
Kata 22% oe oxéon He ta 682,90MPa) kal 25 TMAAPELG KUKAOUG UEXPL TNV aoToxia
(uelwon kata 19.36% o€ oxéon pe toug 31 mMARpPELg KUKAOUG).

Eneta ano 90 nuépeg €kBeong o 161o¢ xaAuBag kat 8.43% anwAela palog napoucioos:
Samavwpevn evépyela (dissipated energy) 304,40MPa (uelwon kata 55.43% o€ ox€on
Ue Ta 682,90MPa kal 42.85% o€ oxéon pe Ta 532,60MPa), kot 15 A peLg KUKAOUG PEXPL
v actoyia (Helwon katd 51.62% oe ox€on pe toug 31 MARPELG KUKAOUC Kal pelwon

katda 40% o€ ox€on PE Toug 25 TANPELG KUKAOUG).

To un-6tappwpévo Sokipo tou M12, B5004 yia eAevBepo unkog 6@ oe eheyxOuevn
napapopdwon 4% mnapoucioocs: OSamavwpevn evépyela (dissipated energy)

393,60MPa kot 10 mARpeLg KUKAOUG LEXPL TNV aoToyia.

Enewta anod 45 nuépeg £kBeonc o 6log xaAuBag pe 4% oamwAelo LAlag mapousoioos:
Samavwpevn evépyela (dissipated energy) 279,20MPa (uelwon katd 29.07% o€ ox€on
ue ta 393,60MPa) kat 8 AN peLg KUKAOUG LEXPL TNV aoTo)ia (Helwon katd 20% og oxéon
pe Toug 10 AN peLg KUKAOUG).

‘Enetta ano 90 nuépeg €kBeong o 16Log xaAuBag e 10.20% anwAela palag napoucioos:
Samavwpevn evépyela (dissipated energy) 212,10MPa (ueilwon kata 46.12% oe ox€on
ue ta 393,60MPa kat pelwaon kata 24.03% os oxéon e ta 279,20MPa) kal 6 MARPELS
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KUKAOUG LEXPL TNV aoTo)la (Helwon katd 40% os oxeon e Toug 10 mARpelg KUKAOUG Kalt

ueiwon kata 25% og ox€on e Toug 8 MANPELS KUKAOUG).

To pun-dofpwpévo 12, B5004 yia eAeUBepo pnkog 8@ kat eAeyYOUeVN TMopapopdwaon
1+2.5% mopouciaoe: damavwpevn evépyela (dissipated energy) 301,80MPa kot 17

TIANPELG KUKAOUG PEXPL TNV aoTOo)La.

Emetta amno 45 nuépeg €kBeong o 16Lo¢ xaAuPag pe 3.60% anwAsla palag mapovaoiaoe:
Samavwpevn evépyela (dissipated energy) 235,20MPa (peiwon kata 22.07% o oxéon
ue ta 301,80MPa) kat 13 ARPELG KUKAOUG MEXPL TNV aoTo)la (Heiwon Katd 23.53%).

Enetta amno 90 nuépeg £€kBeong o dlog xaAuBag pe 7.85% anwlela palag napoucioos:
Samavwpevn evépyela (dissipated energy) 192,90MPa (uelwon katd 36.09% o€ oxEon
ue ta 301,80MPa kat peiwon katd 17.98% os oxéon pe ta 235,20MPa) kat 12 mARpeLg
KUKAOUC HEXPL TNV aoTo)ia (Helwon Katd 29.42% os ox€on e Toug 17 MANPELS KUKAOUC

Kal pelwaon katd 7.7% oe oxéon We Toug 13 mANpeLg KUKAOUG).

To pun-StaBpwpévo M12, B5004 yia eAebBepo unkog 8® oe eAeyXOUEVN TOPAUOPPWON
+4% mapouoiaces: damavwpevn evépyela (dissipated energy) 231,60MPa kat 7 TTANPELG

KUKAOUG HEXPL TNV aoTo)la.

Enewta amno 45 nuépeg £€kBeong o 6log xaAuBag pe 3.64% anwlela palag mapouvcioos:
Samavwpevn evépyela (dissipated energy) 187,60MPa (peiwon katd 19% os oxéon Ue

ta 231,60MPa) kat 7 mANPELS KUKAOUG LEXPL TNV acto)ia (0% pelwaon).

Enetta amno 90 nuépeg €kBeong o 16Log xaAuBag pe 7.65% anmwAela palog mapouvcioos
Samavwpevn evépyela (dissipated energy) 160,40MPa (uelwon kata 30.75% oe ox€on
ue ta 231,60MPa kat peiwon kata 14.50% oe oxéon ue ta 187,60MPa) kol 6 TANPELS

KUKAOUG HEXPL TNV aotoxla (pelwon katd 14.29% og ox£on Ue Toug 7 TTANPELG KUKAOUG).
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7.6 AvaAuon tou TUMou Kot tnG popdng aotoxiag HEow Scanning

Electron Microscope (SEM)

Me oTto)0 TNV avaAucn Tou TUTIOU aoToxiag Twv SoKiwy, xpnolponotidnke scanning

electron microscope (SEM).

Ixnpa 7.6.1 Artodn emipavelag Opavong papdou avadopdg B500s, P12 énetta and
OALYOKUKALK) KOMWOT, UE Mapauoppwon e=12.50%, kot 6 eAeuFepo unkoc Avyiouoo.
a) Evapén pwyunc otn Béon tne vevpwong. b) Emipaveia Spavong.
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FORTH/ICE-HT

WD = 20 mm
Signal A = SE2 Noise Reduction = Pixel Avg. Zales SUPRA SVE

= 163X EHT=2500M ' mlmmceur
m"“ Y= 0mm

IXAMa 7.6.2 a) Artoyin enwpavelag Spavonc paBbdou avapopds B500s, @12 Eneita ano
OALYOKUKALKN) KOTIWaON, UE Tapauoppwon €=+2.50% kat 6@ eAeUBepo unkog Avytouou.
b) ANenmToUEpElal ECWTEPIKNG PNYUATWONG UE KATEVYIUVON NPOC TNV EEWTEPIKN
empavela.
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IxAna 7.6.3 Amoyn empavelag Spavaong npodiabpwuevns paBdou B500s @12, (45
NUEPEC) EMeLTal Ao OALYOKUKALK) KOMwaon, UE Mopauopewon e€=+2.50% kat 6@
eAeUBepo unkog Auytouou. (a) Awaomapteg oneg kat eykAeiouata, (b) EMNTWOELS TNG
ueyeduvaonc ocovApidiwy kat tn¢ napovaoiac (Si, Fe).
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EHT = 25.00 kv
WD = 15mm
Signal A = SE2 Noise Reduction = Pixel Avg.

P N ,.
EHT = 25.00 kv

WD= 11mm
Signal A = SE2 Noise Reduction = Pixel Avg.

IxAna 7.6.4 Aroyn enwpaveiag Spavaong npodiaBpwugvne paBdouv B500s @12, (90
NUEPEC) EmMelTar amo OALYOKUKALKY) KOMwaon, UE Mopauopewon e€=+2.50% kat 6@
eAevBepo unkog Auytouou. Pwyun (a) avantuooetatl mAnaiov tng nepluetpou (b) aAdeg
PWVYUEC TTOU EXOUV EVAPEN oo TNV MEPIUETPO (EEWTEPLKN EMIPAVELQ).
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Ano tnv epyaotnplakn avaluon mpogkuPe OtL n SlaBpwon Adyw YAwPLOVIWY
TIPOKAAEDE BEAOVIOPOUG KATA HAKOG TwV SOKLiwv Kot avouolopopdn BAABn otnv
e€WTEPLKN YEWMETPlA TNG eMdAVELAC TOUG. TO YEYOVOCG QUTO EMEKTELVE TOL AUYLOULKA

dawopeva ota StaPpwpéva SokipLa KOTA TIG avaKUKALTELG TOUG.

H avaAuon twv dokipiwv péow SEM (scanning electron microscope) kat EDX mpiv Kat
UETA TN SLaBpwan oTig emibaveleg Bpavaong, aveédelfe Tig BEaeLg Evapinc TwV pwWYLWY,
ToV TPOmo SLAS00NG Toug, TG BEdelg MnS eyKAELOUATWY KABWC Kal TNV Umapén Kot
GA\WV €0WTEPIKWY OmMwv otnv dour tou ULAkoU. Emiong éywve cadéotepo OTL N
ouvunapén MnS eyKAELGUATWY KOl OTIWV GTNV SO TOU UALKOU GUVEPYNGCAV ONUOVTIKA

otnv unmofaduion oto xaAupoa. Ixppata [7.6.1 - 7.6.4].

JUoudwva pe tnv gpyaocio [ref 7.29], katd tn SLApKELA TNG MOPAYWYNC TOU XAAuBa
(carbon steel), otig peTaAoupyIKEG SLASIKAOIEG, YIVETAL ELCAYWYN TOU UOyYaviou HE
OTOXO TO TIEPLOPLOUO TNG dpdong Tou S. To (Beio) S, pEmel oto oxNUATIONO TwV FeS Kal
MnS eYKAELOUATWY, TWV OTOLWV N TOPOUCLa 0TV CUVEXELA TTPOoKAAel coBapd Intrpata
KaBwg gival yvwotr n gvaltocbnoia Toug otnv mPooAnyPn XAWPLOVIWY oTo OpLa TOUG UE
Tov 6idnpo tov omoio Stahvouv [ref 7.30, 7.31 kat 7.32]. Zta StaBpwuéva Sokipo cuyva
napatnpeital To palvopevo Katd to omolo ol Boelg evapéng kat S1adoonc pwypwy

Bpilokovtal o TEPLOXEG AVATTTUENG EEWTEPLIKWY BEAOVIOUWV.

H epyacia [ref 7.32], avadEépel OtL n otadlakr avénon tou oykou Twv MnS kot FeS
EVKAELOPATWY, TANGILOV TNC EEWTEPLKAG ETILHAVELAG TOU OLONPOOTIALOLOU, OITOTLULWVTOL
WC TEPLOXEC SLYWE HNXAVIKEG OIVTOXEC KOTA TN UNXAVLKH KaTarovnon.

YTIG OE0ELC OUTEC WOTOCO AVONMTUCOETAL EOWTEPLKI) CUYKEVTPWON HNXOAVIKWV TACEWY
TPOKAAWVTAG ouvOnkec aAAnAemidpacng He AAOUC yeltovikoUug Beloviopouc. H
oviyveuon TEPLOXWV HE eykAelopoto péoa oouAdldiwv otn poptevoltiky lwvn
(utobopLa) Kal TO yeyovocg TNG EMAEKTIKAG MPpoopodnong YAwpLlovtwv otig B€oelg
auTéG. To ¢awopevo autd ouviotd ooPapd AOyo €KKIVNONG TNG ECWTEPLKNG
Stadkaolog StaBpwong tou owdnpooAiopou [ref 7.32 kai ref 7.33]. To avwtépw
dawopevo twv eykAelopdtwy couAdLbiwv kataypddnke kol otoug XaAuBeg Sixwg
HapTEVOLTIKO Ao (Omwg elval ol B5004 kat B500g). Ta oamoteAéopata NG

nelpopatikng Stadikaciag kot twv AnPewv SEM emiBeBaiwooav MoAAG amod Ta
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ouunepaopata tne epyaociag [ref 7.20]. Ao tn peAétn de twv emidavelwv Bpavong
gvioxVuOnke n armoPn OTL N KAteUBUVON MOAWV EK TWV ECWTEPLKWY PWYHWV ELXaV TNV

taon dtadoong mpocg tnv e€wtepikn eAeVBepn endavela.

JTIG IEPUTTWOELG QUTEC N dtadoaon TG pwypn g odnynoe os Pabupr) aotoyia KabBwg oTLg
B£oelc 6Ladoong TNG PWYHNG OTOU €XOUHE ACUVEXELO TOU UALKOU, €KEL oL LBLOTNTEC Kall
TA XOPOKTNPLOTIKA OAKLLOTNTOG XAvovTatl. TETola pavopeva ntav SUoUeEVETTEPA OTa
StaBpwpéva dokipta omou n daBpwtikn dpdon umoBadulos Tnv Sopun eEwTEPLKA Kal

evOOETMLPAVELOKA OTO UALKO OKUPWVOVTAG €V TIOAAOIC datvopeva Stadoong pwyHwv.

AtileL va onpewBel ot mepimou ta dla cupmepacpata emPBefalwbnkav otnv
epyaociafref 7.20] mapott nmepledapBave didpacikoug xaAuBeg uPnAng avtoxng Kot
oAkwuotntag (katnyopia C, B450¢ kat B400c¢). Onwg emionpaivetal otnyv dla epyaocia,
[ref 7.20] n afloAdynon tNg UNXAVIKAC CUMTEPLPOPAG OTOLXElWV Ot TAAOLOTEPES
KOTAOKEVEC TIOU Paoi{ovtal omOKAELOTIKA O paBnuatikd povtéha (m.y. pébodog
pushover) pmopel va odnynoet og avaflomiota cuunepaopata otav &ev AapBavetol
UTIOYPIN €K TWV MPOTEPWV N UTIORABULON TN OVTOXNC KAl TNG OAKLUOTNTAC TWV UAKWV

Aoyw SLaBpwong.
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7.7 Zupnepacpota

To KUPLOTEPA CUTIEPACHATA TNE TTAPOUOAC TIELPAUATIKNC LEAETNC Elval Ta akOAouBa:

H S1aPBpwon amoteAel onUAVTIKO TTapdyovTa UTIORABILONG TwV UNXOVIKWY LOLOTATWY
edeAKUOUOU TOU OLONPOOTALGUOU. XToug SUo TUMOoUC XAAuBa, EMelta amd LooXpovn
Oomou Kataypadnke mooootiaia anwAsta palag (8.5% kot 11.5%), mapoucldotnke
ovAAoyn MTWOon TwV LBLOTATWV AVIoXHG o€ avtiBeon He TG LBLOTNTEG OAKILOTNTAG TOUG

n omola mapouciooe SPAUATLKY TTWAN.

H ab€non tou enunédou TG emBarlAopevnG mopapopdwaong Kol Tou eEAsUBegpoOU HAKOUG
tou Sokluiou, odnyel og pelwaon g HNXAVIKAG armddoong Kot TG dtapkelog LwnG Kot
Twv Vo Tunwv xaAuPa (N cycles).

Jtnv Tmepimtwon Twv mpodlafpwuévwy  SoKliwv n  umoBabulon auth eival

duopevéatepn.

H &lapkelo {wr¢ tou 616npoomALooU UTO UV KEG OALYOKUKALKAG KOTIWONC (OELOWLKNA
doption) ennpedletal apvnTIKA oo tnv otadlakd emepyxopevn BAaBn SwaBpwong
(amwAewa palog kot Behoviopol) kabBwg emiong kol amo ta AUYLOUKA datvopeva

(aveAooTikog Auylopog).

Metafl Twv mapayovtwv umoBadulong tou owdnpoomAlopol: avénon eAsuBepou
LUNKOUG ToU Kal StaPpwtikng Spdong, SUCUEVECTEPOG €lvol O MPWTOC, KABWwe ta

Auylopika davopeva odnyouv o MPOWPES UN OVAUEVOUEVEG 0LOTOXIEG TOU UALKOU.

H pnxaviki amodoon tou oldnpoomAlopol KATW oo OelopLka dopTia, TEpAV Tou
LNXOVIOUOU TOU QVeAOOTIKOU AUYLOHOU €eMNPEAIETOL ONUAVIIKA amd TO LOTOPLKO
dopTioEwV TOU OTOLXEIOU KoL amo thv mopoucia mopwdoug Kat couAdidiwv mAnaciov

NG €WTEPIKNC EMLPAVELAG TOU.

H peAétn tng ouvépyelag: tou Slafpwtikol mapdyovida, Tou eAeUBOgpou PNKOUG
AUYLOHOU Kal TG KUKALKAG dOpTLoNG, 08nyolV o€ Xpr oL CUMTIEPATHATA OG0V adopa

oTNV anokpLon Twv StaPpwpevwy XaAUBwv UTO oeloLKn popTLon.
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KepaAaio 8
H npoBAen tng Siapkerag {wng tov xaAuBa S400 (BStl) kdtw anod

OELOKA doptia Ko StafpwTtiko meptBaAiov

PAPER

The Influence of Corrosion Damage on Low Cycle Fatigue Life of Reinforcing Steel Bars
S400. Apostolopoulos Alk., Matikas T. et al. Journal of Applied Mechanical Engineering.
February 28, 2016.

Qg yvwaoTov, ueydlo HEPOG Tou SOoUKoU TTAOUTOU TNG XWPAS LaG (XPOVIKAG epLlodou
1960 -1995 ) KATOOKEUWV ATIO OTALOUEVO OKUPOSEUa, Sounbnke pe Bacn tov xaluBa
BStlll (BSt 420). Zr)pepa, oL KATAOKEVECG AUTEC "Aoyilovtal”" w mMaAalEG amo Tnv anodin
NG LELWHEVNG AVOEKTIKOTNTAG TOU OKUPOSEUOTOC av OXL KOl artO TOV OXESLUOUO TOUG
(oxeblaopéveg Baosl EeMePACUEVWY QVTIOEIOUIKWY Kavoviopwyv). H Slaxeiplon twv
KOTAOKEUWV aUTWwV, TipoBalel Wblaitepa cUVOeTn Ue onuaviikd Adyo duckoAiog tnv
0€LOTILOTN TIPOCEYYLON TWV LNXAVIKWY XOPAKTNPLOTIKWY TOU oL8nNpoomALoHoU Toug. Me
Bdon to Bfua autd, oTnV Mapouoa evOoTNTA €EETACTNKE N eMidpaAcn TNC OELCULKNG
doptiong oe dokipta dpepitonepAitikol xaAluPa omAtopol S400 grade (BStlll) mpv kat
UETA amo Stadopa enineda epyaotnplakng StaBpwaonc mpooopoiwaonc (XS kot XSs, EN

206).

Me Bdacon umApxXovta TELPOUATIKA S£S0UEVA UNXOVIKWY SOKIUWY edeAKUCHOU Kal
OALYOKUKALKNG KOTtwon¢ o€ dokiuta xaAuBa tng idlag katnyopiag (StaBpwuéva kat pn),
npayuatonolnonke Slepelivnon, avaAucn Kol HEALTN OElPAG TOPUUETPWY TIOU
EMNPEAIOUV TNV UNXOVIKH OIMOKPLON TOU UALKOU. MEOW HLOG avAAUGNG 1N YPOULKAG
naAwvdpounong (non-linear regression analysis) twv mnelpapatikwy dedopévwy,
npaypatonolnonkav povtéda mpoBAePng tooo tng Slapkelag {wng 000 KoL TNG
otadlakn ¢ mTwaong tTng pEpouaoag LkavotnTag tou UALKoU Tou xdAuBa S400 grade Aoyw

dawopgvwy dlaBpwaong.

To mpwto povtého TpOPAsdne Booiotnke oTto CUVOAIKO €UPOC TNG ELOAYOUEVNC
napoapopdwong (total strain amplitudes &4) kot to Seltepo povtédo mPOoBAedng
Baoiotnke otnv umoBaduLon NG avtoxng ava KUKAo konwong (strength degradation

per cycle of fatigue) oe oxéon e TO EUPOG TNG MAAOTIKAG Tapapopdwong (gp) (plastic
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strain amplitudes gp). Me t0 povtélo pdPAedng, MpooeyyiloTnKe N cuumnepldopa Tou
XGAUBO HE VEUPWOELG OAAAL Kol SIXWG VEUPWOELG. Mopd TIC ATTAOTIONTIKEG TTAPASOXEG
TOU HOVTEAOU, Ta amoteAéopata mPoBAsPng €delfav LkavomolnTiky cupdwvia e Ta
TELPOLATIKA ammoteA£éopata Seixvovtag v TEAEL OTL: amod Ta mpwTta emnineda dtafpwaong
n dwdpkela {wrc¢ tou UAKoU (ribs and without ribs - smoothed) pelwvetal otadlaka.
Erupefaiwdnke emiong otL ta Astaopéva (smoothed) Sokipta, katéypadav yeVIKWE
ovaBaBuLopévn LNXaVIKA amokplon Kol peyaAutepn Stdpkela {wng £VOVTL TV KOWVWY

pABSwv XaAUBa UE VEUPWOELC.

Y10 mapeAOov moMEg epyaoieg [ref 8.1, 8.2, 8.3, 8.4, 8.5] £€xouv MAPOUCLACEL TNV
opvnTikn emidpacn t™¢ PBAABng SaPpwong otn  pnxavikn andédoon Tou
oL6npoomALopoU (Tomikn amousiwon TG SLatopung Tou oldnpoomAlopol, Helwon Twy
WOOTATWY  avtoxNg, TNG OAKWMOTNTAG Kol TNG OmMWAsC ouvadelag HeTaty

oKUpodEpaToC Kol XGAuBa).

Toco o SLaPpwTIKOG Mopdyovtog 000 Kal n midpoocn Twv CELOUKWY HopTioEWY
QMOTEAOUV ONUOVTIKO AOYO UTIOBABULONG TNG UNXAVIKAG armodoong TwWV KOTOOKEU WY
[ref 8.6]. 2TtnVv aoTo)ia TOU UALKOU TOU OL8NPOOTMALCUOU cUVTEAOUV cUVEUAGCTIKA TTOAANOL
TIAPAYOVTEG, OPLOUEVOL CNUAVTIKOL Oomd Toug omoloug elval: ot Beloviopol Adyw
SLABpwoNG, N CUYKEVTPWON HNXAVIKWY TACEWVY OTO UALKO KoL N €K Tou Adyou autoUl
avamtuén kot Ouddoon pwypwv, TOo €6o¢ NG emParAOpevNG ovakUKANoNg

(mrapapopdwaon, cuxvotnta, xpovoictopia).

INUAVTIK CUYKEVIPWON YAWPLOVIWV WG TMOo0oTO, Kplvetal to 0.4% katd Bdapog

okupobépatog (0.4% of concrete’s weight) [ref 8.7].

Av Kal oplopévol epeuvnteg [ref 8.8, 8.9, 8.10] siyav mapouactdcesl thv TOBABLILON TNG
LNXOVIKAC amodoong Tou UAKKOU AOyw OlaBpwong Kol OElopKwY ¢dopTioswy, gV
touToLlg, Ta SLeBvr) mpotuna (kavoviopotl), (e e€aipeon ta NMoptoyoikd Kot ta lomavikd
npotuna) [ref 8.11, 8.12], dev mep\apUPAVOUV OCUYKEKPLUEVEG TEXVIKEG OTTOUTNOELG

SOKLUWV 0ALYOKUKALKN G dOPTLONG 0TO GLONPOOTIALOUO.
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Ot Coffin-Manson [ref 8.13, 8.14] kot Koh—Stephens [ref 8.15] £xouv ndn MapoucLdoel
OXETIKEG PEAETEC OTO O€pa tn¢ poviedomoinong tng mpoPAedng Siapkelag (WG
UETOAALKWYV UAKWVY. Me Baon ta povtéAa autd (0Tn OUVEXELD) £ylve MpPoomaBela

POPAeP NG TNG SLapkeLag {wn g Tou odnpoomAlopou S400.

Ta dokipta S400 (pe veupwoelg kat SiXwG VEUPWOELS), e€etaotnkav adlafpwta Kat
npoSlaPpwuéva oe Sladopoug xpovoug €kBeong oto Balapo aAatovédwang.
(Mewpapatika Sedopéva: ocuyvotnta ¢optwong 0.5Hz, evpoc emPAnBeioacg

napapopdwong 1%, +2.5%, kat + 4%) [ref 8.16].

Av kol o povodaolkog xaAuBog S400 onuepa €XeL HELWUEVN XPHAON, WOTOCO TIG
TIEPOOUEVEG OeKAETiEC amoTeEAOUOE, KAT OIMOKAELOTIKOTNTA, Tov YaAuBa Twv
KOTAOKEU WV 0TNV Eupwrn Kal oTic xwpeg TG Meooyeiou (EAada-Italia-Toupkia).

H nipoBAedn tou mpoodokipou {wrg Tou ol6npoomMALOUOU UPLOTAUEVWY KATOOKEU WV
(umto SLaPpwTikég ouvOnKeg) amoteAel onpavtikr mAnpodopia mepi TNG AVAUEVOUEVNC

OELOMLKAG TOUG OITOKPLONG.

8.1 Nepapatikn dtadikaocia

H xnutkn cvotaon tou xdAuBa S400 daivetal oto Mivaka 8.1 .

Nivakoag 8.1 Xnuikn cuotaon tou S400.

C% Mn% S% P% Si% HNi% Cr%|(Co%| V% Mo% N%

035 | 054 (0026 0013 | 026 gfg 0.16 | 042 |0.002 00023 | 0.01

YOpudwva pe tnv epyaocia [ref 8.16] n ovopooTk OSLAUETPOG TWV SoKLUiwv (UE
paBdwoelg) Atav 10mm. To puAkog toug 170mm amnd ta omoia 60mm to €AelBepo
eleyxoOuevo pnkog (loo mpog £€€L dopE TNV ovopaoTiKr SLaueTpo tou Sokipiou). Mpty
TIC OOKIEC OALYOKUKALKAG KOmwong ta dokipla Slafpwbnkav oto OdAapo
aAatovépwong Ta Sokipa exktednkav oto Balapo alatovédwong yla XpPOVOUG
€kBeong 10, 20, 30, 45, 60 kat 90nuépeg (5% NaCl, pue ebpog pH 6.5-7.2) 6mou
akoAouBnBnke to pdtumto ASTMB117-94.
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Emetta amo TG SoKIUES SLABPWONG TO OTPWHA 0EELSiwV TwV SoKLUiwY amopakpuvenke
ano tnv emdaveld toug, cludwva pe To potuno ASTMG1-90. Me otdxo 6e tnv
TANPOTNTA TNG UEAETNG, SlenyBnoav kal melpdpato epeAKUOUOU SOKIUWY TIPLV KOt

UETA Tt SLaBpwon.

EVOEIKTIKEG  KOUMUAEG oupmepldopdg Twv  Sokiwv avadopds Kal Twv
npoSlafpwuévwy Sokipiwv mapouoialovtal oto IxAua 8.1 kot oto Mivaka 8.2 1o
Nivaka 8.3 mapouctdlovTal Ta AMOTEAECLOTO TWV UNYXOVIKWY SOKIUWVY OALYOKUKALKAG
Komwong (yia dadopetika enineda emiBarlopevng mapoapopdwons +1%, +2.5% kal
+4%) oe Sokipla odnpoonmAlopol S400 pe veupwoelg Kol SiXwE VEUPWOELG TIPLV Kal

UETA armo SLaBpwon.

v I = 1 Lo ] L Ll b 1 < 1 - | . 1 hd 1] * { ; L
700 =
600 - \ \ \ -
500 -
© ] i
o 400 - -
2
S 300 o
=)
'_ R
200 =
—— Onuepeg
100 —— 30 nuépeg|
—— 90 nuepeg
0 1 I 1 M e

—%. 5 F = T 7 v : O, T ST
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Napapdpdpwon € [%]

IxAna 8.1. KaurmuAeg taong-napaop@ewans twv Sokiuiwy YaAuBa Lie VEUPWOELC.
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Nivakag 8.2. Mnyavikég 1610tntec Tou S400 (npuv kot Leta oo StaBpwon).

0 NMEPEG | 30 NUEPEG| 90 NHEPES
Taon dwapponc [MPa] 454,86 452,53 437,61
EdeAkuotikr) avtoxn [MPa] 695,12 695,29 674,93
MAaotikn mapapopdwon [%] 15,53 12,88 9,00
ZuvoAwkn mapapdpdwon [%] 19,73 15,33 10,53
Mukvotnta evépyelog [MPa) 126,56 97,98 63,98

Nivakag 8.3 ArmoteAéouara punyovikwv SOKLUWY OALYOKUKAIKNC KOMwONG Tou ydaAuvBa

5400 ue vevpwoelc kat Sixw¢ VEUPWOELC.

Papdol pe veupwoeig Papdol ixwg veEUpWOELg
Huépec KOkAot | Aartavwpevn | KokAot | Aaravwpevn
5LaBpwong € £wg TV EVEpyELQL £wg v EVEpYELQL

aoctoxia [MPa] aotoyia [MPa]

+1.0% 1280 7103 1435 7420

0 +2.5% 40 1059 51 1334
+4.0% 11 537 12 579

+1.0% 509 2902 750 3905

30 +2.5% 26 694 27 705
+4.0% 9 423 9 423

+1.0% 349 1862 365 2040

90 +2.5% 24 587 24 626
+2.5% 7 272 7 344
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Nivakag 8.4 Suvtedeotég Siapketag {wh¢ Tou UAtkoU S400 (ue kot Sixwe Veupwaoeic) oe

konwon yla dtapopouc xpovouc ékBeonc atnv StaBpwoan.

Huépeg |AnwAsia| PABSol dixwg veupwoelg PaB&oL e VEUPWOELG
SuaBpwong padac [%] & a R2 & po R2
0 0 0,10363 | -0,296 | 0,994 | 0,10405 | -0,314 | 0,986
10 1,58 0,11075 -0,33 0,989 | 0,11103 | -0,351 | 0,952
20 2,5 0,10602 | -0,337 | 0,973 | 0,11388 | -0,367 | 0,985
30 3,77 | 0,10635 | -0,339 | 0,985 | 0,11531 | -0,372 | 0,981
45 5,18 0,09286 | -0,331 0,987 | 0,12121 | -0,391 | 0,975
60 7,23 0,11727 | -0,388 | 0,971 | 0,10321 | -0,361 | 0,998
90 8,48 0,11511 -0,393 0,999 | 0,10389 | -0,363 | 0,998
Méon TR’ 0,10806 | -0,353 0,11142 | -0,368

*(Ztnv Méon tun dev mepthapBavovtal oL cUVTEAEOTEG Twv Soxeiwv avadopag)
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8.2 Movtelomnoinon tng Sudpkelog {wrg tou oldnpoomAlopol o

OALYOKUKALKNA KOTtwon.

To povtého Coffin-Manson, cuoxetilel To Upog MAAOTIKAG Tapapopdwong (plastic
strain amplitude, €p) pe tnv PAABN "kOMwonNg" Tou UAKOU.

€p = €'t (2N¢)",

Omou €'t elval 0 oUVTEAEDTG OAKLULOTNTOG, C, 0 €KOETNG OAKLUOTNTAC KOt 2N €lval o

0pLBUOC TOU NULOU Tou aplBuol TwV KUKAWYV (avaKUKANGCELS dopTiou) Ewg TV actoyia.

To povtédo Koh-Stephen eméktelve 1o povtédo Coffin-Manson pe Baon to oUVOALKO
gvpo¢ moapapopdwong [eAaotiky mapapdpdwon (elastic strain) + mAaoTkA
napapopodwon (plastic strain)], cupudwva pe Tnv akdAoudn efiocwon.

€a = € (2Ng)%,

OTIOU €rE(VOL O CUVTEAEDTNG OAKLUOTNTOC, O 0 EKOETNG OAKLUOTNTOC Kot 2NF 0 aplBpog

TOU AKLOU ToU aplBpol tTwv KUKAWV (avakukAnoelg poptiou) €wg tnv actoyio.

Ma tnv availuon kat T mpoPAedn g dwapkelog {wng tou oldnpoomAlopol o€
OALYOKUKALKN KOTiwon xpnolpomolnbnke to povtého Koh-Stephen. EmumpoocBétwg
UeAETABNKE N emidpaon Tng dLaBpwaong otig otabepec tng e€lowang &f Kal a.

H e€iowon tou povtélou Koh-Stephen edappootnke ota melpopatikd dedopéva yla

touc Sladopoug xpovoug £kBeong kat eENXONoOV 0L CUVTEAECTEG EfKalL Q..

Me tnv 610 péBodo mpoaoeyyilotnke Kat n MPOPBAePN TNEG ATWAELAG AVTOXNC HECW TWV

TELPOLATIKWY BPOyXWV UCTEPNONC, XpPnolpomnolwvtag to povtédo Coffin-Manson.

H mopandvw nmpoPAedn mpooeyyiotnke LEGW TOU TUTIOU,

€pl = €4 (fsr)®

OTOU, €4 KOlL 0L OL OTABEPEC TWV UALKWYV, fsg 0 CUVTEAEDTI G AMWAELOG AVTOXN G VA KUKAO
OTWG HETPNONKE OTIC SOKLUEG KOTIWONG e 0ToBgpd eUPOC TMAACTIKAC TTAPAUOPPwWaONnS

€pl. EvBelkTIkol elval ot Nivakeg 8.4 kal 8.5.
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8.3 AnoteAéopata-Zulntnon
Ou dladopol xpovol £kBeonc otn dtaBpwon: 10, 20, 30, 45, 60 kot 90 nuEpeg odbriynoav
oe mooootaia anwAelo palag 1.58%, 2.50%, 3.77%, 5.18%, 7.23% kai 8.48%

avtiotolya.

O Nivakoag 8.2 mapouolalel OTL Helwon Twv BLoTATWY avtoxn¢ lval avtiotolyn Ke T
nooootiaia peiwon NG anwAslag palog os avtiBeon pe TG BLOTNTEG OAKLUOTNTOG OL
OTIOLEC Tapovaiacay PEYAAN TITWON.

MapoTL elval yvwoto OTL n SLaBpwon Twv eYKIBWTIOUEVWY XaAUBwVY, 0 apXLKO oTASLOo
(yta moocoota anwAsla paloag 1,5% £wg 2%) €xel OeTikd avtiktumo otn cuvadela
OKUPOSENATOC XGAUBO OTa oTolXEla OMALOUEVOU OKUPOSENOTOG. Katd CUVEMEL, N
nPOPAeYPn TNG ouunepldopPAg o€ OELOUIKA dopTia (OALYOKUKALKA KOTwon) Ba €XEL WG
avadopd Ta TEPAUATIKO OMOTEAECHOTO HE TOOOOTO anmwAeglag palag uvpnAotepo.
Qot600, Ta ONMOTEAECHATA TWV SOKLUWY OALYOKUKALKNG KOTIWONG HEOW OVOAUCEWV
OTATLOTIKAG TaAlvSpounong, €6etée OtL uTapYoUV PovTEAa TPORAsPng Slapkelog (wng
yla mocootd anwAelag palog 0-10%. Ita IxApota 8.2, kot 8.3 nmapoucialovral ot
KOUTTUAEG TWV HOVTEAWV TIPOBAEPNC HUE SLAKEKOUUEVN YPAUUN (XAAUBAG LE VEUPWOELS

Kol xaAuBag dixwe VEUPWOELS).

Jtov Nivaka 8.3, mapoucltalovial To OMOTEAECUOTO TWV HNXAVIKWY SOKLUWV
OALYOKUKALKAG KOTtwaong (n dtapketa Lwng Kol N damavopevn evépyeta) Kat oto Mivaka
8.4, nmapouacialovtal oL oTaBepEC KOMWAONC Tou UALKOU &y, a.

Ta anoteAéopota TG poviehomnoinong Seixvouv uPnAn aflomiotia (oTic TipéC Tou R?2).
H avdAuon twv epnelplkwy otabepwv (TNg HEONC TLUAG) & KAl O TWV MOVTEAWV

POPAYP NG TNG SLapkeLag Lwng, AVTAVOKAA TNV EMLppon Tou SlaBpwTikol mapayovTa.

Me BAon QUTEG TIC LECEC TIUEG, TIPOEKUYPE TO HovtEAo TTpOPAedng Kat yia toug dUo
Tumoug XaAuBa (pe kot Sixwg veupwoaoelg). Onwe mpoékuPe ol KapmUAeg twv Svo
HOVTEAWV TPOPAEPNG €pXOVTOL OE LKAVOTIOLNTIKA OCURPwWvia LE TO TELPOUATIKA
anoteAéopata, AapBavovtag wotdoo unoyn Tooo ta GavOUEVA KOTIWONG OO0V KAl TN
BAGBN SLaBpwonc.

Onwg NTav avapevopevo, emiPefatwdnke to cupnépacpa OtL n dtafpwaon emnpedlst

oPVNTIKA TO TPOoSOKLUO {wNE TwV SoKLUiwy XaAUBwv.
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Amo ta IxAnuata 8.2 kat 8.3, emiPBeBalwdnke eniong OtL pe v avénon Tou XpoOvou
£€kBeong Twv xaALBwv otn SlaBpwoaon, To MPoodOKIHo (WG TwV SOKIUIWY PELWVETAL
otaBfepd. AMO TOUCG MPWTOUG XPOVoUu¢ £KBeong Twv SoKLUiwy, 08 UIKPOTEPO €VPOG
napoapopdwons (kuplwg oto +1% kat to +2,5%), kataypadetal peiwon Tou
PoodokIpou {wnG. AVTIOETwG, ot peyaAUuTtepo eUpog (+4%) eruPeBoaiwdnkav Tt
anoteAéoparta NG epyaciag [ref 8.17] katl tautoxpova Kat Ta ¢avopeva umoBaduiong

AOYyw TNG eEMiOPACNC KATAOTACEWY OVEAACTIKOU AUYLOUOU.

Nivakag 8.5 YrmoAoyiouoi Twv oUVTEAECTWV €4 KaL O.

Hpuépeg Papséot Sixwe veupwoelg ' PdBSpl ME vauppbostc

SuaBpwong €4 a R | & . a | R
0 0,01762 | 0,369 | 0,934 | 0,01693 | 0411 | 0,979
10 0,01696 | 0421 | 0,958 | 0,01617 | 0,444 | 0,981
20 0,01465 = 0490 | 0992 | 001455 0507 | 0,978
30 001479 | 0466 | 0974 | 001383 0516 | 0,981
45 001291 | 0,531 | 0,994 | 001353 0477 | 0,972
60 001235 | 0,593 | 0,991 | 001314 = 0554 | 0,973
90 001189 | 0535 | 0986 | 001241 0521 | 0,972

Méon tpd® | 0,01392 | 0,506 | 0,01394 @ 0,503 |

*(Etnv Méon tun dev meplthapBavovtal oL CUVTEAECTEG Twv Soxelwv avadopdg)
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Ixnua 8.2 Awdpketa {wi¢ o€ kortwaon, o€ paBdo xaAuBa e VEUPWOELS.
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Ixnna 8.3 MpdBAeyn Siapketlag {wr¢ o€ kOonwan, o€ paBdo yaAuBa Sixwg veupwaoelg.
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Ixnua 8.4 MpoBAeyn tne anwleiag avroyng twv paBdwv YaAuBa Le VEUPWOELC.

Evéladépovta amoteAéopata mpogkuav emiong amo tnv HEAETN TOU pOAOU TOU

Sladpapatifouv ol veupwaoelg Tou xaAuBa otn Stapkela LwNG.

Juykplvovtoc to IxApata 8.2 kat 8.3, mapatnpeitat otL ywo tov 6lo aplBuo
avaotpodwv (2Ng), n péylotn mapoapopdwon Twv SoKIpiwy Sixwg veupwoelg eival
vPnAotepn amd auth Twv dokiwv Sixwe veupwoelg. Alo TV GAAn mMAsUpPAQ, yla €va
Sebopévo eupog mapapopdwong (r.x. £1.0%), o aplBuog avaoctpodpwy Twv PARSWV PE
VEUPWOELC TIOPOUCLALETOL XAUNAOTEPOG O OXEon HME toucg Asioug YaAuPBeg (Sixwg
VEUPWOELG).

Ao tnv tponomnolnuévn efiowaon Coffin-Manson pe avagdopd 6 OpouUG TAOCTIKNG
MOPOUOPDWONG KAl CUVTEAEDTH QMWAELOC aVTOXNG ava KUKAo, otnv komwong) [ref
8.18], mpoéku e To HOVTEAD TTPOPBAEY NG TNG ATTWAELAG OVTOXIC TIOU OXETIIETAL LE TOUG
KUKAoug ¢optiong. 2tnv eflowon, €= ed (fsr)?, epelval T0 €0UPOG TMAACTIKAG
apapopdwong, fsg 0 CUVIEAEDTIC AMTWAELAG OVTOXNG avA KUKAO, Kot €d Kal a, glval ot
EUTELPLKOL CUVTEAECTEC TTOU £QPTWVTAL ATIO TO UALKO. Z€ QUTH TNV avaAuaon, To Héyebog
fsr UTtOAOYLOTNKE UE TOV UTTOAOYLOUO TNG AMWAELAG AVTOXN G OTtd TO GUVOAO TOU aplBoU

TWV KUKAWV. Me Baon tnv Sladikacio aut kataoctpwbnke n povielomoinon -
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POPBAEYN TNC aMWAELAC avToXN G avad KUKAo poptiong oto S400 xaAuBa, pe Kot Sixwg

VEUPWOELC.

—— 0 npépeg a
10 nuepeg

—— 20 nHEPES

—— 30 nuépeg
45 nuépeg -

—— 60 nuépeg

Yk 90 nuépeg

! — — = KapmVAn npdBAedng
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o
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ZUVTEAEDTIG AMWAELOG AVTOXKG ava KUKAO, fsr

IxAna 8.5 MpdBAsyin tne anwlesiac avroxng twv paBdwv yaAuBa Siywc vepwoslg.

Jta Slaypappoto Twy IXnuatwy 8.4 kal 8.5, ol kapmnuAeg mpoBAedng mapouvaotalovral
UE SLOKEKOUUEVEC YPAUUEC OL OTIOLEC AVTUTPOCWITEVOUV LLOL LECH TLUA CUUTEPLPOPAC
ehadpa StaBpwuévwy XaAUBwv. Ita 6o Slaypaupato n TPomomolnuevn eélowaon
Coffin-Manson  eudaviletal  mMpocapUoOCHéVn  OTa  MEPAUATIKA  deSopéva
XPNOLUOTIOLWVTOC AVAAUCN UN-YPAUULKAC TTaAlvEpopunong. Ta amoteAéopota 8 auta,
ouvoyilovtal oto Mivaka8.5. H emibpacn tou SLaBPWTIKOU TtapAyovTa TPOKAAEL
LETATOMLON TWV KOUMUAWY, HUE VEUPWOELS Kal SiXWE VEUPWOELG, KABWE N TR Tou
OUVTEAEOTH QmMWAELNG OvVTOXNG, oaufavetal ouvbualetal HPE XAUNAOTEPO TOCOOTO

au€nong Tou gp (MAaOTK Ttapapdpdwon).
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8.4 Tuunepaopata

1. H eniépoaon tou SlaBpwtikol mapdyovto emdpd apvnTKA otn cupnepldopd Twv
XoAUBwvV omAlopol S400 £vavtl oAlyoKUKALKAG KOTwong. Me to xpovo £€kBeong otn
SlaBpwon n Oldpkela (WG TOU OLONPOOTALOMOU HELWVETAL OMWE €MiONG Kol N
LKOVOTNTA Tou va "amoppodd” TNV ELCAYOUEVN EEWTEPLKI EVEPYELQ.

2. Ta un-StaBpwpéva dokipo mapoucldlouv YEVIKWE TIEPLOCOTEPN OAKLUN aoTtoxia
gvavtl tTwv mpodlafpwuévwy. Mapopola cupnepidpopd KataypAadnKke Kol OTOUG
XAAUBEG SlXwG VEUPWOELG EvavTL TwV XOAUBwV pe veupwoel. Me al€non tou elpougn
ETPPON TWV VEUPWOEWV HELWVETOL KABWC N aoctoxia twv Sokipiwv xahuBa Siénetal
KUPLWG Ao Ta AUYLOULKA aLVOpEVA.

3. Ta povtéAa mpoyvwong cuvdualouv tnv enidpacn tng daBpwong (doov adopad tnv
anwAeta palac), T popdodoyia tng e€wteplkng emdpavelag twv papdwv (VEUPWOELC -
Aela emupavela) xaluvBa omAtopov S400 kat tnv PAABN KOMwaonc. Ta amoTeEAECHATA TNG
nipoBAedng adopolv pubBuoU g anwAelag LAlag KPOTEPOUC aro To 10% Kal auTto SLoTL
LETA OO OUTO TO TTOCOCTO, N EMEPYOUEVN OMWAEL CUVADELAC EIVAL ATTOYOPEUTIKN YLa

TPOOSOKIEC AVTLOELOULKOTNTAG.
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KedpaAawo 9

levika Zupnepaopata

H mpowpn umoBabuion tng avOekTlkOTNTAC SOUWV amd OMALOUEVO OKUPOSEUQ,
cuvwvuun t¢ daBpwong tou udnAng avtoxng Oiupacikol xdAuBoa  omAlouoU
okupodépatog, eyeipel ooPapéc avnouyiec. MoAU &g meplocdtepo, OTaV 0 LOXUWV
KOVOVIOUOG emepPBaong oe udlotapevec kataokeuég (KANEME), s€akoAouBel va
TapaBAETEL HEXPL ONUEPO  TIC CUVEMELEC TNG UTORABULONG TNG AVOEKTIKOTNTAC
TIAPAKTIWY KATACKEUWY TAPOTL N pNXavikn umofaduion tou xaluBa efattiag Twv
SlaBpwTikwY GaVOUEVWY elval Xpovika e&nptnuévn. 2tnv mapouca dLoTpLpn
napouotdotnke pebodoroyia mapakoAolBnong tTNg avOEKTIKOTNTAC OTOLXElWY
omAlopévou okupodEpartog (katdotaon Siemidpavelag XaAupa — IKUpoSEPATOC) HECW
emBewpnong pe NDT kot HeEAETN pnxavikng amdédoong tou xaAuPa os Babog xpovou
Kalyla Stadopa enineda UTOBABULONG TOOO KATW ATtd CUUPATIKA OTATIKA dpopTia 6ooV

KOlL O€ OVAAOYQL OELOMLKWY KATAMOVACEWV dopTia.

Me Bdon Ta QMOTEALCUOTO TOU TIELPAMOTIKOU TIPOYPAUMOTOG, €MeTelXBnoov ol
EMUEPOUG OTOXOL TNG epyaciag (okomog tng StatpBng). MeAetnOnke SnAadn n
avarntuén g emwdavelakng BAABNS BeAloviopuwy Kot n UTTAPEN ECWTEPLKWY OTEAELWV
(couAdL6iwv) oto xaAuPa, TtpLy Kot HeTA TV SLABpwaon. AvadelkvUovTag LE TOV TPOTO
0QUTO TNV onpaoia TNC KATA TOMOUC LOXUPNG AmopEiwaonc TnG SLatoung kabwe Kot Tne
OUVEPYELAG TNG ETLPAVELAKN G aUTAC BAABNC SLdBpwong Kot TS EcwTEPLKAG BAABNG TOU
UVALkoU tou xaAuBa (Aoyw Umapéng kal otadlakng avantuéng couldpidiwv, MnS kat

FeS).

OL €MONUAVOELG KoL TOL OTOLXELO AUTA, UTtopel va pavouv xpriotpo 6cov adopd otnv
OMOTIHNON KOTOOKEUWY OF TOPAKTIO €emBetikd meplfarlovia. Méow &g ng
KaBLEpwong kal evepyomoinong kavovwy tou KANENE (Kavoviopou Eneppacswv) meptl
™G  UnXovikng amodoong tou Slafpwpévou xaAuPa, Ba apbBolv avnouxieg Kal
ONUAVTIKA epwtnuata nepl tng opBoloyikig Slaxeiplong InTnuatwy enéppaocng os

UDLOTAPEVEG KATAUOKEUEG,
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EMypoplatika Ta anoteAEopata TG napovoag StatpPig eivor ta akoAouba:

Me Baon tnv cuppatikn €vvola TnG anmwAslag palog Tou xaAlvpa, mpayuatonotionke
EKTEVEG TPOYypapUa Tipooopoiwong tng SldBpwong tou diwpacikol YaAuBa Kol
QVTIOTOLYO TIPOYPOULA UNXOVIKWY SOKLUWVY. ATIO TA AMOTEAEOUATO OE QUTA TIPOEKUYE
otL: Evw n S1aBpwon tou olbnpoomALoHoU TIPOKAAEL TTWON TwV LELOTHTWY AVTOXNG TOU
neplmou LoodUvaun He TNV mooootiaia pelwon tng anwAelwog palag tTou, wotdoo
ETUPEPEL SPAUATIKA TTTWON TwV ELOTATWY OAKLMOTNTAC Tou SnAadn Tng LSLotnTOC
mapapopdwaong Tou otnV UEYLOTN avtoxr. EvOelkTikd avadEpetal 0Tl anAd (Yyupva)
StaBpwpéva dokipta Sipaoikou xaAluBa pe anwAeta palag nepimov 10%, Bpébnkav va
LNV LKOWOTIOLOUV TO. EAAXLOTA AMOSEKTA OpLa TWV HNXOVIKWV XOPOKTNPLOTIKWY TIOU
opilel o Eurocode 2 (EC2). Ztolxeio 1Slaitepa oNUOVTLKO YLO TNV EVEPYOTIOLNGN AUECWY
UETPWV QMOKATAOTAONG XPOVLKA TIOAU "vwpitepa” (Tou cuvnBwg akodouBouuevou) Kat

w¢ éva anapaitnto dedopévo ¢ "TauTotnToC" KABE KATAOKEUNG.

MNa tv Bl onwAela palag, o eyKIPWTIOUEVOG XGAUBOC OTOLXEIWV OMALGUEVOU
OoKUPOSENATOC, Tapouaiace evtovotepn emipavelakn BAABn dafpwong vavil tou
armAol ("yupvol") xaAuBa. O BaBudc tng PAABNG SaPpwong £XEl WG CUVEMELA
ovaAoyou BabBuol emidpacn Kal OoTo HUNXOVIKA XOPOKTNPLOTIKA Twv U0 opddwv
SoKLpiwy (Yyupvwy Kot eyKIBwTlopévwy). Ta amoteAéopata autd kpivovtal tdlaitepa
ONUOVTLKA Yla TNV QMOTIKUNGCN TNC €KAOTOTE PEPOUCAG LKOVOTNTOUG UTIOOTUAWUATWY
HECW ELOAYWYNE TWV LNXOVIKWY XOPOKTNPLOTIKWY OE UTIAPXOVTESG KWOLKEC. Mpog TouTo
erBAMETAL (KOVOVIOTIKA TTAEOV) N TIPOYLOTOTIOLNON TAKTIKWY TEXVLKWV EMOEWPNOEWY
OTIC KOTOOKEUEG, HE HN KATAOTPOPIKEC HeBOSouc yla tnv Pabuovopnon tng
OVOEKTLKOTNTAG TOUC KAl TNV £YKALpN avoyvwplon Tuxov £vapéng n e€€AEncg tng
S1aBpwong. H moootikomoinon &g g BAABNC auThG we otolyeio Aoy tn¢ "tautdTnTag
NG KOTAoKEUNG" Ba propei va oploetl avaloya Kal To TPOYpOUpa EyKALpNG EMEUBACNC

amoKataotaong A Kat evioyuong.
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Me BAon Ta AMOTEAEGHOTA KOL TO YEYOVOC OTL I LNXOVLKA actoxia Tou xaAuBa apyilet
amo tnv e€wteptkn emudpavela, aviyveltnke uPnAn mukvotnta couAdidiwv (MnS, FeS),
TIOPWV Kal AAAWV EYKAELOUATWY OTNV UTOSOPpLO EWTEPLK HaAPTeEVOLTIKN {wvhn. €
ouvdUaoUO Bg e TNV EMAEKTIKA TPoapodnon YAwPLOVTWY amod TIC EVWOELG OUTEC, Ta
couAdidla cuvioToUv cofapn attia ekkivnong g ecwtepikng PAaBng StaBpwaonc tou
XGAUBa orAlopoU. Ta datvopeva SLaBpwaong e YAwPLOVTa, £XOUV ONUAVTLKH EMSpacn
oTn  HUNXOVIK oupmepldopd Twv Oldpaokwv YaAUBwv omAlopol AOYyw TNG
oMnAemibpaong €EwTEPIKWY PBEAOVIOUWYV KOl TWV ECOWTEPIKA EUPLOKOUEVWY
eyKAeLOpMATWY (MnS kat FeS, mopwv, ofelblwv). Ta CUUMEPACUATA QUTA Ylo TOUG EV
XpNnoeL Sipaoikouc XaAUBEG, KplvovTal onUavIka Kot mpoteivetal va AndBouv cofapd
umoPLv amo T Blopnxavieg mapaywyns. Me Baon 6& To yeyovog TNG XPOVIKNG
g€aptnong g BAABNG dlaBpwong, katadelkvieTal N avaykn kablépwong "mukvwv"

TEXVIKWV EMOEWPNOEWV.

Kata tnv SLapKeLa LNXOVIKWY LOXUPWY 0EOVIKWY aVAKUKALOEWVY (avtioTolyng Loxupwy
OELOULKWY CUUPBAVTWY), OL TIEPLOXEG EYKAELOUATWY Kol COUADLEIWY ECWTEPLKA, UMOPEL
va euvonoouv tnv dtadoon pwypwv. H mpoogyylon auth, yivetal blaitepa moAUTAOKN
KUPlwG PE TNV avilotpodn tng ¢optiong (amd OATIKY o €PpeAKUCTIKY) KOl TNV
ermuBar\opevn vPnAn mAaotikn mapoapopdwaon mou odnyetl og Auylopo. Ta AUYLOULKA
dawopeva, emtaylvouv TNV MPOwWPEN €€AVTANCN TNG OAKLMOTNTAG TOU £€WTEPLKOU
LOPTEVOLTIKOU UALKOU TtpokaAwvtag nuupadupr actoxia n omoia cuvodevetol cuxva
OO TOTUKEC OTIOKOAANOEL HAPTEVOLTIKOU ¢Aolol kot ¢epltomepAitikol mupnva. H
ermudpavela Bpaviong Tou oLNPOOTMALOHOU KATW oo (loxupd) oelopka ¢optia,
amoteAel ocuvduaopd Kal GAMwv TEpav twv SU0 mpoavadePBEVIWY UNXAVIOUWY
BAGBNG mou Adyw tNnNC $HUONC TOUC £XOUV WG QTOTEAECHO TNV TPOKANGN KUPLWG
Pabupng actoyiag. ESkd otnv mepimtwon emiBoAng Loxupng napapopdwong +4%,
UTIELOEPYOVTAL AUETA TA AUYLOMLKA GALVOUEVA KOL N OAKLLOTNTO TOU UALKOU dEpEeTal
Olaitepa meploplopévn efavtlovpevn e€avtAeltal mpwv amod TO OXNUATIONO TNV

cuvévwan Kat Ty S1adoon Twv pwyHwy.
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Kata tn oslopikn dpoption, ol meploxeég tng PAAPNG dtaPfpwong evepyolv wg BEoeLg
OUYKEVTPWONG TACEWY KOl OXNUATIONOU UKPOPWYUWVY oL omole¢ Adyw TNg eyyuTnTag
TOUC KOL TNG YEWMETPLKNC TOUG AVATITUENC EKTLUATAL OTLEEEAlTTOVTOL WG EVO POLVOLEVO
noAamAng Bpavong (multiple cracking phenomenon). AvaAdywg &g tng évtaong Tng
dopTIONG 1 VO KpioLuou aplBuol KUKAWVY GopTiong, Umopel va odnyrnoouv oe Taxesia
avénon tTN¢ pWYUNG N KateLBuvon TNG omolag €XEL TNV TAON VA EMEKTELVETAL TTPOG TNV
efwteplkn eAeUBepn emidpavela (the free surface effect). Aedopévng & Tng yewpetploag
TOUG OTO XWPO, eldavilouv TPLAEOVIKN EVTATIKY KATAOTOON LE KUpLA TACHN TTOU UIOPEL
va TtokiAAeL kat va odnyel oe aotoyia ektog emumedou. Me Bdaon &€ To yeyovog Tng
XPOVIKNG €€aptnong TG PAABNG OSwaPpwong (e€wTepIKNC Kol E0WTEPLKNAG),
KOTAOEKVUETOL N OVAYKN KABLEPWONG KTIUKVWV» TEXVLKWV ETIOEWPOEWV olaitepa o
vPnAnc omoudaldtnTag SoUES KOVAG WEAELAS, AUECWS PLETA TNV TIPWTN emTactia. Ot
gv Aoyw Opaoelg eival BEPato 6tL Ba mapateivouv Thv wdEAUn Siapkela (WG Twv
Sopwv Kal Ba e€olkovopuroouv TOPouUS. META oo AUTA, ATMOLTELTOL N EVUEPWOH TOU
TEXVIKOU KOOHOU KOl N evOAppUVOH TOU yLO. ULOBETNGON KAVOVWY CUXVWV TEXVIKWY
emBeswpriocwv. Mpoteivovtag mapdAAnAa TNV Eloaywyr TN MLOTOMOLNUEVNC — EYKUPNG

eMIBewPNONG O0TO KAVOVLOTIKO Keipevo Tou KANETE.
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MNpotdaoelg yia peAAovtikiy €peuva (Ospatikeég):

1. Mpooopoiwon tou mapdktiou meptBarlovtog péow Epyaotnplakng StaBpwong oe
S0koU¢ omALopéEVou okupodEpatog yla dddopoug xpovoug EkBeong Kol UEAETN TNG
Stadoong tng SlaBpwong tou YAAuPa Ot TMPAYUOTIKO XPOVo. XpRon OVACTOAEWV

SLaBpwong.

2. MpoPAsYPn umoBabuiong Twv Mnyavikwv XopakTnploTikwy Tou XaAuBa Adoyw
SLaBpwonc pe Beloviopoucg kat opolopopdng StaBpwong (pitting corrosion and general

COrrosion) LEOW KATOOTATLKWY VOLWV.

3. AvaAuon TNG KOTOVONG TNC SLaBpwong Katd ko Twv paBdwv xaAuBa. Kabiépwon
£VOG EUTELPLKOU povTEAOU pitting factor (ouvteleotr) BeAovioUwWY) KOL GUCXETLON LLE TNV
YEVIKEVUEVN £vvola TNG amwAelog pnalog (mass loss) Baolouévng ota anoteAéopato
™G MUEAETNG Kal olyKplon Tou He AM\a Sldomapto amoteAéopota  Stodopwy

EPEUVNTWV.
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The aim of this study is to determine the occurrence of sulfides (MnS, FeS) in
the cross section of two different reinforcing steel rebars, BSt420 and B500c
Tempcore. The mechanical performance against chloride corrosion of steel bars
was evaluated by means of mechanical tensile tests, before and afier corrosion,
and Scanning Electron Microscopy (SEM) techniques. In particular, the influence
of corrosion of a set of reinforcement steels on the tensile strength of steel bars
was studied. The experimental results showed that the steel type exhibiting the
highest resistance, as far as chloride corrosion is concerned, was reinforcing
steel BSt420. On the contrary, B500c Tempcore presents the minimal corrosion
resistance, and this can be attributed to a higher sulfide content at least on the
external surface of 500um.

Lenvio 0anno2o uccredosanus s6nsemcst onpedeneHue RPUCYmcemeus Cyib@uoos
(MnS, FeS) 6 nonepeurnom ceuenuu 08yx munos apmamyproii cmanu, BSt420 u
B500c Tempcore. IIposedena oyenka mexanuieckux ceolcms 6 NpUcymcmeuu
KOppO3UU X10puoomM ¢ NOMOWbIO UCHBIMAHUL HA pacmadcenue 00 U nocie
KOppo3uu u Memooamu d1eKmpoHHOU MUKpockonuu. B vacmnocmu, usyueno
6NUAHUE KOPPO3UU HA NPedell NPOYHOCTU HA PA3PblE 015 BbIOOPKU apMantypHbIX
cmaneii. IIpoeedénnbie SKcnepuMenmsl NOKA3ANU, YO camoe 8bICOKOe CONpo-
musneHue ¢ yuemom GusHUs KOppo3uu Xaopuoom nokasan mun cmanu BSt420.
U nanpomus, mun B500c Tempcore nokasan MuHUMAnsHyO yCmouyueocms K
KOppo3uut, 4mo 00bACHAEMCS BbICOKUM COOEPAHCAHUEM CYTbPUA08, NO KpaliHell
Mepe Ha gHewHell oonacmu monwunot 500 mxm.
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1. Introduction

In Greece, from the early 1960s to the late 1990s, BStIII grade steel (accord-
ing to the Hellenic Standard ELOT 959) was used as reinforcement in reinforced
concrete structures (RC). It is equivalent to BSt420 grade steel according to the
German Standard DIN 488. Despite its replacement since the late 1990s (mostly
by BSt500s and B500c grade steels), BSt420 steel reinforcements can still be
found in most RC structures now in Greece. Over the prolonged service time
of these structures, damage has accumulated on their load-bearing elements.
This damage, caused mainly by corrosion and earthquake loading, results in
decreased residual strength bearing capacity.

The designing requirements based on new requirements and principles
obliged the European Union to use dual high performance steel such as S500s
and B500c. The upgraded mechanical performance of the dual-phase steel used
in RC is achieved through the ideal combination of yield strength (R;) and the
ductility property (elongation at maximum load A,) of the material.

The dual-phase steels of RC show an outer high strength core (martensitic
phase) and a softer core (ferrite-perlite phase). Beyond these two obvious phases,
there is a transition zone called the bainite phase. The mechanical performance
of B500c steel results from the combination of the mechanical properties in each
of the individual phases, where the increased strength properties are credited
to the presence of the outer martensitic zone and the increased ductility to the
presence of the ferrite-pearlite core.

Most metals are found in nature in compounds with nonmetals such as
oxygen and sulfur. For instance, iron exists as iron ore containing Fe,O; and
other oxides of iron. Corrosion, from this point of view, can be considered as
the process of returning metals to their natural state (the ores from which they
were originally obtained).

As it is well known, the serviceability of RC structures is deteriorated by
reinforcement corrosion in a variety of ways. On the one hand, corrosion reduces
the cross-sectional area of steel bars and results in a reduction of the load-bearing
capacity and ductility of structures. On the other hand, the volumetric expansion
of corrosion products leads to cracking or even spalling of the concrete cover,
affecting the cohesion integrity of reinforced concrete members [1].

An important factor of steel corrosion is the existence of chemical sulfide
compounds that are generated in steel at the stage of production. The existence
of these non-metallic inclusions is mainly based on the desulfurization of steel.

The addition of Mn to steels dates from the early days of steel-making prac-
tice and its purpose is to segregate sulfur as MnS. This practice also includes
the formation of FeS along grain boundaries that induce problems in the hot-
rolling of steel [2]. Additionally, in structural steels, MnS (common sulfides)
are appreciated as constituents for their beneficial role during machining. They
also reduce machining costs [3, 4].

Moreover, the presence of chemical compounds of MnS and FeS or (Mn,
Fe) S as components of steel has an influence on the microstructure of material.
From the viewpoint of fracture mechanics, non-metallic inclusions are equiva-
lent to small defects or cracks that can generate stresses within the surrounding
matrix [3, 4]. The impact of this behavior of sulfides, as stress concentrators,
depends on their size, position and shape, but also on their ability to bond with
the matrix material [4]. In study [5], during the mechanical tensile tests, MnS
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sites host crack nucleation leading to sub-surface crack propagation. As such, the
martensitic zone fractures following a semi-ductile appearance. The debonding
of the martensitic zone is possible when the agglomeration of MnS inclusions /
micro-cracks are positioned close to the interfacial zone. In this case, crack coa-
lescence, being the result of crack growth, could lead to a crack of the interfacial
circumference (appearing as debonding).

In this manuscript, the occurrence of sulfides (MnS, FeS) in the cross section
of two different reinforcing steel rebars BSt420 and B500c, is to be determined.
Based on the established quantity and density of sulfides, the degradation rate
of the mechanical strength properties of specimens BSt420 and B500c, which
will be exposed to the salt spray chamber, is to be examined. Additionally, this
paper presents the results of mass loss calculations for the naturally corroded
BSt420 steel bars of existing coastal structures.

2. Experimental Procedure

2.1. Materials BSt420, B500c

The experiments were conducted on BSt420 and B500c grades of reinforcing
steel, specially produced for the needs of the current investigation by a Greek
steel company. The materials were delivered in the form of 10 mm (€10) nomi-
nal diameter ribbed bars. According to ELOT 1421-1, the chemical composi-
tion of B500c steel in maximum by weight permissible values was C = 0,24,
S =0,055,P=0,055,N=0,014, and Cu = 0,85. The exact chemical composition

of the alloys is given in Table 1.
Table 1

Chemical composition of BSt420 and B500c¢

Types of steel rebars Chemical composition (%)

C Si S P Mn Ni Cr Mo \ Cu Sn Co
Hot-rolled (BSt420) 0,375 0,287 0,029 0,022 1,304 0,064 0,085 0,009 0,003 0,197 0,016 0,000
Tempcore (B500c) 0,219 0,193 0,047 0,015 0,870 0,106 0,082 0,014 0,001 0,261 0,016 0,010

2.2. Salt Spray (Fog) Corrosion

The selection of salt spray test relies on the fact that the salt spray test
environment lies qualitatively closer to the natural coastal environment than
other accelerated laboratory corrosion tests [6]. This being said, the laboratory
environment is much more aggressive than the natural one and causes a severe
corrosion in a short time. The selection of exposure duration was also made
empirically so as to cause mass loss observed in existing structures [7]. The
exposure times were 30, 45, 60 and 90 days.

Salt spray (fog) tests were conducted according to the ASTM B117-94 [§]
specification. For the test, a special apparatus, SF 450 model made by Cand W.
Specialist Equipment Ltd., was used. The salt solution was prepared by dissolv-
ing 5 parts by mass of sodium chloride (NaCl) in 95 parts of distilled water.
The pH of the salt spray solution was such that when dissolved at 35 °C, the
solution was in the pH range from 6,5 to 7,2. The pH measurements were made
at 25 °C. The temperature in the zone of reinforcement material exposed inside
the salt spray chamber was maintained at 35 + 1,1 — 1,7 °C. After the exposure
was complete, the specimens were washed with clean running water to remove
any salt deposits from their surfaces and dried. Finally, the oxide layer was
removed by means of a bristle brush according to the ASTM G1-90 specification

24



Humanities & Science University Journal M—l

[9]. The specimens were then weighed in order to evaluate the mass loss due to
corrosion exposure. The number of specimens treated was 5 for BSt420 and 6
for B500c per duration of exposure.

2.3. Gathering Specimens

Naturally corroded steel bars were obtained in the RC structures of existing
buildings over 30 years old in the local area of the Gulf of Patras and Corinth.
Some of the concrete cover blocks were removed to examine their chloride-
ion content. Concrete and corroded steel bar samples were taken from several
locations of the buildings. Not much chloride was found in the concrete, which
implies that steel bar corrosion was mainly induced by carbonation. The diam-
eter of the obtained rebars was @8 and @10 (8mm and 10mm), respectively. The
chemical composition of the rebars is listed in Table 1.

According to the ASTM G1-90 specification, the specimens removed from
the buildings were cleared from corrosion deposits by means of a non-metallic
bristle brush, and then immersed in 3,5 g of hexamethylene tetramine diluted in
500 ml of hydrochloric acid (HCI, sp gr 1,19) [9]. The collected exposed rebars
were classified according to the steel grades used in Greece over the last few
decades. The collected steel specimens were of grades BSt Illg (according to
DIN 488). The steel grades were confirmed mainly by civil engineering plans
(where available) or, when this was not possible, by chemical analysis.

2.4. Tensile Tests BSt420 / B500c¢

Tensile tests were conducted on non-corroded and on artificially corroded
BSt420 and B500c grade steels, respectively. The specimens treated for different
durations in the accelerated salt spray environment were prepared in order to inves-
tigate their strength properties. Following that, the tensile tests were conducted
according to the ISO 15630-1 [10] specification, at 24 °C, using a 2 mm/min strain
rate. There were 25 mechanical tests performed for BSt420 (5 per each exposure
level) grade and 30 for B500c (6 per each exposure level) grade steels.

2.5.SEM

In order to identify the quantity and density of sulfides in the two categories
of steel rebars, microscopy and visual observation were used and micro-photos
were taken. In respect to the steel category that displayed a higher density of
sulfides, the corrosion product morphology of steel reinforcements through
Scanning Electron Microscopy (SEM) in the external area was examined.

3. Results

3.1. SEM

In order to easily detect the presence of sulfides, the following preparation of
specimens was made: BSt420 and B500c samples were ground and polished by
a MinimetTM grinder polisher machine (Buehler Ltd.). Then, their surface was
ground with SiC paper, diamond and SiO, polishing compounds for producing
stress free surfaces. Finally, scanning electron microphotographs made records
with a field emission scanning electron microscope (ZEISS, SUPRA 35VP),
operating at 15 and 30 keV accelerating voltage. In addition, the microscope
was equipped with a backscattered electron detector and an x-ray microanalysis
system (QUANTA 200, BRUKER AXS) in order to get the required information
from the surface structure of the cross-section area of the samples.
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In Fig. 1 and 2, an indicative view of sulfides in the cross-section area of
two grades of steel (BSt420, B500c) is presented. Figures 3 and 4 show some
measurements, such as the quantity of BSt420, B500c, @10 sulfides, the area as
a function of sulfide density in different distances from the surface (500um and
5000mp), and also the frequency as a function of sulfide area and max length.

10pm Mag= 100KX  EHT=1500kv 1oseredsn -pustig FORTH/ICE-HT
— Detector =RBSD WD = 9mm  5iiios  Zeiss SUPRA 35VP

Fig. 1. View of sulfide density in 500pm, BSt420, @10 (05)

10pm Mag = 1.00KX  EHT = 15.00 kv mmw;g A9 FORTH/ICE-HT
L— Detector =RBSD ~ WD= 9mm  oTillos  Zeiss SUPRA 35VP

Fig. 2. View of sulfide density in 500um, B500c, @10 (04)
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Fig. 3. Sulfide area as a function of sulfide density in different distances
from the surface for B500c and BSt420 grade steels
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Fig. 4. Frequency as a function of sulfide area — max length for BSt420
and B500c grade steels

A high density of sulfides in dual-phase hot-rolled steel, especially at the
external zone, triggered the investigation of the B500c surface subjected to
damage through corrosion (Fig. 5).

AccV  Spot Det WD F——— s0um
200kv 60 SE 103 B500-0Days

AccV  SpofDet WD F———— 50ym
200kV 5.0 SE 93 B50076Days

Fig. 5. View of the cross-section area of non-corroded and corroded B500c steel
after 45-day exposure to the salt spray test
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3.2 Mass Loss

In Table 2, the results of the mass loss of the artificially corroded specimens
BSt420 and B500c are presented. In Fig. 6, the correlation between the mass
loss of naturally corroded BSt420specimens and the age of the existing coastal

structures is shown.

3.3 Mechanical Degradation

The degradation of the mechanical properties of two grades of steel (BSt420,
B500c) after the exposure to the salt spray chamber is shown in Table 3.

Table 2
Mass loss of artificially corroded specimens

Exposure to salt spray corrosion environment (days)

Grade 30 60 90
Mass BSt420 3,77 723 8,48
Loss [%] B500¢ 2,90 5,97 8,52
35
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Fig. 6. Diagram of the correlation between mass loss and age for naturally corroded

specimens
Table 3
Strength properties (Rp — Rm) in different exposure levels
Exposure Salt Spray Rp (MPa) Rm (MPa) Rp (MPa) Rm (MPa)
(days)

BSt420 B500c

0 459,08 696,49 5483 6172

30 436,35 669,64 521,7 618,4

60 413,49 640,41 510,1 600,1

90 405,01 618,17 446,9 5153
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Fig. 7. Reduction of strength properties (Rp — Rm) at different exposure levels

4. Discussion

The corrosion level of the steel bars was quantified based on gravimetric mass
loss, the average loss of the cross-sectional area of the corroded bars, and was
calculated as the ratio of the difference between the mass of the bars before and
after corrosion to the original mass of the bars before corrosion. The measure-
ments of the naturally corroded rebars are listed in Fig. 6. As can be seen from
Table 2, the accelerated salt spray test on bare BSt420 and B500c specimens
with nominal diameter @10 induced an equivalent mass loss of approximately
8,50% to both types of material over a 90-day period.

According to study [11], by dividing the corrosion attack rates of the two
similar steel grades and their diameters, it can be calculated that specimens
of new rebars in the salt spray chamber corroded 74,5 times faster than the
respective specimens of exposed rebars in their natural working environment.
So, the mass loss (8,50%) of artificially corroded rebars equals 18—19 years of
naturally corroded ones (Fig. 6). It was also found out that in terms of mass loss,
artificially corroded bars were less affected by corrosion than naturally corroded
ones, possibly due to the fact that the distribution of artificial corrosion along
the length of the specimens was less variable (according to EN206, XS3).

According to the fact that the mechanical performance of steel is mainly
determined by the mechanical behavior and structural integrity of the outer zone
of material, it was considered appropriate to examine the presence of sulfides
on B500c and BSt420 grades steel samples.

Sulfide inclusions (MnS, FeS) are known to accommodate galvanic corrosion
due to their negative Gibbs free energy and lower oxidation reaction compared
to Ferric ion [12]. More specifically, SEM analysis was conducted followed by
a comparative study on two grades of non-corroded materials. The increased
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density of sulfides of non-corroded B500c grade steel over the respective ferrite-
pearlite BSt420 corresponds to a rate equivalent to (195/127 = 1,53) 1,53.

These mean values are the result of all sulfide measurements in specific
areas of the exterior zone of 500 um in each category of steel. Measuring the
number of sulfides on a surface larger than 0,05 pm2 led to the creation of the
corresponding diagrams.

As seen from the graphical depiction of the SEM results, hot rolled steel
reinforcement, i.e. BSt420, displays a significantly lower number of MnS
counts compared to Tempcore steel (B500c). Within the region near the surface
(0-500 um), BSt420 contains the average value of 128 counts while B500c has
166 counts. This can be attributed to a lower percentage of S with the average
value of 0,029% traced in BSt420 compared to 0,047% in B5S00c .

Figure 3 demonstrates that the density of sulfides in B500c lies in the range
from 5x10° (mm)2to 15 x 10° (mm)2, which is greater than the same indicator
for BSt420 grade steel (3 x 10° to 7 x 10° (mm)?). Additionally, the average
value of the surface area of sulfides for B500c shows an increase approximately
5 (um)? greater than this for BSt420. Sulfide surface area: (20,7-15,5) (um)? =
5,2 (um)?.

As can be seen from Table 3, the corrosion attack over 90 days of exposure
to the salt spray environment caused a moderate tensile strength reduction that
increased with increasing corrosion exposure time.

Furthermore, in contrast with BSt420, the values of the yield (R,) and ten-
sile (R,,) strength of B500c display a more significant deviation from the linear
approximation throughout the gradually inflicted corrosion (Fig. 7). A possi-
ble explanation could be an intense and often random damage of the external
martensitic zone caused by corrosion as well as the local delamination of the
martensitic zone and ferrite-pearlite core along the cross-section area (Fig. 5)
[13—15]. The dissolution rate of the FeS, MnS inclusions exposed to the salt
spray environment has been identified to govern the reduction experienced in
the mechanical properties of steel reinforcement with exposure time [15].

The results of the salt spray corrosion tests on the two grades of material with
cross-section area P10 produced the equivalent rates of mass loss for both grades
of steel. Despite this estimation, mass loss has a different impact on each of the
two grades. For grade B500c, mass loss thereby corresponds to the martensitic
zone that mechanically outweighs the ferrite-pearlite core. In contrast, the same
rate of mass loss (8,50%) for grade BSt420 corresponds to the zone of a material
named ferrite-pearlite as well as to the core. This fact in conjunction with an
increased density of sulfides results in the reduction factor of strength properties
for B500c exhibited for the yield strength AR, = 548,3 — 446,9/548,3 = 18,49%
and for the tensile strength AR, = 617,2 — 515,3/617,2 = 16,51%. Therefore,
the mean value of the strength-reduction factor for B500c is recorded close to
17,50%. For BSt420, the reduction factor is recorded for the yield strength AR, =
459,08 — 405,01/459,08 = 11,78% and for the tensile strength AR, = 696,49 —
618,17/696,49 = 11,23%. Thus, the mean value of the strength-reduction factor
of dual-face B500c steel over ferrite-pearlite BSt420 corresponds to a ratio equal
to 1,52. The coincidence of the ratio of sulfide density seems accidental although
the density of voids has a significant influence on the mechanical performance
of material under tensile loads.
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The fact of inevitable martensite corrosion damage to B500c in combination
with an increased density of sulfides, which is over 50% greater than ferrite-
pearlite BSt420, triggered the SEM implementation and investigation of B500c.
Figure 5 depicts SEM photographs of the samples of non-corroded and corroded
steels after 45 days in the salt spray chamber. Herein is demonstrated the role of
the porosity of as-received B500c rebars. In the case of a 45-day salt spray test, a
newly formed condition with serious damage on the surface but also close to the
surface and on the interior part of material acts in concert with the recognition
of a high density of sulfides, which seems to have noticeably increased due to
the presence of chloride ions, to improve the degradation rate of the mechanical
performance of material.

Gathering naturally corroded BSt420 samples in coastal structures helped
obtain the results of mass loss shown in diagram (Fig. 6). The results of experi-
mental work make it possible to assume that should B500c samples be gathered,
their mass loss can be expected to reach the levels equivalent to those reported
in the diagram. However, as for the reduction factor of the mechanical strength
properties of dual-face steel, it would be expected to present a decrease of about
50% more than the one of BSt420.

5. Conclusions

This study examines the correlation between the sulfides existing on the sur-
face and in the core of two different sets of reinforcing steel bars, BSt420 and
B500c Tempcore. In parallel, the mechanical strength properties of steel bars
were examined and compared as well as the occurrence of sulfides before and
after corrosion. The experimental results showed that:

e The corrosion resistance of BSt420 grade steel is higher than that of
B500c.

¢ B500c Tempcore presents the minimal corrosion resistance, which can be
attributed to a higher recording of sulfides (at least on the external surface of
500 pm).

e The results of mass loss of naturally corroded steel (BSt420) in structures of
up to 36 years as well as the mechanical performance of dual phase steel BS00c
after a corresponding period in an adequate coastal environment (according to
EN206, XS3) should become a major concern.
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Abstract

Purpose — The purpose of this paper is to study the effects of corrosion on bare and embedded in
concrete steel bars and additionally to study the impact on their mechanical behavior.
Design/methodology/approach — The mechanical properties on bare and embedded specimens of
dual phase steel bar B500c were measured after tensile tests, before and after corrosion.

Findings — The results show superficial severe localized pitting corrosion of embedded specimens in
contrast to bare specimens. Also recorded a significant influence of corrosion on the mechanical
behavior of the embedded steel specimens in contrast to the corresponding bare specimens. The
mechanical behavior of dual phase steel bar B500c, due to chloride induced corrosion, seems to be
significantly influenced by the existence of local interactions and the intense of external pit depths of
different inclusions (MnS and the FeS, etc.) close to the outer surface.

Social implications — The corrosion of concrete reinforcing steel, is the most common reason of
“premature” degradation of structures in environments with chlorides. This creates justified concern in
societies which exist in areas with particularly high seismicity such as the wider Mediterranean region.
A large part of the structures in these countries are exposed to marine exposure conditions.
Originality/value — The originality in this paper is the research on bare and embedded specimens
and the comparison between them and additionally are presented SEM and EDX analysis with
interesting findings.

Keywords Mechanical properties, Chloride induced corrosion, Corrosion of steel bar, Pit depth,

Pit depth and mass loss, Pitting corrosion

Paper type Research paper

Introduction

The corrosion of the rebars is a reason of “premature” degradation of structures in
chlorided environment. This creates justified concern in societies in which there is a
high level of seismicity such as the Mediterranean region. A large part of structures in
these regions are highly exposed to marine conditions.

To this day, many casualties and enormous economic loss were resulted in
earthquakes. After that, the scientific community paid closer attention to the seismic
capability of building structures. One factor which can lead to catastrophic collapse,
during an earthquake, is the fracture of the steel bar.

As a result, great importance was given to the systematic study of the mechanical
upgrade of steel bar. To deal with such a challenge, before approximately 15 years, in

Emerald the European Union was introduced one more economical production process which
is known as “quenched and self-tempered” such as steel with high ductility B500c.
This process achieved two things, first to reduce the production cost and second to

ppemasonat Joumal of Stetwral jncrease the mechanical performance of steel bar by forming a hard exterior skin of
Vol. 7 No. 2, 2016 self-tempered martensite. The strength of RC structures greatly depends on the bond

pp. 240-259 . A
e Group Pblshing Linicd. - between the rebars and the concrete. Many studies have revealed that corrosion
por 0osmstoszoieoorr  existence reduces bonding between the rebars and the concrete.
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It is known that carbon steel bar embedded in concrete is passive to corrosive action
by forming a thin layer of hydroxides due to the concrete alkalinity. In these cases, the
presence of aggressive chloride ions destroys the passive film on reinforcing bar and as
a result the corrosion rate becomes significant (Valcarce and Vazquez, 2009). At the
same time the constant increasing emissions of CO, in the atmosphere reacts with the
alkaline compounds of concrete which leads to pH decrease and consequent loss of
passivity of the rebar (Ghods et al., 2010; Ormellese et al., 2006).

Porosity and cracks are the main factors that affect negatively the concrete quality,
as their existence exacerbates the corrosion phenomena on rebars (ACI 318, 2011;
Win et al, 2004; MTO, SSP 904513, 1995; Rostam, 2003).

However, these factors can be controlled by specific parameters associated with the
composition of concrete and its maintenance (Ramezanianpour and Malhotra, 1995;
Ballim, 1993; El-Sakhawy et al, 1999).

Despite the fact that EN 1504 standard (BS EN 1504-5, 2013, British Standard) is
valid in all European Union countries and provides all the necessary actions to restore
and strength of structures, societies do not follow exactly the EN 1504 standard; first,
due to lack of information and second due to the economical problems which exist.

Nowadays, non-destructive methods are applied for the monitoring and the
evaluation of corrosive effects in RC structures. During the past decades, some non-
destructive methods have been developed. Useful and very promising measurements
are made with electrochemical methods such as: potential mapping, corrosion rate
measurement, etc. Despite the fact that the non-destructive methods are used widely,
they are still in stage of development.

Half-cell potential mapping is a simple and widely used technique for the on-site
evaluation of corrosion risk in RC structures. ASTM C876-9 proposes a correlation
between half-cell potential values and corrosive activity. However, several studies
highlighted that various parameters can modify these absolute potential values
without expressing a modification of the corrosion degree on steel surface (Ryell et al,
1999; Francois and Arliguie, 1999).

For example, half-cell potential value can be affected by the chemistry of the water
in the pores of concrete at the steel-concrete interface, regardless of any corrosion
activity. These often lead to misinterpretation of half-cell potential measurements in RC
structures (Poursaee and Hansson, 2008).

The non-destructive methods are unable to detect the localized damage of steel such
as pit corrosion. Localized corrosion of steel bar is a very common situation in coastal
areas and in many industrial regions. Chloride-containing solutions usually play a
crucial role in pitting initiation. To this day, many attempts have been made to explain
the pitting initiation of steel in chloride-containing solutions (Kolotyrkin and Popov,
1982; Strehblow, 1995; Apostolopoulos ef al., 2013).

Relatively limited work is identified with the corrosion effect of bare and embedded
specimens and the issue of comparison between the mechanical properties and the
investigation of depth of pit corrosion. The study of Stewart and Al-Harthy (2008)
presents an interesting research of pitting corrosion and structural reliability of RC
structures with experimental data and probabilistic analysis. Similar results are
presented in Apostolopoulos et al. (2013) study.

The detrimental effect of corrosion on the service life of RC structures has implied the
development of various research projects on the description of electrochemical processes in
reinforcing bars, simulation of corrosion conditions, mechanical consequences, monitoring
tools, etc. (Andrade et al, 2001; Moreno et al, 2004; RILEM, 2003, 2004; Law et al, 2004).
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In general, studies with RC structures which are exposed to natural environment are
limited, most of them are based on laboratory tests. These tests are essential for
improving the understanding of the corrosion mechanisms on RC structures.

Recently it was demonstrated that steel bars which are subjected to laboratory salt
spray corrosion tests may suffer from a loss of strength properties compared to mass
loss, a relatively modest loss of strength but a significant loss of ductility
(Apostolopoulos, 2009; Apostolopoulos and Papadakis, 2008; Cairns et al, 2005; Du
et al., 2005a, b; Lee and Cho, 2009).

It is commonly accepted that corrosion of steel is directly linked to mass loss.
Additionally, corrosion products iron oxides on steel, which occupy a larger volume
than the lost material did. Consequence of the above is the spalling of coating of
concrete, the drop of resistance properties and yield stress (®,), drop of maximum
strength (R,,) and dramatic drop in ductility properties such as the limit of uniform
elongation (A,) and energy density (D).

Experimental study (Papadopoulos ef al., 2011) presents a correlation factor between
the natural corrosion and accelerated salt spray corrosion based on mass loss,
mechanical properties of rebars and the corrosion exposure time. This correlation is:
one day in accelerated salt spray corrosion corresponds (on average) to 79 days in the
natural corrosion.

In general, has not been found a correlation factor, like the above, between bare and
embedded in concrete steel bars.

The experimental work (Apostolopoulos et al, 2013) was carried out in reinforced
concrete specimens and in bare specimens, with steel type B500c, in salt spray
corrosion. The experimental corrosion effects in both bare and embedded in concrete
specimens are presented so as to investigate the depth of pit corrosion. According to
the results, the drop of mechanical properties of embedded specimens was greater than
the corresponding of bare specimens for the same level of mass loss. This paper is the
continuation of Apostolopoulos et al. (2013) study.

In this paper, several characteristics and parameters were measured and recorded,
by tests, SEM and EDX, such as the size and range of crack in concrete, the half-cell
potential values, pit depth of steel and the mechanical properties of steel, to both groups
of bare and embedded specimens of dual phase steel tempcore B500c steel. The main
aim of this laboratory program, of accelerated salt spray corrosion, is the observation of
the degradation of embedded and bare steel specimens under corrosive action.

Experimental procedure

For the purpose of simulating the natural corrosion in coastal sites, 60 specimens
(30 bare steel specimens and 30 steel specimens embedded in concrete) were exposed to
the corrosive environment in a laboratory salt spray chamber for time periods of 10, 20,
30, 45, 60 and 90 days. A fog of salt spray testing environment was maintained, with
eight daily wet/dry cycles in accordance to ASTM Standard B117 (2003). The type of
steel specimens was B500c and their nominal diameter 10 mm. Steel bars were
delivered from Greek industrial, in ribbed bars form. The solution of salt spray
environment was 5 percent NaCl and its pH range 6.5-7.2. The temperature inside the
salt spray chamber was maintained at 35°C (+1.1-1.7)°C.

Tensile tests were carried out at the whole number of specimens according to ISO/
FDIS 15630-1 (2002). Each bar had been cut to the tensile testing length of 520 mm. The
tensile tests were carried out on a servo-hydraulic MTS 250KN universal testing
machine. In these tests were evaluated the yield stress R,, tensile strength R,
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elongation to tensile strength A, and energy density U. At eight specimens, which
were embedded in concrete for corrosion exposure time of 90 days, were evaluated
certain characteristics values such as, width of cracks, pH and chloride concentration in
the concrete and also carried out measurements of half-cell values and a potential
mapping was created.

The steel bars embedded in concrete were put in cylindrical plastic tubes (used as
concrete molds), with an internal diameter of 30 mm and a total height of 520 mm.
The concrete C16/20 class which was used, was prepared with CEM IV cement type
(according to EN 197) and cement mix with a water/cement ratio (W/C) of 0.6.
The concrete class C16/20 and coverage 10 mm were chosen for two reasons: first,
to gain quickly the effects of corrosion on steel; and second, to simulate the majority of
the building stock of Mediterranean countries that was used the same concrete class
B225 (C16/20) for many years.

In this study the experimental effects of corrosion in both bare and embedded
specimens are presented first, to investigate the mechanical behavior of steel corroded
specimens (bare and embedded) and second to show the maximum depth of pit
corrosion at various times.

In order to examine the influence of the salt spray corrosion and the surface
thickness variation of the steel specimens were cut and prepared in cross-sections.
In these cross-sections of concrete steel specimen took place monitoring of the interface
between two materials with the aid of SEM and EDX. Martensitic layer appears to be
higher in the location of the ribs and lower between them. The preparation included
sectioning, resin immersion, grinding and polishing. Nital was used for the chemical
etching. A cross-section of a 10 mm nominal diameter steel bar was prepared, where the
high hardness martensite constituent is followed by a softer bainite layer and a ferrite-
pearlite layer. Furthermore, corrosion products and the new situation in the outer
surface of steel B50Oc tempcore were identified.

A day after their creation, specimens embedded in concrete, were removed from the
plastic tubes and stored for 28 days. Then, specimens were placed in the laboratory salt
spray exposure chamber for various times. Additionally to the embedded specimens in
the salt spray chamber were placed bare steel specimens for various times. The effects
of corrosion on the surface of a bare and embedded specimen after exposure to
laboratory salt spray environment are shown in Plates 1 and 2.
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Plate 1.
Corroded “bare”
specimen after

60 exposure days,
with mass loss
8.20 percent

Plate 2.
Corroded
“embedded”
specimen after

60 exposure days,
with mass loss
2.80 percent
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Table 1.

Cracks along the
specimens on the
concrete surface
after 90 days to
corrosion

After the end of each exposure period, the surrounding concrete of steel specimen was
crushed so as the corroded steel bar to be revealed. At the next step, the formed oxide
layer was removed from the surface of bare and embedded specimens, according to the
ASTM Standard G1 (2011) specification. Specimens were weighed again and prepared
for measurements. Furthermore, corrosion products and the new situation in the outer
surface of steel B500c tempcore were identified.

Digital image analysis and an optical microscope were used to evaluate the
geometrical features of pits, such as size (depth, area and pit form). An image analysis
software was used to estimate the pit area.

All mechanical tests were conducted at room temperature using an Instron servo-
hydraulic testing system with a constant elongation rate of 2 mm/min. The tensile tests
are intended to provide information on: first, the measurements of basic mechanical
properties, strength and ductility, vs time of exposure, of embedded and bare
specimens; and second, the comparative study between the two test groups in relation
to the reported mass loss due to corrosion.

Results

Measurements on concrete

After the corrosive procedure of eight embedded specimens for 90 days, on the concrete
surface were caused elongated cracks, the breadth and length of which were measured.
For mapping the cracks on the concrete surface, were measured the width of cracks in
five distinct regions (10 cm length each one, I, II, III, IV, V). In Table I, the maximum
values of the range of surface cracks and the corresponding location along of each
specimen separately are shown.

According to the second law of Fick, the diffusion rate (of chlorides), the absence of
crack in concrete depends on the concrete class, the cement type, the water-cement ratio
and the degree of preservation after concrete casting.

For each different combination of these parameters, there are different conditions
and therefore different input rate of chlorides.

The cracks on the surface of concrete, allows the easy entry of external aggressive
factors (Cl-, water, oxygen) and as a result, the validity of this law of diffusion in this
case 1s deficient. In Seung Jun Kwon et al (2009) study, based on analytical equations, is
presented a modified diffusion coefficient in concrete as a function of the width of each
surface crack.

Distance from the Mean value

start point of the 10-20 20-30 30-40 40-50 of crack

specimen 0-10 (cm) I (cm) II (cm) IIT (cm) IV (cm) V (mm)
Crack Crack Crack Crack Crack Crack width

Specimen code width (mm) width (mm) width (mm) width (mm) width (mm) (mm)

le 0.25 0.10 0.10 0.20 0.20 0.17

2e 0.30 0.40 045 0.35 040 0.38

3e 0.10 0.15 0.20 0.35 0.25 0.21

de 0.15 0.15 0.20 0.10 0.15 0.15

5e 0.25 0.15 0.50 0.40 0.35 0.33

6e 0.25 0.35 0.30 0.40 0.35 0.33

Te 0.30 0.40 0.50 045 0.15 0.36

8e 0.25 0.40 0.55 0.35 0.20 0.35
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The concrete class and the content of cement which were selected to this study,
lead to diffusion coefficient (in the non-cracked) about Dm = 2.07 (m?*/s)x10™'2 (Kwon
et al., 2009).

The diffusion coefficient of chloride in concrete (D(w)), when there is surface
cracking, is calculated from the following mathematical expression:

D(w) = flw)xD(m), Orov: D(w): diffusion coefficient in the presence of crack.
fw): coefficient of cracking, fw) = (31.61xw*+4.73xw+1),
w: width of crack > 0.1 mm.

Table I was made based on these equations and the values of Table I. Table Il presents
the estimated diffusion coefficient in each separate position.

From the measurement of chlorides in the whole number of reinforced concrete
specimens, it was found a dramatic overrun of the maximum conventional limit of
chlorides (1.2 kg/m®) which is set by EN 206.

Table II presents many values of diffusion coefficient for cracked specimens. Some
values are 14 time larger than there is at non-cracked specimens (Dm). As a result,
when there are cracks, a faster rate of chloride diffusion is expected.

Half-cell potential

The half-cell potential measurements have been made at eight specimens, which
were embedded in concrete for corrosion exposure time of 90 days. These specimens
were corroded at fixed environmental conditions (eight wet/dry cycles per day,
pH values between 6.5 and 7.2, temperature inside chamber at 35°C (+1.1-1.7)°C
and solution 5 percent NaCl). Figure 1 shows the results of half-cell potential
measurements along the specimen. Figure 2 shows the results of crack
width measurements along the specimen for 90 days of corrosion. Figure 3 shows
the correlation between half-cell potential measurements and the corresponding
crack width of concrete.

Mass loss

The test program of artificial corrosion in salt spray, included six tests for different
periods of exposure (10, 20, 30, 45, 60 and 90 days). Totally, 60 specimens were used (30
bare and 30 embedded specimens). After these tests, the specimens were cleaned in
accordance to ASTM G1 and maintained in cooling, away from humidity. Specimens
were weighed again and their final mass compared to the corresponding initial mass in

Distance from the start
point of the specimen 0-10 cm) I  10-20 (cm) I 20-30 (cm) T 30-40 (cm) IV 40-50 (cm) V

Specimen code Dw) m/s?) Dw) m/sH)  Dw) /s>  Dw) m/sh) D) m/s)
le 861E-12 3.70E-12 3.70E-12 6.65E-12 6.65E-12
2e 1090E-12  1646E-12 19.73E-12 1351E-12 16.46E-12
3e 3.70E-12 501E-12 6.65E-12 1351E-12 861E-12
e 501E-12 5.01E-12 6.65E-12 3.70E-12 5.01E-12
5e 861E-12 501E-12 23.32E-12 16.46E-12 1351E-12
6e 861E-12  1351E-12 10.90E-12 16.46E-12 1351E-12
e 1090E-12  1646E-12 23.32E-12 19.73E-12 501E-12

8e 8.61E-12 16.46E-12 27.25E-12 13.51E-12 6.65E-12
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Figure 1.
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Figure 2.

Distribution of crack
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Figure 3.

Correlation between

the distribution of
half-cell potential
values of corroded
steel for mass loss
4.06 percent and
crack width in
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order to evaluate the mass loss due to corrosion exposure. Table III shows the average Concrete
values of mass loss of bare and embedded specimens. The mass loss percentage A,, is steel bar
defined in the following equation:
A =07 100% 1)
mo
where 1 is the mass of non-corroded specimen and 7z, is the reduced mass of the 247
corroded specimen.
Measurements on steel bar
Pit examination
Examination of pits includes the next steps: Plate 3 and Figure 4, shows the bare and
embedded specimens after cleaning (removing the products of corrosion and the
concrete from the steel bar after accelerated corrosion tests). The area in green cycle is
not yet corroded while in the red cycle spots there is localized corrosion and severe
pitting. Plate 3 shows a typical view of corroded bare specimen. As it is shown between
the two groups of steel bar, embedded specimens present more intense pits. Plate 4
presents a typical pit of an embedded specimen.
The first stage of the pitting process is related to the breakdown of the protecting passive
oxide, the local conditions, the existence of specific factors such as thickness of oxides and
also the chemical stability at the oxide-solution interface. The mechanisms which take place
at the first stage of pitting have been proposed in Patrik Schmutz (2013) study.
Exposure time Mass loss of bare (%) Mass loss of embedded (%)
10 days 0.50 0.20
20 days 1.80 0.80 Table III.
30 days 260 1.65 The mean value of
45 days 550 218 mass loss of bare
60 days 820 2.80 and embedded
90 days 11.80 4.06 specimens
Plate 3.
B500C ©10
Note: Bare specimen with mass loss 8.20 percent
Notes: Embedded specimen with mass loss 4.06 percent. Green cycle: non corroded area and Figure 4.
: ’ ’ ’ B500C ®10

red cycle: spots of localized corrosion that leads to severe pit corrosion
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Plate 4.
A pit of an
embedded specimen

Figure 5.
Schematic
illustration

of a possible
evolution of pits

The selected points of pitting show initially depths from 20 to 25 and 30 zm. Despite the
difficulties of monitoring pits at their initial point, the conclusions lead to the opinion
that generally many distinct possible scenarios of pit evolution occur. One way is by
increasing the pit surface or maximum pit depth or with a combination of these two,
with contemporary increase of the maximum pit depth and its surface as it is shown in
Figure 5. In addition to these, a connection between neighboring pitting is observed.
When two pits are closed, there is a possibility to be extended to a larger one. Pits are
located to regions with high-stress concentration. These effects are evolving according
to the local circumstances, the critical pit depth, the type of oxides which are produced
and, etc. These conclusions are in agreement with Patrik Schmutz (2013), Nelson Silva
(2013) and A. Turnbull et al (2006) studies.

After monitoring and measuring the pit depth of specimens, we are able to express
the view that the type of corrosion of bare specimens is similar to the Figure 5(b) and
second to the Figure 5(a). In contrast, the type of corrosion of the embedded specimens
is similar to Figure 5(c) and second to the Figure 5(a). From a macroscopic point of view,
corrosion of bare specimens can be called uniform contrary to the type of corrosion of
embedded specimens which is characterized with intense pitting.

As it can be seen in Figure 6, just from the early days of corrosion, pit depth of
embedded specimens is significantly higher than the corresponding pit depth of
bare specimens. In Figure 6 the maximum pit depths are presented. Values greater than
100 gm for embedded specimens and greater than 40 um for bare specimens are chosen
to be presented.

The values of maximum pit depth for each period of corrosion refer to five random
specimens from each group (embedded and bare) for 20, 30, 45, 60 and 90 days of

() (b) (©)

Surface
of steel

Progressive
damage

Notes: (a) Increase of depth and surface of the pit; (b) increase of the surface of the pit;
(c) increase of pit depth
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B embedded 4 bare

Maximum pit depth (mm)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Mass loss (%)

corrosion. Each specimen was divided into five distinct regions (I, II, III, IV, V), 10 cm
length each one. In Figure 6 the diagram of maximum pit depth vs mass loss is presented.

In Figure 7 the typical images from image ] analysis of pits are presented. It is
obvious that the most commonly occurring type of pitting on bare corroded specimens
is a wide, shallow and elliptical shape. In embedded specimens dominates the
vertical shape.

Mechanical properties of steel bar
Table IV presents the results of the mechanical properties of the two groups of
specimens and the corresponding mass loss of steel B500c because of accelerated salt
spray corrosion. Table IV shows the mechanical properties of yield stress and uniform
elongation of B500c for bare specimens after 60 days time of exposure and for
embedded specimens after 20 and 90 days time of exposure. The mechanical properties
of yield stress and uniform elongation of B500c, are both extremely significant
parameters in designing structures of reinforced concrete (as defined by Eurocode 2).
According to EC 2, steel type B500c is intended for structures which exist in
seismogenic areas. B500c is characterized as steel with high ductility and strictly minimum
values of acceptance for yield strength R,(MPa). Additionally, it presents limit of 500 MPa
and the same occurs for the limit of its uniform elongation A(percent) to 7.50 percent and
for the R,,/R, rate which is between the following values, 1.15 < R,, /R, < 1.35.
Measurements of mechanical performance of non-corroded B500c steel bar, show a
value of yield stress, I, = 529 MPa and uniform elongation Az = 12.80 percent. Based
on these properties, measurements of mechanical properties of specimens after certain
periods of exposure to corrosive environment were conducted. The results analysis
shows that the drop in ductility properties of embedded specimens corresponds to bare
specimens with double mass loss. The dramatic drop of ductility properties can initially
be explained by the values which are shown in Figure 6.

SEM, EDX

A research was conducted, with SEM and EDX, on specimens with section ®10 of
B500c steel, before and after various levels of salt spray corrosion. In both non-corroded
and corroded specimens of B500c steel bar with high ductility, areas of MnS
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Figure 6.
Maximum pit depth
on embedded and
bare specimens and
mass loss
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Figure 7.
Typical view of
pitting on

(@) bare and

(b) embedded
specimen

Table IV.
Results for
mechanical
properties of bare
and embedded
specimens for
different exposure
times of corrosion

z
4 0 y/mmg

Rp Agt | Mass Rp Agt Mass Rp Agt | Mass

(MPa) | (%) loss (MPa) (%) loss (MPa) | (%) loss

Specimen (%) Specimen (%) Specimen (%)

b | 5035 | 7.80 | 7.35 1le 521 11.45 | 0.81 2le 508 7.05 | 3.50

= 2b | 500.6 | 8.10 | 8.95 g 12¢ 515 11.05 | 0.76 g 22e 492 8.38 | 4.90
z a A
a o o

o 3b | 4844 | 795 | 920 | @ 13e 517 9.20 0.78 <) 23e | 5155 | 7.60 | 3.65
< 3 3

g 4b | 4823 | 8.10 | 840 % 14e 512 11.70 | 0.96 % 24e 505 7.40 | 430
2 E E

5b [ 4715 | 760 | 7.10 | & 15¢ | 531 [ 1040 [ 0.68 | = 25¢ | 502 [ 7.30 | 395

Mean value 4885 | 791 | 820 | Mean value 519.2 | 10.76 | 0.80 Mean value 504.5 | 7.54 | 4.06

Note: Numbers in red color are referred to drop under the minimum limits of EC 2
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compounds were identified which, with the coexistence of other voids, constitute
regions with degradation of consistency of steel material.

The MnS in non-corroded specimen was found with a maximum size of
approximately 2 um, in contrast to the corroded embedded specimens (60 days, mass
loss = 2.80 percent) in which their size exceeded the value of 12 ym. The scattered MnS
compounds and other impurities appear to be positioned at a distance between 10 and
3,500 ym from the surface and additionally more attention was given to MnS which is
located in the hard martensite zone.

Plate 5 shows the SEM-EDX device and a cross-section of corroded specimen
embedded in concrete, after 60 days exposed to chloride environment which was solidified
with resin, for the elaboration procedure. Figure 8 shows the SEM images
and elemental mapping (a) and (b) where the MnS compounds are distinguished by
bright colors on the reinforcing steel surface after exposure to the corrosion, for mass loss
2.80 percent at pH=16.5-7.5. In Figures high-density segregation of impurities which is
close to the surface is distinguished. The impurities have been recognized via EDX to be Si
and MnS (Si = dark color, MnS = gray color in EBSD). Figure 8(c)-(e) shows the existence
of MnS (figures with red and yellow) at a distance of 350 gm from the external surface.

Figure 9 shows that the steel-concrete interface is occupied completely with
corrosion products and this fully justifies the loss of connection between concrete and
steel (bonding loss). Also it shows the degradation of cross-area of steel bar for
2.80 percent mass loss due to the exposure to chloride environment in which occurs
strong damage due to the rapid deterioration of MnS areas with the risk of being joined
with other surface pits (Rusteel Project, 2009-2012). This specific deterioration of MnS
areas is adequately justified from the Webb ef al (2001) study in which is claimed
7that the pitting susceptibility of MnS inclusions in chloride-containing solutions is
attributed to a preferential adsorption of chloride ions at these inclusions, which results
in the chemical or electrochemical dissolution of MnS inclusions when the reinforcing
steel is at a resting half-cell potential.
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Plate 5.

A view of SEM-EDX
device and a cross
sectional of
reinforcement
corroded specimen
B500c
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Figure 8.
High-density
segregation of
impurities close to
the surface (350 ym)
of corroded steel bar
(2.80 percent

mass loss)

Discussion

It is known that both oxygen and water when exist at the cathode, they contribute to
propagation of chloride corrosion (Papadakis, 2000; Shi et al., 2012). Despite the fact
that in many studies chloride transport in concrete has been modeled using Fick’s
second law of diffusion, at many times there has not been taken into account the cracks
interaction with the chloride diffusion.

It is also known that severe pitting corrosion exists even at low rates of O (Ozbolt
et al,, 2010). In this way it can take place severe corrosive effect without warning signs
of corrosion stains on the outer surface of the concrete.

ACI 318 is a code of concrete structural design which takes seriously into account
the existence cracks based on the fact that it is almost impossible to produce concrete
without cracks.

Surface cracking due to corrosion of RC structures has been investigated
by many researchers. Corrosion products press the reinforcing bar and this leads
to the development of tensile stress in the concrete. In this way the cracking of surface
begins. When corrosion is aggravated, cracks start to appear on the outer
surface along the rebar and then the entry of aggressive factors (Cl, oxygen and
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water) to the steel becomes easier, without the restrictions and the complex rules of law
of diffusion.

After the above, the passive protection of the rebar has been lost, corrosion of
reinforcing bar exists and this leads to rapid decline of the mechanical properties of
steel bar (Cobo et al,, 2011; Apostolopoulos et al, 2006; Apostolopoulos, 2007).

From Table II, it appears that the variability of crack width along the same
specimen is an important reason that in the same specimen the diffusion coefficient
varies from point to point up to six or seven times. The results show high levels of
chloride diffusion in concrete specimens and this seems to be in relation to the high
levels of half-potential values (Figures 1 and 2) or to point-intense mass loss of steel bar.

Observing the corroded specimens, there were two stages of cracking process. The
first stage, of a few days period, with the initial cracks and the second stage, where
most cracks grew gradually until they reached 0.55 mm.

Furthermore, it is important to mention that a reliable correlation between the
degree of corrosion and the crack width is not possible. Measurements presented a
scatter on these characteristics. This is probably due to non-uniform corrosion on the
surface of rebar. Localized corrosion affects greatly to the extent of damage of
corrosion and has shorter impact on the average crack width. Another possible reason
may be that the increase of the width of the surface crack is affected by other cracks
which occur inside the concrete.
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Figure 9.

Longer exposure (60
days) in chloride
environment
enhances
phenomenon of close
to surface or sub
surface of (a) steel
bar and (b) Fe
oxides, Si oxides and
(©MnS
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Figures 1 and 2 show that the half-cell potential and width of crack values are in
agreement to the small width of crack which corresponds to low values of half-cell
potential. Figure 3 shows a linear correlation between half-cell potential values and width
of surface cracks in concrete up to the value of 0.5 mm crack width. On the basis of these
results, small widths of crack 0.1-0.15 mm on specimens correspond at half-cell potential
values up to-400 mV which according to ASTM C876-9 denote that corrosive action
exists. A prediction which can be expressed is that small widths of crack (0.1-0.2 mm)
in structural elements of RC structures in salt spray environment can become critical for
the useful life of the building and its structural integrity.

Mass loss

According to Table III, bare specimens, which were corroded in a salt spray chamber
for a period of 90 days, present 11.80 percent mass loss. Embedded specimens present
4.06 percent mass loss for the same exposure period (90 days). Certainly, with higher
concrete quality would be expected a lower mass loss of embedded specimens.

Pit
Pit measurements carried out along all the reinforcing bars from the early days of
corrosion in order to research the pitting on surface of bare and embedded specimens.

Plate 3 and Figure 4 show that pitting corrosion is evident on both types of
specimens. Corrosion attack begins at ribs of rebar and extend to the outer surface of
rebar between the ribs.

After cleaning the specimens, maximum pit depth was measured stereoscopically. At
the same time in order to compare the results, stereoscopic images were taken at the
locations of the pits, (using a 35 mm magnification lens) converted to eight-bit gray-scale
and normalized using special filter algorithms in order to bring the resolution and the
lighting conditions to a common level according to the technique that was followed in C.
Apostolopoulos et al. (2013) study. Figure 6 is based on results of 720 measurements.

Figure 6 shows that the embedded specimens generate greater pit depths. As it can
be seen just from the early days of corrosion, pit depth of embedded specimens is
significantly in a higher level than the corresponding of bare specimens.

In particular, from the initial days with mass loss 0.80 percent on embedded
specimens the maximum pit depth reaches high values as 0.64 mm. On the contrary, on
the bare specimens for over of three times higher mass loss (2.60 percent), maximum pit
depth is only 0.135 mm. Bare specimens with 11.80 percent mass loss have 0.335 mm
maximum pit depth. A testimonial of the aggression of corrosive action on embedded
specimens are the pictures in Figure 7 where the main type of pitting is vertical type in
contrast to bare specimens in which pitting has milder form. The influence of corrosive
action of chloride ions on the steel bars depends on the source that they come from. In
bare specimens chloride ions are derived solely from NaCl solution and in embedded
specimens are first derived from CaCl, compounds (because of concrete) and after the
extend of the cracks in the concrete are derived from NaCl. According to Jinxia Xu et al
(2011) study, the above version leads to pH changes. Bare specimens present higher
levels of pH values compared to the embedded specimens. Additionally, embedded
specimens have an increase in corrosion current density.

These results indicate that the corrosion process on the embedded steel bars is
more severe than on bare rebars, probably due to a deeper and more extended
pitting progress.
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After the above, the general view can be expressed that in the embedded specimens
is expected a higher concentration of mechanical stresses, for the same values of
mass loss of bare specimens, due to the surrounding concrete cover. Indicative
of the different corrosion damage in bare and embedded specimens are the Plate 3,
Figures 4 and 7.

Similar conclusions about the adverse effects on embedded specimens as compared
to bare specimens, incurred in C. Apostolopoulos et al. (2013) study.

In any case, it is interesting to examine the evolution of pitting with experiments for
longer periods of corrosion exposure time.

Mechanical properties

Table IV shows that for 8.20 percent mass loss of bare specimens drop of the yield value
was 7.65 percent (approximately equivalent to the mass loss) were calculated (as the ratio
of the corresponding load capacity, divided by the initial, non-corroded, cross-section of
the steel bars). The drop of the uniform elongation was 38.20 percent. In contrast, for 0.80
percent mass loss of the embedded specimens the drop of the yield value recorded (more
than twice) 1.85 percent of the corresponding mass loss and also the value of uniform
elongation measured close to 16 percent. In the group of embedded specimens for mass
loss 4.06 percent, the drop of the yield limit measured in approximately 4.6 percent while
the drop of the value of uniform elongation recorded at about 41 percent.

The most striking point of this analysis is the percentage reduction of uniform
elongation as well as was increased significantly with time of exposure to salt spray
chamber and is much higher than the corresponding percentage drop in yield strength
and mass loss. The above results are relative to the results of C. Apostolopoulos
et al. (2013) study.

The values of some specimens for K, and A, were under or equivalent to the
minimum that EC 2 requires (&, =500 MPa, A, ="7.50 percent). From the analysis of
the results, indicates that the drop in ductility properties of embedded specimens
corresponds to bare specimens with double mass loss. The different drop rate of
ductility properties can initially be explained from the measured values of the
maximum pit depth of the specimens (embedded-bare) as it is shown in Figure 6 and
second due to the localized drop along the corroded specimens.

Similar issues of changes in cross-section diameter of rebars were investigated by
other researchers in Cairns et al. (2005) and Du ef al (2005a, b) studies.

Program (DuraCrete, 2000) shows that a value of 0.3 mm crack width (from corrosive
activity) is one of the criteria of service life of corroded RC structures. This value was
observed at the same time for various beams which used in the program. Based on the
findings of this research could be argued that: The surface crack width of 0.3 mm at
low-strength concrete C16/20 as a criterion for end of service life of corroded RC
structures just seems to be set for a new discussion.

MnS

According to R. Avci et al. (2013) study, during the manufacturing of carbon steel, in
metallurgical processes, manganese is introduced into Fe (at a ratio of Mn to S of > 4) in
order to scavenge the undesirable S impurities. Sulfur impurities are prone to forming
FeS inclusions, which give rise to serious problems. The presence of MnS phases and
FeS in steel rebar make the material highly susceptible to corrosion (and localized
corrosion phenomena) due to the presence of chloride ions (Wranglen, 1969, 1974).
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Figure 8 presents a high-density segregation of impurities close to the surface
(distance 350 um) of non-corroded steel bar many of which are MnS impurities. Figure 6
shows that on surface, immediately with the initial measurements of mass loss on
embedded specimens, the depth of a large number of recorded pits is deeper than the
regions that MnS inclusion exists (Figure 8).

Because of the fact that chlorides prefer to adsorb and accumulate at
the MnS inclusions, it took place an increase of volume of MnS (Webb et al., 2001).
MnS areas play a leading role in the initial stages of internal corrosion of the steel
bars. From Figures 8 and 9 and also from Apostolopoulos et al (2013) and
Rusteel Project (2009-2012) studies, it is obvious that critical side effects in terms
of mechanical properties in sub-surface material dissolution create severe internal
stress concentration.

The gradual volume increase of MnS compounds and FeS impurities which exist
close to the external surface of steel bar, are accounted as areas without mechanical
strength during the mechanical stress of rebars, however, develop severe internal
stress concentrations creating conditions of interaction with other pits in the same
position. After these, it is obvious that the different drop in ductility properties,
between bare and embedded specimens, can be explained from the different
pit depths. Attempting to evaluate the mechanical properties of embedded specimens
as a function of the degree of reinforcement corrosion using the material constitutive
laws of the study (Lee and Cho, 2009) failed to approach the results of mechanical
properties (R, and A) of Table IV. One possible reason may be the coexistence
inclusions and other external strong corrosion pits which measured and
presented in present study.

Conclusions

In the current study are evaluated and presented the effects of the chloride induced
corrosion on bare and embedded in concrete specimens of a dual phase ®10 B500c steel
bar, which were exposed to laboratory salt spray.

The specimens embedded in concrete present stronger superficial severe localized
pitting corrosion in contrast to the bare specimens. That phenomenon was greater
when the two groups of specimens were compared for the same mass loss. The
corrosive action had a similar impact on the mechanical properties of the two groups of
steel but for the same mass loss rate the embedded specimens presented greater drop of
all mechanical properties.

The detection of areas on steel bar with MnS inclusions inside the martensitic zone
and the fact that chloride prefers to be adsorbed and accumulate at the MnS inclusions
constitute a serious reason of starting of internal corrosion of steel bar. The chloride
induced corrosion presents a strong influence on mechanical performance of dual phase
B500c steel bar because of the coexistence of external pits and the local interactions of
various inclusions (MnS and the FeS) near the outer surface.

In conclusion, the dramatic decline in uniform elongation of embedded specimens
can be justified by the followings.

First, that there was produced more severe pitting corrosion in terms of pit depth in
embedded specimens compared to the bare specimens.

Second, to the combination of intense pitting with the rapid expansion of MnS areas
with the simultaneous presence of chlorides. Also we must not ignore the specific
characteristics of triple phase structure of B500c steel.
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Abstract. In the current study, a research was conducted in three different steel categories of
high and medium ductility such as B400c, B450c and B500b under seismic loads which were
simulated with low cycle fatigue tests. Based on the results of mechanical tests, SEM and EDX
on the above steel specimens before and after accelerated corrosion it is important to mention
the negative role of sulfides, as it is mainly MnS inclusions, with existence of chloride ions and
buckling phenomena in Structural Integrity of rebars.

1. Introduction

The widespread occurrence of corrosion on rebars in existing reinforced concrete structures is
a common problem with many consequences. Especially, the coastal environment with high
content of chloride ions as well as the extensive use of chloride salt snow-melting agent in
winter exacerbates the effects of the corrosive action on steel reinforcing bars of structures.
Seismic loads are known to act on the load bearing elements of structures in the form of high
strain reversals, which can be simulated as single axis Low Cycle Fatigue. The Fourier spectra
of ground movement during an earthquake which occurred in Japan showed that the loading
was cyclic and the frequency corresponding to the maximum amplitude was approximately
2 Hz. Investigation of the catastrophic earthquake of Tang Shan in China confirmed that the
failure mode of the building structural steel was LCF [1].

Earthquakes inflict cumulative damage on reinforced concrete structures but most codes
do not explicitly take it into account. In current design practice a displacement ductility
coefficient is used which however fails to account for the accumulated damage since it is
implicitly assumed that structural damage occurs only due to the maximum response
deformation and is independent of the number of non-peak inelastic cycles or strain energy
dissipation. All inelastic cycles however must be considered as contributors to damage since
they constitute the strain history observed in actual structures and their accumulation may
become important depending on the characteristics of the ground motion [2]. During strong
earthquakes, yielding structures are subjected to increased number of cycles into the inelastic
range and the accumulated damage may significantly affects their overall performance. This
type of damage may also evolve from multiple earthquakes, in which case, a series of pre or
post shocks combined with the main shock may be treated as a single event of extended
duration. Assessment of seismic damage is usually assumed to be similar to metal fatigue under
a variable amplitude of cyclic loading. Relatively little attention has been devoted by the
research community on the combined effect of corrosion and LCF on rebars since each one of
these factors affect the rebar durability and performance and shortens the design life of
structures [3-9]. In addition, the deficiency of the research is even stronger in high ductility
steels which are widely used in the European community and have a dual phase or triple phase
structure as B400c, B500b and B450c.

© 2016, Institute of Problems of Mechanical Engineering
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Without a doubt, when critical elements of structures (columns, beams etc.) are under
dual adverse effects of chloride ion corrosive environment and strong earthquakes, the steel
reinforcement is under coupling effects of corrosion and low cycle fatigue. Under of the above
circumstances the performance of RC bridge structures deteriorates rapidly. Therefore, it
hasimportant practical significance to carry out research on performance deterioration of
corroded RC columns and reinforcing bars under seismic loads.

In the present study an experimental investigation was conducted in order to evaluate the
effect of corrosion on B400c, B450c and B500b, 16 mm diameter reinforcing ribbed steel bars.
The changes in mass loss and LCF behavior under constant strain amplitude were measured.
Mass loss and LCF behavior are critical for the safety and remaining life of corroded structures
that are located within seismic zones such as Mediterranean countries (Italy, Greece, Turkey
etc.). At the same time are investigated the consequences of the action of chlorides in MnS
inclusion in the rebars and their synergy with buckling phenomena in Structural Integrity of
Steel bar under seismic loads.

2. Experimental work

2.1. Corrosion induced mass loss. The mechanism of chloride induced corrosion is
analyzed and some of its consequences on the performance of different steel bars are
experimentally measured and compared each other. The present approach will contribute
towards the modeling of the total deterioration cycle, including initiation and propagation
periods. It should be emphasized that accelerated salt spray corrosion tests on bare rebars
theoretically lead to different results than those that could occur on embedded in concrete
rebars. However, the present results represent a good first approximation of the influence of
accelerated corrosion on steel ductility properties versus exposure of embedded rebars in a
natural corrosive environment. This would require years to reach similar levels of deterioration
since concrete delays the chloride penetration depending on its physical and chemical
characteristics. When the chlorides reach the reinforcement and exceed a critical concentration
level then the corrosion process takes place almost similarly with the case of bare bars.

Ribbed B400c, B500b and B450c steel bars, 16 mm diameter, were sprayed in a salt spray
corrosion chamber, according to ASTM B117- 94 specification, for 90 days, with a 5 % sodium
chloride and 95 % distilled water solution, pH range of 6.5-7.2, and temperature of 35 +1.1—
1.7 °C. Pitting was initiated progressively on the specimens after 10, 20 and 30 days of
corrosion which became progressively more severe. Upon completion of the salt spray the
specimens were washed carefully with clean water according to ASTM G1-72 procedure in
order to remove any leftover salt deposits and then were dried.

The stereoscopic images show the pitting on the steel surfaces which are developed even
after removal of the rust. The relatively large pits at 10 days of exposure suggest that these are
the active sites at which corrosion is primarily taking place. Pitting appeared to be initiated at
the reinforcement veins of the steel bars and proceeded to the intermediate space. In addition
cavities and notches were formed on the steel surface and especially in the rib bases, which
became progressively more severe as the corrosion level increased. The average pit depth, after
90 days of corrosion, was approximately 0.05 mm with maximum value of 0.45 mm, according
to ASTM G 46-94 specification which is the guide for examination and evaluation of pitting
corrosion. The specimens along their entire length were covered with natural wax, except a
portion of length , at least, 20 mm, to allow for a single rib spacing (distance between two
successive ribs) in the middle of each specimen. The testing specimens were placed at an angle
of 45-60 degrees in the salt spray chamber (1ISO 9227). During the full duration of the
experiment, the specimens were replaced every day. Every day was planned to take place
8 wet/dry cycles, which means that 90 minutes dry followed by 90 minutes wet environment.
During the experimental procedure a digital measurement of pH was monitoring chamber’s
environment.
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2.2. Mechanical testing procedure. The steel rebars were produced by European
industries and were delivered in the form of ribbed bars. The nominal diameter of the rebars
was 16mm (®16). From low cycle fatigue specimens a length of 205-210 mm was cut. The free
length of the specimen between the grips was set to be six times the nominal diameter ®16
which means 96 mm length. Prior to the mechanical tests, the specimens were corroded using
accelerated laboratory corrosion tests in salt spray environment. The number of specimens
taking into account all the previously mentioned parameters are defined as illustrated in Table 1.

Table 1. Number of Samples tested in LCF for each Steel Grade.

= F Imposed Tests for each
Bar Diameter requency, ree Deformation, Grade
Hz Length o
&7 0 | 90
+2,5% 5 3
B450C 6d 17
+4,0 % 5 4
+2,5% 4 3
B400C 16 mm 2,0 6D 14
+4,0 % 4 3
+25% 4 3
B500B 60 . 15
+4,0 % 4 4
26 | 20
Total of LCF tests categorized + 2,5 % 22
Total of LCF tests categorized +4,0 % 24

The low-cycle fatigue tests aim to provide information on the followings:

a. On the effect of various accelerated salt spray corrosion levels on the dissipated energy
density and the number of cycles to failure of each grade steel bars.

b. On the combined effect of corrosion and low cycle fatigue on the load bearing ability
of the reinforcing steel.

All mechanical tests were conducted at room temperature using an MTS 250 KN servo-
hydraulic testing system. All readings were recorded using a fully automated computer system.
A number of low cycle fatigue tests for each corrosion level were conducted for two different
strain levels + 2.5 % and + 4 %, totaling a number of 46 low cycle fatigue tests.

Table 2 (a, b), from Ref. [10] experimental study, shows the results of mechanical tensile
tests of B400c, B450c and B500bsteel rebars. These tests were conducted according to 1SO
15630-1 and specimens length was set to 580 mm. The tensile tests were carried out on a servo-
hydraulic MTS 250 kN universal testing machine and from the tests the yield stress Rp, tensile
strength Rm, elongation to tensile strength Agt and Energy Density U were evaluated.

Table 2 shows the minimum standards for medium and high ductility steel set by the
EuroCode 2 (EC2).

Table 2(a). Average value of mechanical properties of pre-corroded specimens.

. . Minimum values
0,

Steel Class Yield Rp [MPa] Elongation Agt [%] K=[Ro/Rn]k
B500s 500 >5 >1.08
B400c 400 >7.5 >1.15<1.35
B450c 450 >7.5 >1.15<1.35
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Table 2(b).

Grade IE/‘I’:;; I\I} ;a Rm/Rpo.2 8(1;)0’ AO‘/? MUP’ .
B400c 435 549.23 1.26 15.33 15.6 78.06
B450c 536.4 647.95 1.21 11.48 11.6 69.75
B500s 523 638.35 1.22 14.03 14.4 82.83

3. The role of MnS inclusion

MnS inclusions play a leading role in the initial corrosion because chloride prefers to be
adsorbed and accumulate in MnS inclusions, resulting in pitting corrosion [10-12]. From cross
sections tobiphasic steel rebars B400c, B500b and B450c, ®16, before and after corrosion
merged areas with MnS inclusions. The MnS inclusions with the coexistence of other voids and
crevice areas represent regions of degradation of the consistency of the material of steel. The
Figure 1 shows EDX with chlorideions which have intruded in material’s structure and similar
regions where MnS inclusions have been dissolved. The impurities appear to be positioned at a
distance between 20 and 500 um from the surface and well within the martensite zone.

In Ref. [10] experimental study, the mechanical behavior in three types of reinforced
concrete steel was examined. An evaluation of the mechanical behavior in dual phase steels
B400c, B450c and B500b of high and medium ductility class, with a 16mm nominal diameter,
was conducted before and after exposure in laboratory salt spray environment. The results of
all mechanical tensile tests were compared and combined with the results of SEM and EDX
analysis and consequently led to the following findings: The strength properties reduction in
pre-corroded specimens was almost equivalent to the mass loss which meets the demands set
by Euro Code 2 (EC2) for safe structures. However, the drop in ductility properties, expressed
as the deformation at maximum strength, is below the minimum limits. The findings also
suggest that the degradation in the mechanical performance of steel cannot be attributed to a
specific mechanism but it appears to be the result of several interrelated factors, such as the
development of pits in the outer surface of steel and various side effects within the martensitic
layer, which occur from the presence of extensive porosity close to the surface as well as several
sulfide compounds, like MnS. Similar findings have been presented in project [14].

The Figs. 2, 3 and 4 show the identification of MnS inside the section of steel rebars, their
development and their connection to other external damages due to crevice areas and pit
corrosion after 90 days exposure to corrosion. The growth of the degree of damage due to the
rapid deterioration of MnS areas endangers the structural integrity of steel rebars because of
potential join with other surface pits. The above view about MnS areas is confirmed by
E.G. Webb et al. [14] studies. In these studies is expressed the view that the pitting susceptibility
of MnS inclusions in chloride containing solutions is attributed to a preferential adsorption of
chloride ions at these inclusions, which results in the chemical or electrochemical dissolution
of MnS inclusions when the reinforcing steel is at a resting potential.

According to [13, 15] studies the pitting susceptibility of MnS inclusions in chloride
containing solutions is attributed to a preferential adsorption of chloride ions at these inclusions,
which results in the chemical or electrochemical dissolution of MnS inclusions when the
reinforcing steel is at a resting potential. Additionally in [13] and [15] studies is expressed the
view that this dissolution is generally accompanied by a local drop in pH around the regions of
MnS inclusions. The stable pitting nuclei accelerated the dissolution of Fe, and further
hydrolysis reactions of Fe ions continued to reduce the local pH and this accelerates dissolution
of the anode. As a result, corrosion of the rebar becomes more severe, while the potential
mapping provided a sharp peak on the potential map and the distribution of chloride and S at
the corrosion sites. In EDX of Fig. 1 are shown chloride ions appears to be trapped within the
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region where MnS inclusions have been dissolved, outside these regions in which MnS
inclusions are present, Cl — is not observed.

108 = Aivmiiissn 002
100 = Acouiion §600|

P
31 —— 100 * Acgunition B

Fe Fe Mn S Mn

a) b)

Fig. 1. a) chloride ions and b) region where MnS inclusions have been dissolved.

Fig. 2. MnS areas on cross section of steel Fig. 3.View of surface damage due to the
rebar. existence of MnS areas, with (gray color),
and crevice corrosion.

Fig. 4. View of a 90 days corroded specimen where is visible the surface damage (pitting in
combination with the presence of MnS inclusions).
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Longer exposure up to 90 days enhances phenomenon of close to surface or sub surface
MnS dissolution creating a variety of side effects (Fig. 5). Dissolution of MnS segregation sites
by CI- appears to generate local stress concentrations with the possible generation of hydrogen.
Due to the position of the MnS sites at depths below up to 500 um from the surface, the fracture
surface exhibits sites, which due to external loads can act as internal stress concentration leading
eventually to the formation of cracks.

4. Results of Low Cycle Fatigue Tests and Discussion

Low-cycle-fatigue tests took place on un-corroded (control specimens) and corroded
specimens, after exposure to the salt spray chamber for 90 days. For each type of rebar (B400C,
B450C and B500B) a free length of 6d was selected. Nominal diameter of 6& was chosen to
simulate steel reinforcing bars in buildings when designing for high ductility class, according
to the limits which are set in Eurocode 8 for seismic design of stirrups in reinforced concrete
structures. The tests took place under strain control, and were executed by considering two
different levels of imposed deformation, respectively equal to = 2.5 % and + 4.0 % with
sinusoidal cycling frequency 2.0 Hz. The low cycle fatigue tests were performed on the servo-
hydraulic MTS 250 KN machine. The number of cycles to failure, the dissipated energy, and
the maximum tensile and compressive force per fatigue cycle of the steel bars were evaluated.
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Fig. 5. a) Surface failure of 90 days corroded specimen with existence of MnS inclusions and
voids. b) Surface failure with crack which was grown in the material structure.

Zeiss SUPRA 35VP

From all the tables in Table 3 is summarized the effect of corrosion on the total dissipated
energy density and the total life time of all categories of steel rebars. The observed appreciable
reduction may represent a serious problem for the safety of constructions in seismically active
areas. As can be seen from the Table 3, the energy storage capacity of the material and the total
energy that can be dissipated by the material until failure, is highly dependent on the stain
amplitude at which the specimens are subjected. During the seismic erection, the need for a
sufficient energy storage capacity of the material is imperative. As expected, the degree of
corrosion damage has a significant impact on number of cycles to failure. This shows that as
strain levels are increased, corrosion has a smaller impact on the number of cycles to failure, as
backed up by the dissipated energy.

In any case, the existence of damage (due to MnS inclusions, voids) inside the structure
of steel rebars and especially their development over time of corrosion internally is serious
responsible about their failure due to fatigue. It is also important to note that buckling from the
first loading cycles creates increased tension on a single side of the rebar. The process is so
strong as to produce rapid ductility exhaustion (hardening plateau) and therefore pits within this
region (MnS inclusions) will propagate into cracks without any significant ductility signs in
their crack path.
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Table 3. Low cycle fatigue results for non corroded and corroded specimens in three grades of
®16 steel bars.

B450C-®16 reference B450C-®16 90 days corroded
Sam Free strain | Cycles to I)E::&::.pafcd Free strain Cycles Dissipated | Mass
ple Length %] failure ,E" Sample o to energy loss
[AIP] Length | %] | fijjure | [MPa] [%]
49 35 744.21 - o
30 29 1997 36 16 416.06 8.81
51 60 +2,5% 36 756.17 40 60 +2,5% 18 470.93 9.4
52 33 700.50 23 13 343.23 9.38
60 34 768.04 MEAN VALUE 16 410.07 9.20
MEAN VALUE 33 697.74 39 g 374.1 934
53 11 439.50 F — =
34 8 365.8 8.17
54 " 11 556.56 60 +4,0%
55 6 | +40% 1 56037 30 12 2962 10.1
56 10 558.00 26 7 296.2 8.15
MEAN VALUE 11 528.61 MEAN VALUE 9 333.08 8.94
B500B - @16 90days corroded B400C - ®16 90days corroded
Sam Free strain c":““ ]]:;:I:;:cd Mass Sample Free strain ("‘:)lcs D?::I::t‘cd hl::?
ple Length [%] failure |MP:;] loss [%] Length [%] failure IL\lPa'] %]
34 19 4758 8,9 37 13 337.21 9,57
28 60 +2,5% 18 4809 9,65 40 6D £2,5% 15 360,62 9,6
31 17 438,7 9,95 24 25 560,5 8.4
MEAN VALUE 18 465,13 9,5 MEAN
= > ; ) 7 9, 9,
6] 7 3474 848 VALUE ! B .l
33 " o 6 296.1 9.71 35 7 311,3 8,79
35 6% +4,0% 7 347.1 872 3l 60 | +4.0% 7 3184 9.65
39 7 3175 8,65 28 7 3274 9.2
MEAN VALUE 6 327,02 8,89 VAL U'F“EAL\ 7 319,03 9,21
B500B - ®16 reference B400C - @16 reference
i Free strain | Cyeles I-"'l“i]"“l?d —_— Free strain (')'tfles to Dissipated
Sample Length (%] to energy Length [%0] failure energy [MPa]
failure [MPa] 49 22 470.5
47 35 761,39
49 . 31 7322 52 60 +2,5% 24 3056
60 +2.5% 60 25 558,15
60 2 S231 61 27 610,54
61 30 727,62 - - -
MEAN VALUE 31 719,08 MEAN VALUE 24 523,34
5 I 32597 ;: 180 ;{1}23
54 . 11 435,93 6 +4,0% Y
4 60 | +4.0% h e 55 6 0% 11 510,5
63 11 411,74 63 11 371,65
MEAN VALUE 10 390,24 MEAN VALUE 484,45

After studying the results of tests, all the EDX and SEM which were presented, lead to
the following views:

1. Corrosion causes internal pitting of MnS particles, which follow their original particle
congregation prior to pitting. The pitting has significant surface dimension and the damage
extends in depth.

2. Upon loading these locations act as internal stress concentration leading eventually to
the formation of cracks. However due to their proximity they force a multiple cracking
phenomenon. As such crack coalescence will become critical with the number of loading cycles
leading to fast crack growth. The direction of the crack appears to tend to expand towards the
surface.

3. This rapid expansion of the crack produces brittle ridge-like fracture surface- negating
any remaining ductility that had been left in the material. Yet pits which are not congregate in
a similar way (single MnS particles) will produce some sort of quasi brittle LCF surface.

4. It is also important to note that from the first loading cycles buckling creates increased
tension on a single side of the rebar. The process is so strong as to produce rapid ductility
exhaustion (hardening plateau) and therefore pits within this region will propagate into cracks
without any significant ductility signs in their crack path.

5. It is our conclusion that the fracture surface of the rebar is a mixture of more than
2 failure mechanisms which due to their nature produced in nature a mainly brittle type failure
with limited signs of traditional LCF. It is also imperative to acknowledge that due to buckling
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and buckling reversal the material's ductility especially at 4 % is particularly limited and it
might be exhausted prior to the formation of the cracks. Concrete evidence of the sequence of
events within such limited cycle duration are impossible to be extracted.

6. From a Fracture Mechanics perspective the case postulates void growth analysis
according to Dugdale’s theory.

The assessment of structure performance in older buildings which is based only on
mathematical models (displacement—pushover method) might lead to unreliable and
inappropriate decisions when the degradation of the strength and ductility properties of
materials due to corrosion is not taken into consideration beforehand.

5. Conclusions

The mechanical behavior of high performance steel rebars B400c, B450c and B500b (with
existence of martensite in the outer zone) under seismic loads in environment of corrosion needs
to be studied further. A basic reason for the above view is the existence of MnS inclusions in
some regions where MnS acts as internal stress concentration leading eventually to the
formation of cracks. However due to their proximity they force to a multiple cracking
phenomenon. Moreover, corrosive environment causes strong outer pits and also increasing the
areas of MnS, this combination leads to unpredictable consequences for the structural integrity
of the steel reinforcement over time.
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Abstract

In this study the influence of corrosion and seismic load (low-cycle fatigue LCF) in the mechanical performance of
reinforcing steel bars of S400 grade with 10 mm nominal diameter was investigated. There took place 140 tensile, LCF
and salt spray tests which performed on reinforcing bars in different conditions. The results show that the corrosion
level and surface conditions are the main parameters which affect to the low-cycle fatigue life of reinforcing bars.
Moreover, through a non-linear regression analysis of the experimental data, a model of predicting the expectancy life
of the corroded rebars was conducted.

This prediction was based on two models: the first model was about an imposed of (total) strain amplitudes
(¢,) and the second model on predicting the strength degradation per cycle of fatigue in correlation with the plastic
strain amplitudes (sp). Both the experimental study and the prediction modeling conducted for the same steel grade
S400 with and without ribs. The model prediction of non-linear regression analysis, show a good agreement with the
observed experimental results and adequately confirmed the experimental results showing that from the first levels
of corrosion, the degradation of their life expectancy was obvious as well the rebars without ribs (smoothed) which

present more advanced mechanical behavior and life expectancy against to the respective ribbed rebars.

Keywords: Steel Reinforcement bar; Fatigue Behavior; Corrosion;
Nonlinear Analysis; Low-Cycle Fatigue model

Introduction

It is well known that corrosion effect is an electrochemical nature
phenomenon which constitutes one of the basic factors of degradation
of reinforcing concrete structures. In past, lots of studies [1-5] have
presented the negative circumstances of corrosion effect, such as the
local decrease of cross section and the respective mass loss. Meanwhile,
corrosion effect has an impact on the mechanical behavior of steel
bar due to the reduction of strength properties, the ductility and the
bonding between the concrete and the steel bar. The corrosive factor
in correlation with the effect of seismic loads plays an important
role in the mechanic performance of structures. Sheng and Gong [6]
studied and showed that the effect of seismic loads can be simulated,
in a laboratory, in low cycle fatigue conditions. This effect can induce a
reduction of steel bar’s loading ability as well as their failure.

Corrosion effect appears to begin with chlorides through the
pores of concrete, through the action of capillary voids of water
or a combination of them. An important percentage of chloride
concentration, on corrosion effect, is about 0.4% of concrete’s weight
[7]. In case of corrosion effect, occurring through pits (chlorides), the
tension rate of stress and also the concentration rate of stress increase
and as a result the formulation and the development of micro -
cracking which, in combination with the fatigue, cause the material’s
failure. Although a significant number of researchers [8-10] presented
the consequences of mechanical degradation of steel bar due to seismic
loads and corrosion effect, the international design regulations of
structures, except for the Portuguese and Spanish regulations [11,12],
did not include similar technical requirements for the reinforcing steel
bars. Moreover, special well known life expectancy predicting models
of metal materials belong to Coffin-Manson [13,14] and Koh-Stephens
[15]. Based on the above models, in this study there is an effort of
predicting the life expectancy of steel bar S400. In more detail, based
on the results of an extensive experimental study, in which steel bars
in various seismic loads (Low Cycle Fatigue) were examined, before

and after s everal p eriods o f t ime e xposed t 0 a n a rtificial im posed of
accelerated corrosion effect in salt spray chamber. Steel bars S400 with
and without ribs have undergone some fatigue tests in monotonic
sinusoidal loading of 0.5 Hz frequency in various deformation range
values such as + 1%, + 2.5%, and + 4% [16]. S400 steel bar category,
even though today has a limited usage, the last decades constituted the
main material of many structures in Mediterranean countries (Greece —
Italy - Turkey). Therefore, the potential for predicting the life
expectancy of steel bars in already existing structures (of various level
of corrosion) is really interesting fact for the engineer
researchers because it contains useful information about the level
of steel bars’ mechanical performance and for the level of reliability of
crucial structural elements of constructions (such as the columns).

Experimental Procedure

The experiments were conducted on S400 steel grade reinforcing
steel, specially produced for the needs of the current investigation by
a Greek steel mill. Chemical composition of steel S400, is shown on
Table 1. S400 steel (widely known as StIIT or BSt 420) has officially
been withdrawn since the late 1990’s from production, it still holds as
the backbone of reinforced structures aging from 20 to 50 years. The
material was delivered in the form of 10 mm nominal diameter ribbed
bars according to Apostolopoulos and Pasialis [16] study.
Specimens
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with 170 mm total length and 60 mm in gauge length were cut for
the LCF tests. The gauge length was equal to six times the nominal
diameter of steel specimens. Prior to the tests, the specimens were
pre-corroded using accelerated laboratory corrosion tests in salt spray
environment. Salt spray tests were conducted according to the ASTM
B117-94 specification. For the tests, a special apparatus, model SF 450
specially designed by C and W. Specialist Equipment Ltd. was used.
The salt solution was prepared by dissolving 5 parts by mass of sodium
chloride (NaCl) into 95 parts of distilled water. The duration times
of exposure were 10, 20, 30, 45, 60 and 90 days. Upon completion,
the specimens were washed with clean running water to remove the
remaining salt deposits from their surfaces and then were dried. The
oxide layer was removed using a bristle brush, according to the ASTM
G1-90 specification. In order to make a more comprehensive study of
the mechanical behavior of the steel, except of LCF tests, additionally
tensile tests on ribbed bars were performed, before and after, corrosion.
The mean value tensile test results (corroded and non-corroded) are
shown in Figure 1 and Table 2. Table 3 presents the low cycle fatigue
test results (in different amplitudes of deformation + 1, + 2.5, and +
4%).

Modeling low-cycle fatigue life of steel bar

It is well known that the low-cycle fatigue life of reinforcing bars
without the effect of corrosion has been studied by several researchers.
The current study examined the life prediction, based on Coffin-
Manson’s and Koh-Stephen’s models, which are more popular among
researchers. Coffin-Manson model relates the plastic strain amplitude
(g) to fatigue life.

e =¢ s (2N, f)“ , where €f is the ductility coefficient i.e., the plastic
fracture strain for a single load reversal, ¢ is the ductility exponent
and 2N.is the number of half-cycles (load reversals) to failure. Koh-
Stephen extended the Coffin-Manson’s model for modeling the low-
cycle fatigue life of materials based on the total strain amplitude (elastic
strain + plastic strain) as described in the following equation.

a

fracture strain for a single load reversal, a is the ductility exponent and
2N /| is the number of half-cycles (load reversals) to failure.

g, =& (2Nf )* , where ¢ is the ductility coefficient i.e., the total

Between these two models, Koh-Stephen’s model is used for the
analysis and the prediction of low-cycle fatigue life of reinforcing bars.
Furthermore, the influence of corrosion on fatigue material constants
ef and a is also explored. The Koh-Stephen equation is fitted with the
observed experimental data of each exposure time to calibrate the
fatigue material constants (¢,and «). In a similar way, using the Coffin-
Manson model, the prediction of strength loss of hysteresis loops was
conducted. The prediction of strength degradation of reinforcing bars
is made by using a type expression, ¢ = ¢, (f, )* , where, &5 and a are
material constants and f,, is the strength loss factor per cycle as
measured in a fatigue test at a constant plastic strain amplitude of
¢, The results of Fatigue Life material and Strength loss material
coefficients are shown in Tables 4 and 5.

Results and Discussion

Mass loss measurements for several periods of time exposed to salt
spray chamber 10, 20, 30, 45, 60 and 90 days led to 1.58%, 2.50%, 3.77%,
5.18%, 7.23% and 8.48% percentage mass loss respectively. The results
of mechanical tensile tests of ribbed bars are presented in Table 2. They
show that the decrease of strength properties is (about) equivalent to
mass loss decrease, opposite to the ductility properties where a dramatic
decrease is presented in. It is known that corrosion of embedded steel

Page 2 of 4
C% Mn% S% P% | Si% Ni% Cr% Cu% V% Mo% N%
0.35 0.94 0.026 0.013 0.26 8?8 0.16  0.42 0.002 0.023 0.01

Table 1: Chemical composition of S400.

Figure 1: Stress-strain curves of ribbed bars.

0 days 30 days 90 days
Yield Stress [MPa] 454,86 452,53 437,61
Tensile Strength [MPa] 695,12 695,29 674,93
Plastic Strain Ag [%)] 15,53 12,88 9,00
Total Strain Agt [%] 19,73 15,33 10,53
Energy Density [MPa] 126,56 97,98 63,98

Table 2: Tensile test results.

Ribbed bars Smoothed bars
Days of . . .
corrosion Strain | Cyclesto = Dissipated Cycles to Dissipated
Failure = Energy [MPa] @ Failure Energy [MPa]
+1.0% 1280 7103 1435 7420
0 +2.5% 40 1059 51 1334
+4.0% 11 537 12 579
+1.0% 509 2902 750 3905
30 +2.5% 26 694 27 705
+4.0% 9 423 9 423
+1.0% 349 1862 365 2040
90 +2.5% 24 587 24 626
+2.5% 7 272 7 344
Table 3: Low cycle fatigue test results.
Days of = Mass Smoothed Bars Ribbed Bars
corrosion| loss & a R2 & a R2
0 0 0,10363 -0,296 = 0,994 0,10405 -0,314 0,986
10 1,58  0,11075 -0,33 0,989  0,11103  -0,351 0,952
20 2,5 0,10602 -0,337 = 0,973 0,11388 -0,367 0,985
30 3,77 | 0,10635 @ -0,339 @ 0,985 0,11531 -0,372 0,981
45 518 | 0,09286 -0,331 @ 0,987 | 0,12121 -0,391 | 0,975
60 7,23 | 0,11727 | -0,388 | 0,971 | 0,10321 | -0,361 0,998
90 8,48 | 0,11511 @ -0,393 | 0,999 | 0,10389  -0,363 | 0,998
Mean* 0,10806 | -0,353 0,11142 | -0,368

*(not including 0 days of corrosion)

Table 4: Fatigue life material coefficients.
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bar initially (for mass loss rates 1,5% to 2%) has a positive impact
on bonding between concrete and steel bar. As a consequence, the
prediction of seismic loads behavior (low cycle fatigue) will have as
a reference some experimental results with higher level percentage
of mass loss. However, the analysis of experimental tests of low cycle
fatigue results, through the statistical regression analyses showed that
there are fatigue life prediction models for 0-10% mass loss.

Figures 2 and 3 present the curves of prediction model with dashed
line. Table 3 represents the low cycle fatigue test results. In Table 4,
the calibrated constants of fatigue material €, a in consequence of
regression analysis are presented in. The results of modeling, show
high convergence reliability (values of R?). The analysis of empirical
constants (mean) ef and a of life prediction models reflects the influence
of the corrosive factor in corrosion levels of concrete. For both types of
steel (ribbed and smoothed), based on these mean values the prediction
model was resulted from. The curves of the two prediction models are in
a good agreement with the experiment results as they take into account
the fatigue phenomena and corrosion damage. As it was expected, the
corrosion affected negatively the life expectancy of steel specimens.

It is obvious, from Figures 2 and 3, that increasing exposure time,
the life expectancy of specimen material is steadily decreased. From the
first exposure times of specimens, in smaller strain amplitude (mainly
in £ 1%, + 2.5%), shorter life expectancy is recorded. On the contrary,
in larger strain ranges (+ 4%) Kashani’s study results are confirmed
[17], in which additional negative phenomena highlighted due to the
effect of inelastic buckling.

Days of Smoothed bars Ribbed bars
corrosion g a R2 £q a R2

0 0,01762 0,369 0,934 0,01693 0,411 0,979
10 0,01696 0,421 0,958 0,01617 0,444 0,981
20 0,01465 0,490 0,992 0,01455 0,507 0,978
30 0,01479 0,466 0,974 0,01383 0,516 0,981
45 0,01291 0,531 0,994 0,01353 0,477 0,972
60 0,01235 0,593 0,991 0,01314 0,554 0,973
90 0,01189 0,535 0,986 0,01241 0,521 0,972

Mean* 0,01392 0,506 0,01394 0,503

Table 5: Strength loss material coefficients.

Figure 2: Fatigue life of ribbed bars.

Figure 3: Fatigue life of smoothed bars.

Figure 4: Strength loss of ribbed bars.

Very interesting results came from exploring the roles of steel ribs.
Comparing Figures 2 and 3, it is observed that for the same number of
reversals (2N ), the maximum deformation of specimens without ribs
are higher than the ribbed specimens. On the other hand, for a given
range deformation (e.g. + 1.0%) the number of reversals of the ribbed
bars is presented lower than the smoothed bars.

According to the modified Coffin-Manson’s equation that is
referred to terms of plastic deformation and the coefficient strength
loss per cycle of fatigue [18], comes up a prediction model of strength
loss which is related to loading cycles. In equation, g,=¢, (fSR)“, e is the
plastic strain amplitude, fsy is strength loss coefficient per cycle and ed
and a, are the empirical coefficients which are based on the material.
In this analysis, the f;z measurement was calculated by deriving the
total strength loss from the total number of failure cycles. The
experimental procedure led to prediction modeling of strength loss
per cycle fatigue at S400 steel with and without ribs. The diagrams of
Figures 4 and 5 are related to this, showing the prediction curves
(dashed lines). In the
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Figure 5: Strength loss of smoothed bars.

following diagrams, (Figures 4 and 5) the modified Coffin-Manson
equation is displayed fitted to the experimental data using non-linear
regression analysis. The results of regression analyses are summarized
in Table 5. Herein, it observed that the impact of corrosion causes a
shift in curves, in ribbed and also in smoothed steel bars, as the value of
strength loss factor increases. The increase of strength loss factor rate
is combined with lower percentage increase of ¢, (plastic strain). The
dashed line represents a mean curve condition of corroded bars.

Conclusions

1. The effect of corrosion has significant impact on low-cycle
fatigue behavior of S400 reinforcing bar. As the duration of
exposure increased the LCF life decreased and therefore the energy
dissipation capacity of the bar under cyclic loading reduced.

2. 'The non-corroded bars show a ductile failure mechanism
compare to corroded bars. This is also observed in case of
smoothed compared to ribbed bars. However, as the strain
amplitude increases the influence of ribs are reduced and the
fracture of bars is mainly governed by the stress concentration
of buckling phenomena.

3. The predictive models combine the effect of corrosion
(concerning mass loss), the morphology of outer surface of
rebars (ribbed -smoothed) and low-cycle fatigue degradation
of S400 steel rebar. These results of prediction refer to mass
loss rate less than 10% because after this rate, the strength
bonding loss is too high. At these circumstances (mass loss >

10%) the study of mechanical performance and durability of

RC structures serves no purpose.
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Abstract. The demands for constructions with high mechanical performance, located in seismic
areas, expressed through EC2 and EC8- part3, were importantly satisfied mainly with the use
of Tempcore dual phase steel bars. High mechanical performance of dual phase steel comes
from the combination of the mechanical properties of each individual phase. However, several
times have been reported problems concerning their structural cohesion.

In the present study four different technical classes (DP) of reinforcing steel bars were
used: B500c, B450c, B400c and B500b. SEM and EDX analyses were used, focusing not only
on the internal defects regions of the materials (before and after corrosion), but also on the
external areas affected by pitting corrosion. Moreover, in terms of the experimental procedure,
mechanical tensile tests were conducted, on both corroded and non corroded reinforcing steel
bar specimens and the pertinent results are analyzed.

The conclusion from the present study is that both internal and external defects constitute
a major problem for constructions, by diminishing their mechanical performance and resulting
in their premature failure.

1. Introduction
During the last years, extended disasters were reported after powerful earthquakes. These facts
raise speculations concerning not only the structural integrity and the performance of the
constructions, but also the sufficiency of the technical characteristics and demands of the high
strength steel bars used. The demand for constructions with high mechanical performance in
earthquake prone areas of the EU was expressed through Eurocode 2 [1], Eurocode8- part3 [2].
These regulations demanded the use of high mechanical performance steel (high strength and
ductility) category c. This demand was satisfied with the adoption of Tempcore dual phase steel
bars, which occupy an increasing market share and with the micro-alloyed steel bars as well.
As it is widely known, dual phase high performance steel, which is made of scrap metal,
shows an external high strength zone (martensitic phase) and a softer core (ferrite-perlite phase).
Beyond these two obvious phases, there is a transition zone called bainite phase. The high
mechanical performance of dual phase steel comes from the combination of the mechanical
properties of each individual phase, where the increased strength properties are credited to the
presence of the outer martensitic zone, and the increased ductility to the ferito-perlitic core. Due
to the coexistence of the different phases, an assumption could be made, that the continuity and
the coherence of the structure of the specific type of steel is taken for granted. However, this
anticipation is not always satisfied, since given the variety of the phases, there are distinct areas
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of different types of crystal structures and consequently different types of mechanical behavior
on each phase of the material. Moreover, quite often, final products suffer from surface and
internal defects, which deteriorate the final product quality. These defects occur at the early
stages of the casting of the steel bars, as it was analyzed in study [7], which was presented at
the 11™ International Scientific and Technical Conference, which took place in Saint Petersburg
in Russia on 2015. Similar information is given in studies [3-6].

Studies [8, 9] are related to internal micro cracks, micro voids and non-metallic sulfide
compounds (MnS, FeS), which react selectively to the presence of chlorides (coastal
environment) and contribute towards their fast and dangerous swelling.

Inclusions, voids, cracks and micro-cracks can be formed within steel microstructure
during solidification of steel, as Thomas [3] refers. Sulfur and phosphorus are undesirable
impurities in steel, since they may lead to low toughness, poor weld ability and so on. As it has
been proved by various studies, such as [10], the size and the morphology of sulfides in steel
may cause additional problems. Large sulfides usually result in poor mechanical properties, and
non-spherical sulfides are responsible for certain anisotropic properties due to their non
determined shape, resulting in the diminishment of the materials performance.

However, internal defects are not the only factor that affects the internal structure of steel.
Another important and equally harmful factor is the surrounding environment. A typical
example is the saline environment, which is rich in chlorides, that performs an intense action.
There are various examples of European countries, which are located in coastal environment,
that need to confront the intense erosive activity which usually begins in the form of pitting
corrosion. Pitting corrosion is a localized degradation of the corrosion resistance of the metal,
which initiates by the penetration of some aggressive anions, such as Cl- ions, through ruptures
found at discrete sites on the passivized film layer. It is a highly localized form of corrosive
attack that leads to the loss of material. Study [11] refers that in some cases, if left to continue,
then pitting may increase to full wall thickness perforation.

According to [12], pitting may act as an initiator of another, much localized corrosion like
crevice corrosion, shielded by corrosion products and inter-granular corrosion at grain boundary
region. It also acts as a local stress raiser to environmentally induced cracking viz. SCC (stress
corrosion cracking) and HIC (hydrogen induced cracking). Pitting corrosion is one of the main
causes of the performance deterioration and structural failures of industrial systems.

Once pitting has been initiated, the growth of the pits will depend on the charge difference
of the electric field strength between the regions within and around the pits. Metal dissolution
within the pits produces excessive charge. Negatively charged CI- ions migrate from the
surrounding area towards the pit cavity to induce the corresponding neutralization. The rate of
CI" migration (or pit propagation) depends on several factors such as pit shape, surface
roughness and salt films concentration. Paul and Biswas [12] mention that the combination of
all these factors results in a more aggressive pit environment than the critical chemistry needed
to encourage pitting growth. After pitting initiation, growth is controlled by the following
electrochemical reactions.

Anodic reactions inside the pit:

Fe < Fe +2e- (dissolution of iron) [12]. The electrons given up by the anode (inner wall of
the pit) flow to the cathode (passivated surface outside the pit) where they are discharged with
the following cathodic reaction:

02 +H20 +2e- «2(0OH-) [12]. The effect of these reactions is that the electrolyte within the
pit is enriched with the positively charged ions, in contrast to the surrounding electrolyte of the
pit, which becomes negatively charged. The positively charged pit attracts the negatively
charged Cl- ions, increasing the acidity of the electrolyte according to the following reaction

FeClz +2H20 < Fe(OH)2 +2HCL.

The previous reaction produces HCI, which aggravates further dissolution of the metal,
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producing more Fe++ within pit and hence excessive charge again by the above reaction.
Consequently, the previously referred steps keep repeating, simulating pit growth to an
autocatalytic process. Steel corrosion can be arisen from the exposure to corrosive media, such
as sour gas or hydrogen sulfide (H2S), carbon dioxide (CO2) and free water. Frequently,
relatively high operating temperatures and pressures get involved, which can further exacerbate
the rate of corrosive attack. Furthermore, study [13] mentions that due to the possibility of the
presence of a ‘cocktail’ of corrosive media, a simultaneous action of combined corrosion
mechanisms may take place. The results of the experimental study, which was conducted by
Apostolopoulos et al. [4], showed that for equal mass loss rates, due to corrosion process,
among the embedded and the bare dual phase steel bar specimens, embedded specimens
recorded higher mechanical degradation. This fact was associated with the higher surface
damage which was observed due to pitting corrosion.

Various studies have been conducted by many researchers [5, 6, 7, 8, 14, 15, 16] on the
detection of internal structural imperfections of the material and their development over time
(under corrosion conditions). Avci et al. [17] in their study depict a sulfide area, as well as the
surrounding dissolution mechanism of the material of the iron. This particular morphology, of
protruding MnS at the center of a pit, is pretty common in the early stages of pit initiation and
development. Notice also that MnS does not erode as fast as the surrounding Fe matrix during
the initial stages of corrosion. The proposed mechanism of corrosion is depicted in Fig. 1. It is
very likely that the adsorption of Cl- ions in and around the strained regions of a MnS—Fe
interface triggers the anodic dissolution of Fe2+ ions. It is important to reemphasize here that
Cl- ions are not involved in redox reactions, but catalyze the anodic processes by adsorbing on
the surfaces around the MnS inclusions and by chasing away the conduction electrons of the
strained matrix, which results in the anodic dissolution of iron from these regions as depicted
in Fig. 1 [17].

Saltwater Solution
Cathodic reactions:

Deposition reaction: MnSinclusion  2H*+2e—H,
Fe?* + 8> —=FeS 2H,S + 2e" —*2HS" +H,

A A A
FeS deposits \

Anodic reaction:
Fe—sFe?*+2e

L

Local environment

Fig. 1. Corrosion mechanisms surrounding a MnS inclusion: refer to [17] for details.

The study that was conducted by Negheimish et al. [18] is worth noticing as well. In the
frames of the specific study manganese sulfide [MnS] inclusions in steel rebar are examined,
exposed to simulated concrete pore solution to understand their role in passive film, corrosion
and pit propagation behavior. The results showed that MnS inclusions adversely affected the
nature of passive film and accelerated corrosion and pit formation. Results of studies [6-7] refer
to frequently occurring defects, the majority of which firstly appear during the casting
procedure. This fact has an impact on the mechanical performance and the reliability of steel
bars, since in many cases sulfide and microvoid areas act as stress concentration points or
motivate micro cracks formation during the loading, a fact that has been mentioned in study
[19] as well. The average stress concentration inside the inclusion is higher for more rigid
inclusions. The properties which have been defined for the interface govern the average stress
concentration around soft inclusions, but the stress concentration around the inclusions with
higher rigidity factor is related to the properties of the matrix. Investigation of the size effect of
the inclusion on the level of the stress concentration reveals a critical size of the inclusion where
the stress concentration does not increase with the growth of the inclusion for a given applied
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load and boundary conditions. However, during the violent loading, recycles may cause
coalescences of critical importance for the steel, due to their proximity, forcing a multiple
cracking phenomenon. This phenomenon has also been described in [20]. Moreover, according
to [4, 6, 7, 15], corrosive environment also causes not only surface damage assisted by pits, but
also damage within the outer surface, due to sulfide existence on the martensite area. This fact
results in the extension of the damage in depth. According to the same study, rapid depletion of
the ductility, or even failure, may occur in high strength and ductility dual phase steel bars, due
to the combination of interior and exterior damage phenomena under strong stresses.

The main purpose of this study is to describe and to evaluate the influence of corrosion
on dual phase steel bars and to estimate the degradation of its mechanical properties and
performance, which is the result of the cooperation of the internal and the external damage,
under those hazardous circumstances. What is also analyzed is the fact that induced damage is
not owed only to internal defects, but also to the detriments resulting from the prevailing
environment conditions, which are responsible for the development of the external damage.

2. Experimental procedure

The materials used in the present study were four different technical classes (DP) of reinforced
concrete steel bars, namely B500c, B450c, B400c and B500b, coming from European factories,
which were produced by the same steel manufacturer using the “tempcore” method. The
chemical composition, which is approximately the same for the four different steel bar
categories, is presented in Table 1.

Table 1. Chemical composition of B500c, B450c, B400c and B500b steel bar categories.

B500c, B450c, B400c, B500b
C, % 0.22
P, % 0.050
S, % 0.050
Cu, % 0.80
N, % 0.012

In Fig. 2 are shown representative optical micrographs of a DP-steel B500c (®12),
produced in this work, that were etched revealing the martensitic skin, the transition zone and
the ferritic -perlitic core, upon immersion in a Nital solution 2 %. In the microstructures shown
in Fig. 2, the bright grains are the ferrite phase and the dark ones are the martensite. At their
transition zone, bainite phase can be recognized. At the same time, SEM and EDX analyses
were used for the analysis of the fracture surfaces, focusing not only on the internal defects
regions of the materials (before and after corrosion), but also on the external areas affected by
pitting corrosion. Moreover, in terms of the experimental procedure, mechanical tensile tests
were conducted, on both corroded and non corroded reinforcing steel bar specimens. The
pertinent results are analyzed.

Fig. 2. Representative optical micrographs of a DP-steel B500c, etched, revealing the
different phases discrimination, upon immersion in a Nital solution 2 %.
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Half of the B500c specimens used have a 10mm diameter. The rest specimens have a
12 mm diameter and 510mm length each. All the steel specimens of ®10 and ®12 were taken
from different sources. This process was followed not only for bare specimens but also for
embedded, which were prepared in cylindrical shape with peripheral concrete cover equal to
10 mm, compressive strength equal to 20 MPa and C16/20 class of concrete.

As far as the rest three categories (B400c, B450c and B500b) are concerned, the
specimens used had a nominal diameter of 16mm and 1m length. Besides these, two reference
specimens, with 10 mm diameter, which belong in B500c steel bar category, were mechanically
tested.

2.1. Artificial Corrosion and the Mechanical Tests of the specimens. The specimens used,
(directly exposed to the corrosive medium) were inserted in a laboratory salt-spray exposure
chamber, in accordance to the ASTM B117-94 [21] specification. The exposure of the bare and
the embedded specimens to the corrosive medium was direct and was defined for the different
periods of 15, 30, 45, 60, 75 and 90 days for the bare and of 30, 60 and 90 days for the embedded
respectively.

The ASTM B117 [21] specification covers every aspect of the apparatus configuration,
procedure and conditions required to create and maintain a salt spray (fog) testing environment.
The selection of such a procedure for corroding the specimens, relies on the fact that the salt
spray environment lies qualitatively closer to the natural coastal (rich in chlorides) conditions
than any other accelerated laboratory corrosion test. In principle, the testing apparatus consists
of a closed chamber in which a salted solution atomized by means of a nozzle, produces a
corrosive environment of dense saline fog. The salt solution was prepared by dissolving 5 parts
by mass of sodium chloride (NaCl) into 95 parts of distilled water (pH range 6.5-7.2). The
temperature inside the salt spray chamber was maintained at 35 °C (+1.1-1.7) °C. The corrosion
procedure was carried out at a cycle time of 3 hours resulting in 8 wet-dry cycles per day.

At each testing date specimens were removed from the salt spray chamber, washed with
clean running water to remove any salt deposits from their surfaces and air-dried. The corrosion
products were removed from the surface of the specimens by means of a wire brush, according
to ASTM G1 specification [22]. The specimens were then weighted and the mass loss due to
corrosion exposure was calculated with the use of equation (1):

Am=[(mo-mc)/ mo]*100 %, (1)

where, mo is the mass of non-corroded specimens and mc the reduced mass of the corroded
specimen. Both reference specimens (before corrosion) and specimens exposed to corrosion for
different periods were subjected to tensile mechanical tests.

The tensile tests were performed according to the ISO/FDIS 15630-1 specification [23],
using a servo-hydraulic MTS 250KN machine with a constant elongation rate of 2 mm/min.
Each bar was cut to the tensile testing length of 510 mm, according to the standard. The
mechanical properties, yield strength Rp, ultimate strength Rm, and uniform elongation Agt,
were determined.

3. Results and Discussion

Results mainly refer to the most representative and significant cases of the mechanical behavior
of the specimens, coming from the four different dual phase steel bar categories. A few
specimens were additionally submitted to cross and longitudinal sections so as to properly
formulate, after grinding and careful polishing, certain plates in the demanded geometry.

The preparation of the slide specimens for SEM analyses was performed as follows:
Grinding and polishing of the samples were carried out on a Minimet TM grinder Polisher
machine (Buehler Itd.). After normal grinding of the sample surfaces with SiC paper, diamond
and SiO> polishing compounds were used for producing stress free surfaces. Scanning electron
microphotographs recorded with field emission scanning electron microscope (ZEISS, SUPRA
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35VP) operating at 15 and 30 keV accelerating voltage. The microscope is equipped with
backscattered electron detector and x-ray microanalysis system (QUANTA 200, BRUKER
AXS) in order to get the appropriate information’s from the surface structure of the samples.

Similar SEM-EDX analyses were performed on fracture surfaces (corroded and non-
corroded), with the use of X rays, after rigorous polishing. For B500c dual phase steel bars,
@12 diameter, the findings (before corrosion) revealed the existence of microcracks and
microvoids in the material. These findings were detected locally and are characterized as
internal defects of the materials. Moreover, through X rays diffusion, the appearance of pores
was obvious at the external martensitic surface and at the same area high sulfide concentration
was noticed. This fact increased the requirements for damage expansion at the inner area of the
external surface (skin). Given the sensitivity of the sulfides to corrosion, in these areas, more
attention is paid to items such as copper content, which are factors that should be attributed to
the quality of the scrap metal used. From certain images of the specimens that were placed
under treatment, was found that within 50 microns from the outer surface develops an area with
elongated “dividing” undulations, which seems to obey on the shaping of the steel in steel bar,
with Mn, Cu and Si (Figs. 3 and 4).

100pm Mag= 13X EHT=2500kY lewmiedcion-iveis FORTH/ICE-HT peo Mag = 101KX EHT=2500ky temsmien-imin  FORTH/ICE-HT

) 04e
wo= 8mm Sonoin" Zeiss SUPRA 35VP —A Wo= 8mm ZIEIEU Zeics SUPRA 35VP |

Fig. 3. Surface layer of 50 um thickness, Fig. 4. Surface layer of 50 um thickness,
with elongated “dividing” undulations, with elongated “dividing” undulations,
rich in MnS, Si and Fe oxides. rich in MnS, Si and Fe oxides.

Such a phenomenon is considered to be quite common on the external surface, even
before corrosion. Moreover, it should be noted that at these areas a native intergranular
corrosion can be detected, even before the artificial corrosion of the specimens in the salt spray
chamber. These phenomena, in combination with the extended sulfides (Mns, FeS)
development in the outer zone of the material, constitute, without a doubt, a characteristic
tendency of the material to corrosion (Fig. 5).
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Fig. 5. Extended sulfide development in the outer area of the material.

Characteristic defects (oxides and sulfides), as well as intergranular corrosion phenomena,
not only constitute very serious degradation factors for the material but they also have impact
on its mechanical performance.
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On non corroded steel bars B500c category, ®12 diameter, which were subjected to
tensile tests up to the neck appearance (before failure), several cross sectional areas at different
depths were examined, via SEM optical processing. At those areas, several voids, inclusions
and sulfides were revealed. Figure 6 shows a spot series (inclusions, sulfides) and voids which
surround the granular groups and can affect the mechanical behavior of the limit load cases.

Figure 6 focuses on the martensitic area in 350 pm depth.

In Fig. 7 is presented an impressive microphotograph, where the grey spots are turning
into polygonal patterns, each of which is surrounding grains groups.

T
[ o
] L

Fig. 6. Voids and inclusions Fig. 7. Voids surrounding grains groups.
in the martensitic zone.

Figures 8 and 9 derive from EDX process, which shows the existence of either visible or
not visible sulfides as well as the dispersed copper (Cu), which is possibly owed to the scrap
provenance of the material.

Fig. 8. Martensite area in
350 um depth.

Fig. 9. Stoichiometry in 350 pum depth.

Figure 10, which has been taken from [6] study that processes on the same rebar group, presents
a SEM analysis of a longitudinal cut in the fracture region in a non - corroded B450C specimen
after tensile test.

Certain results of the present experimental procedure, which were published in [6] and
constitute a part of an ongoing study conducted by prof. Apostolopoulos prove that both defects
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and voids have been obviously extended and oriented to the direction of the (growing) external
applied load. The deviation from horizontality at 13-15 degrees is caused by the development
of shear stresses (shear deformation is dominant) in the failure location of the specimen.
Furthermore, at those areas, voids were more frequent. Certain of the voids, located near the
fracture surface, were elongated in the tensile direction. The development of the particularly
intense deformations in the fractured area clearly contributes to the elongation and coalescence
of interior holes. On the fracture surfaces porosity and inclusions were recorded. In general,
these two types of defects appear to have a significant impact on failure, since throughout the
entire length they have their negative imprint. This information has already been mentioned in

[6].

2 Oun /

Fracture ————p
\

Fig. 10. Fracture surface (longitudinal cross section) of a non corroded specimen B450c [6].

Figure 11 is taken from ®10 specimen, in 770 um depth, where the martensitic zone
ends and the transition zone (bainite) begins. At the area where the three metallurgical phases
(martensite, ferrite and perlite) coexist, voids and sulfides detection was confirmed. Similar
findings were recorded in ferritic-perlitic area, at 2500 um depth.
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Fig. 11. Intense presence of sulfides on the transition zone of a ®10 specimen,
in 770 pum depth.

Certain important findings concerning a longitudinal section of a non corroded B500c
steel bar, @10 diameter are presented in Figs. 12a-c. The elongated inclusion (2300 pum length)
which has been detected in the martensite-bainite interface (transition zone) is characterized by
the intense presence of sulfides, oxides and voids, which from one point of view have no
“mechanical performance”. On the other hand, it constitutes a region, which in presence of
chloride ions is responsible for the destruction of the surrounding iron (Fe).
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Fig. 12. (a). An important finding on a longitudinal section of a non corroded B500c¢ steel bar
with 10 mm diameter, (b). Intense presence of sulfides, (c). FeS and MnS identification
through EDX image processing.

Moreover, it is believed that the coexistence and the continuance of the material between
the phases of the martensite and the core (interface limits) is sustained and coherent. However,
from a metallurgical point of view, it is not true. Reality lies in the fact that the interface is not
coherent in the boundaries, between the ferritic-perlitic zones, as it is a region of different
crystal types with subsequently different mechanical properties. Figs. 12a-b, 13, 14, and 15
confirm this view. Under laboratory investigation on the mechanical behavior of the transition
zone, a ®8 B500c steel bar sample was recorded (the martensitic percentage was calculated at
24 %), after the imposition of eccentric compressive load pointed at the martensitic skin of a
cross section on the kinematic behavior of the gauge. In reference to this fact, Figs 13, 14, and
15 present various point of views, such as the surface of the slip area and the lower level of the
core. Rupture of the two phases and slide lines can also be observed.

Martensite- Core

Fig. 14. (a, b). The area where the external martensitic skin slips towards the core is
indicative.

Further cross sections and focus (via EDX analysis) on the interface of the martensite and
the transition zone (bainite) revealed silicon and iron oxides, as well as sulfides derived from
the production process of the material. The extension of these findings, constitute possible
threats for steel mechanical degradation. Mechanical degradation is owed to the fact that the
previously referred oxides and sulfides cannot receive any load and for this reason they
constitute potential sites for stress concentration development. This fact has been described in
recent studies [10, 24, 25, 26].
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Fig. 15. (a, b). The presence of concentric cracks peripheral to the degraded part of the
martensitic skin.

It is well known that many researchers have reported the ductile failure mode of dual
phase steels with major reports in studies [27, 28]. Studies [29, 30] attributed the failure to void
formations resulting from the fracture of martensite elements and the detachment from the
interface of the martensitic and ferritic-perlitic zone. Steinbrunner and Krauss [31] conducted
a micro mechanical study so as to investigate the process of failure in dual phase steels and
observed three mechanisms of void formation, namely, the detachment of interfaces, the
fracture of martensite and the individual withdrawal of the martensite. Kang and Kwon [32]
studied the fracture behavior of steel structure (in medium carbon steels) and observed that the
ferrite-martensite interface decohesion was the predominant mode of the void nucleation and
growth, where martensite structure was the lath type. Nam and Bae [16] showed that the
overwhelming of the reports show that most of the voids that lead to fracture, were formed in
the core- martensite interface, despite the initially cracked martensite. Ahmed et al. [8] mention
3 ways of void formation in grains: martensite cracking, detachment of the ferrite-martensite
interface and detachment of the interface. They associate the failure mode with the percentage
of martensite Vm content, the void formation results in detachments on the ferrite-martensite
interface, while the other two mechanisms appear in higher rates of martensite (Vm more than
32 %). As far as the degradation of B500c steel bar category is concerned, it is thought to be
owed to the detachment noticed between the different phases, instigated by the existence of the
defects.

For the investigation of the mechanical behavior of the ®10 B500c non-corroded
specimens, five tensile tests were conducted, according to the standard, in a servo hydraulic
MTS-100kN test system. The cross head speed of the automatic controller of the machine was
2mm/min and the tests took place at room temperature. During the most of these tensile loadings,
a “knee” was observed at the elastic region. At the same time, elastic modulus reduction was
recorded. A typical example is illustrated in Fig. 16, where the gradually deteriorating response
of the material after corrosion is presented.
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Fig. 16. Stress-strain curve of non-corroded specimen, ®10, B500c category, with the
appearance of a “knee”, in comparison with a corresponding corroded specimen.

The initial Young’s modulus E1, appears to take different values E2 and E3, in each case (non
corroded and corroded respectively), in respect to the loads which are gradually imposed to the
material. As a result, the relevant value of yield strength point corresponds to an increased strain.
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The occurrence of a "knee" in the elastic region of the reference specimens, led to further
tests. The tensile tests of the non-corroded (reference) rod B500c @10, were performed until
the necking initialization. Afterwards, several cross sections of 10mm each were cut
successively along the bar’s length. After numbering the samples, as shown in Fig. 17 and
Fig. 18a, they were tested with the non-destructive method of ultrasound C-Scan, see Fig. 18b.
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Fig. 17. Sample mapping.

Fig. 18. Ultrasound inspection of samples.

Ultrasound examination was performed so as to detect and evaluate any internal discontinuities
in the structure of the bar. The examination showed that the samples with numbers 1-6, 9-12
demonstrated a structural defect in the interface of martensitic and feritoperlitic cortex, as
shown in Fig. 19.

Fig. 19. Ultrasonic C-scan results.

However, the occurrence of "knee" in the elastic region along with the results (qualitative
nature) of ultrasound process raised serious “hinds” regarding the non-consistent bonding of
the martensitic cortex and the core, which led to further investigation. So, as to eliminate the
possibility of structural defect in ferritic perlitic core of B500c, three mechanical tests were
performed in the non- corroded specimens that had previously been lathed till they reached a
4 mm diameter, a point at which only the core remained. At this point, the results would allow
us to know if there is an integral or an imperfect adhesion between the bainite and martensite
phases. Figure 20 depicts a lathed specimen and Figure 21 presents its respective stress-strain
diagram after a tensile test. In none of the three diagrams of the lathed specimens, did a "knee"
occur in the elastic region.
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Fig. 20. Lathed specimen U e
till core remains. Fig. 21. A respective stress-strain diagram

after a tensile test.
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Excluding structural defect in the core of the material, the interest was focused on the
examination of the fracture surface on the interface of the martensitic skin and the core, using
Scanning Electron Micrographs analyses. Figures 22a,b clearly show a localized detachment in
the interface of the martensite and the internal core of the pre-corroded material.
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Fig. 22. (a, b). A detachment of the corroded martensitic skin can satisfactorily explain the
formation of the "knee" in the elastic region. Focus on the boundary between the martensite
and the core of the cross section.

In Fig. 22, the crack is located in a distance of approximately 700 um from the external surface
of the steel bar. This distance coincides with the average thickness of the martensitic cortex in
dual-phase steel B500c, with a nominal 10 mm diameter. Taking these results into account, it
can be suggested that the mechanical performance of certain series of steel specimens was not
reliable.

Further tensile tests were conducted as well. Results given from B400c category, ®16
(with a nominal 16 mm diameter), dual phase steel bars also show local irregularities close to
the yield stress point and in the elastoplastic area. It should be noted that for the specific
category, martensite constitutes the 27.50 % of the cross sectional area.

Conclusively, it appears that mechanisms like debonding and decohesion may initiate in
several locations and in some of them lead to local detachment of the two metallurgical phases
(Fig. 22).

These findings constituted the trigger for further investigation and several additional
tensile tests as well. Within one of these tests in a non-corroded (reference) B500c ®10
specimen, ultrasonic examination was performed, so as to detect and evaluate any internal
discontinuities in the structure of the bar (Figs. 17, 18 and 19). The examination results showed
that the areas located closer to the “neck” formation presented more structural defects in the
interface of martensitic and ferritoperlitic cortex.

Similar bilinear behavior was also performed by the @12, B500c dual phase steel bar
specimen series, which was elastoplastically loaded up to a 3 % deformation, during both
loading and unloading (Fig. 23).
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Fig. 23. Stress-strain curves for ®12 non-corroded specimens, during tensile tests
and unloading, with the “knee” appearance in both loadings.
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Through the “knees” appearance, which resulted from the loads, a drop in the elasticity
modulus was observed as well. This drop was in respect with the gradually imposed loads. It
can be easily noticed that the strain corresponding to the yield point, appears particularly
increased until the threshold of the yield strength of the material. The “knee” formation is
probably owed to the production mode of the material.

During the tensile tests that were performed on corroded specimens, similar things were
recorded as well. Figure 24 presents the stress-strain test of a corroded specimen, where the
“knee” appearance is obvious. The gradual decline of the recorded stress, under which the “knee”
formation occurs, appears to be associated with the degree of corrosion of the material. This
phenomenon may be attributed to the corrosive agent that is responsible for both the gradual
“softening” of the martensitic zone, due to the ageing that corrosion provokes, and for the
development of pitting corrosion on the surface, which increases with regard to the degree of
corrosion. The synergy of these two functions seems to be acting as a factor for further
degradation of the material, given the fact that damage appears to be constantly spreading.
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Fig. 24. Stress-strain curve for a @12 specimen, after 45 days of corrosion, during
tensile test, with the “knee” appearance.

A worth-referring study, which deals with the “knee” appearance and the local
detachment of the martensitic zone, is [33], from Masafumi Azuma. In that study, an effort was
made to examine the response of each phase (martensite, feritic-perlitic) to the loading imposed.
According to the noticed behavior, martensite particles and ferrite grains present different
strains even though the strain given is the same. To be more precise, strain in the martensite
phase is much lower than the one in ferrite, although martensite particles deform plastically. It
appears that the wide diversification is related to the shape and the distribution of the martensite
particles in the ferrite matrix. A typical example is the low strain expressed by the ferrite grains,
which are surrounded by the particles that comes in contrast with the high deformation of the
isolated ferrite grains. The equiaxed martensite particles record lower deformation. According
to [33], the strains are averaged at each strain.

The four more characteristic types of void formations are presented in Fig. 25:

o void initiated by cracking of a martensite particle,

o void initiation by decohesion at the interface between ferrite and martensite and
coalescence of two voids formed at the end of martensite particles,

o void initiation by decohesion at the interface between ferrite and martensite and growth
of a void formed at the end of a martensite particle and

o void formation by decohesion at the ferrite/ferrite grain boundary.

Through this depiction, it can be easily understood that the interaction among the existing
internal and external defects is not a rare phenomenon, on the contrary, it is usually inevitable.
This interaction is considered to be responsible for many failure scenaria of the material, as it
can also be proved by the laws of Applied Fracture Mechanics.
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Void formation by cracking of martensite
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Fig. 25. lllustration of the four more characteristic types of void formation mechanisms
between martensite particles in dual phase steels [33].

Namely, pitting, chloride and sulfide presence on the steel bars is considered to be very
critical, since their interaction and their simultaneous action results in notches or cavities
formation, or even in combined pitting. This interaction increases with corrosion exposure,
leading to the initiation of corrosion paths formation (Fig. 26). Moreover, due to the increasing
imposed deformation, there is a critical point at which crack growth and strain cannot continue.
This is the point at which the hardening capacity is exhausted and final failure takes place.
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Fig. 26. Formation of corrosion paths.

Elaborating the external surface of dual phase steel bar and more specifically the
quantification of the artificial corrosion damage, various measurements needed to be taken
concerning not only the conventional term of mean mass loss, but also the mean and the
maximum pit depth, as well as the mean and the maximum pit area.

For this reason, two specimen series (B500c, ®12, 510 mm length, dual phase steel bar
category) were prepared. In the first specimen group 18 bare specimens were included. In the
second group 12 embedded specimens were included. The latter were constructed in cylindrical
shape, with peripheral concrete cover 10 mm and C16/20 class of cement. Three specimens of
each group were used as reference- non corroded cases. All the rest were inserted in the salt
spray chamber for different exposure periods. For each exposure period, three specimens of
each group were examined. Bare specimens were organized to 6 exposure periods (0, 15, 30,
60, 75, 90 days) and the embedded ones were organized to 4 exposure periods (30, 60, 90 days).
After the completion of each predetermined period, the specimens were exported from the
chamber and they were cleaned according to the pertinent standards. Mass loss was measured
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for each specimen, and all the steel surfaces were meticulously examined, considering pitting
corrosion, before the execution of the tensile tests. The results concerning mass loss and pitting
measurements as well as the mechanical properties, or in other words the quantification of the
artificial damage of both bare and embedded B500c steel bar categories ®12 diameter, are
presented in Tables 2,3.

Mass loss of bare steel bar specimens, constantly increases up to 12.48 % for a corrosion

duration up to 90 days. Maximum pit depths values increase as well. On the contrary, pitting
areas do not vary significantly. It is worth referring that pitting measurements in bare specimens
demonstrate a uniform type of corrosion, in contrast to the corresponding results for the
embedded case, where pitting corrosion is the dominant.
It should also be explained that for pit depth measurements, what was taken into consideration
was the deduction between the initiation and the ending point of each pit, as well as the uniform
reduction of the nominal diameter, which is owed to uniform corrosion. Consequently, a pit
depth measurement in the present study equals to the sum of those two lengths.

Characteristic defects-corrosion damage and mechanical behavior of dual phase rebar

Table 2. Pitting measurements and mechanical properties on embedded specimens, B500¢
category, @12 steel bar diameter, C16/20 type of concrete.

Pitting measurements Mechanical properties
Mean : Mean .
BXPOSUE | Mass | pit '\é:’éti't it | VXL R, | Rm), | Agt | (),
' Loss, % | Depth, ' Area, 2 MPa MPa % MPa
Days pm 5 mm
pwm mm

0 0 - - - - 561,43 | 654,13 9.36 58.63

30 0.48 143 230 0.899 3.244 558.53 | 651.92 9.24 55.82
60 0.50 176 303 0.837 3.274 | 557, 41 | 650,08 8.74 52.50
90 0.65 172 393 0.919 3.448 556.90 | 647,90 8.35 50.12

Table 3. Pitting measurements and mechanical properties of bare steel bars B500c category,
@12 diameter.

Pitting measurements Mechanical properties
Mean Max Mean .
BP0 | mass | opit | et | Pt | NPl @p) | Rm) | AgL | ()
' Loss, % Depth, | Depth, Area, 2 MPa MPa % MPa
Days ) mm
um um mm
0 0 - - - - 561.43 | 654.13 9.36 58.63
15 2.53 213 275 0.924 1.971 537.64 | 635.49 8.23 51.36
30 6.69 283 400 1.155 2.239 506.61 | 595.62 7.14 38.65
60 9.47 285 365 1.278 2.472 490.53 | 572.78 6.08 34.17
75 11.42 321 525 1.3635 3.04 467.80 | 548.11 5.54 29.48
90 12.48 350 548 1.18 2.209 453.29 | 530.99 4.85 25.17

On the contrary, mass loss of embedded steel bars, does not significantly vary between
30 and 60 days of corrosion (0.48 %-0.50 %). Something similar happens to the maximum areas
affected by this factor as well. However, pitting maximum depth is steadily increasing.
Maximum pit depth is equal to 393 um for 0.65 % mass loss of the embedded specimens, while
the same pit depth is reported for more than 10 % mass loss of the bare specimens. This fact
confirms the assessment for pitting corrosion on the embedded specimens.

Moreover, certain further conclusions were made concerning pitting development:
This particular behavior is associated with both the proximal pitting fusion phenomena and their
further development see: Figs. 27a,b. Certain brief conclusions are given below:



16 Ch. Apostolopoulos, Arg. Drakakaki, Alk. Apostolopoulos et al.

e Itisacommon phenomenon for two close pits to extent to a larger one.

e  Another case is the appearance of a localized damage due to concentrated pits along
with localized corrosion

e  There are different shapes of pits, such as shallow and extended, or deep and narrow
with steep pit walls, or even pits that contain inner pits.

e  Usually, the pit is located on the base of the rib, where a higher stress concentration
will occur during loading.

Fig. 27. (a, b). Various pitting shapes, (shallow, deep, sharp) constitute possible stress
concentration positions.

Figure 28 graphically presents the change of the pitting factor (max pit depth/ mean pit depth)
in reference to the mass loss, in red color for the embedded specimens and in blue color for the
bare specimens, until 90 days of corrosion. It can be concluded that for mass loss about 0.65 %
maximum pit depth value is about 400um for embedded specimens. The same diagram shows
that for mass loss lower than 0.50 %, pitting factor value is about 1.60. The same pitting factor
value corresponds to 12 % mass loss for the bare specimens.
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Fig. 28. Change of the pitting factor of theB500¢, @12, bare and embedded specimens in
reference to mass loss (%).

On the other hand, for bare specimens it can be concluded that for mass loss about 2.5 %,
pitting factor values range from 1.20 to 1.30. For mass loss about 10 % a range from 1.30 to
1.40 is recorded, while for mass loss about 12.50 % the values increase to a range from 1.35 to
1.60.

Conclusively, pitting factor values, which were taken from embedded specimens with
low mass loss percentages (about 0.65 %) can depict in a very realistic way the corrosion effect
on steel. Through these results, the importance of the external pitting factor on a critical failure
mechanism is obvious, revealing the urgency of thorough study of its initiation and expansion.

Finally, SEM and EDX analyses, which revealed a gradual reduction of the adhesion
between the two phases due to their imminent separation, strengthened our thoughts: see
Figs. 29a,b.

The multiple responses of the phases of the material are owed to the differences between
the metallurgical structures and the different strain hardening and strain rate sensitivity. The
combined damage on the martensitic phase, due to corrosion factor, which was aided by
external pits and internal defects close to the surface, is depicted in Fig. 30. Finally, in Fig. 31
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is given a dual phase steel bar model, coming from Finite Element Analysis, using ANSYS

Code, in reference conditions (Fig. 31a) and in corrosion conditions after pitting affection
(Fig. 31b).

Fig. 30. Depiction of the internal and the external damage mechanism developed on dual
phase steel bars after corrosion
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Fig. 31. Depiction of a finite element model (a) in reference conditions and
(b) after corrosion affection.

The phases of the steel bar are discrete (martensite, transition zone and the core) and are
presented in different colors. Given the figures, it is also easy to understand that the major
damage on the corroded steel bar is located on the martensite layer and is not only a simple
pitting result, but also the result of the combined action between pits and existing defects and
their deterioration due to the harsh conditions, which quite often results in a coalescence among
them. Last but not least, intense damage can also be noticed on the interface of the phases,
resulting in their separation due to the loss of their adhesion. The source of this kind of damage
is the existence of voids and sulfides and their swelling under corrosion conditions. The finite
element model presented in Fig. 31 constitutes the first procedure of an ongoing study, which
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tends to analyze the mechanical behavior of the dual phase steel bars, under defects and pitting
affection. At this point it should be mentioned that external damage, caused by pitting corrosion,
can be estimated by measuring the number of pits per unit area and by extended study of the
surface, using optical instruments. On the contrary, for the estimation of the internal
imperfections and defects, several intersections should take place in order to collect the data
demanded to approach the real situation.

4. Conclusions

Making an effort to conclude the previously referred findings, what can be pointed out is that
structural problems coming from the production process is a frequent phenomenon for dual
phase steel bars, which is mainly related to microcracks, microvoids and sulfides presence.

e Pitting presence, which is owed to the various aggressive factors that exist in any
corrosive environment, results in the damage deterioration both superficially and deeply

e During stress, sulfide areas and microvoids, may act as stress concentrating factors for
the various dual phase steel bar categories, affecting not only their ductility, but also their
strength, which is a factor that makes them occasionally unreliable.

e Moreover, phenomena like “knee” formation in the elastic region of the specimens, in
combination with the corrosion level, constitute an important diminishing factor of dual
phase steel bars, as far as their strength is concerned.

e The combination of internal and external defects on dual phase steel makes it a material
characterized by an unpredictable mechanical behavior and this is because due to the
coalescence of the defects, mechanical performance is diminished, resulting in the
premature failure of the material.
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