Teyv. Xpov. Emot. 'Exd. TEE, I, te0y. 1 2005 Tech. Chron. Sci. J. TCG, I, No 1 37

Iowotteg ko Avarvtiki Ilpocopoimon
Anepio@iktov Kot IHegpro@rypévov Zkvpodénatog
Yynig Emrteleotikotnrog

AHMHTPIOX KQNXTANTINIAHX

Amopotovyog [olttikdg Mnyavikog, M.Sc, Ph.D, DIC, EUR ING

Hepitnyn

2Ty mopoveo. pyacio TopovoIalovial 01 UNYaVIKES 1OLOTHTES TOV
OTEPITPIKTOD OKVPOOEUATOS DWHANG ETITEAECTIKOTHTAS, EV® YIVETOL
KPITIKI] EXIOKOTNON THS EXIOPACHS OTIS 1OLOTHTES TOV TEPIOPIYUEVOD
TOPOLETPYV, OIS 1 BAITTTIK OVTOYH TOV GKOPOIEUOTOS, TO TOGO-
070 Kal TO 0pLo O10pPONS TOV EYKOAPTIOD OTAIGUOD, 1 OTOTTO0H KOl
N d1aT0ln TV GUVOETHPWY, 1 KATOVOUI] TOD OLOUNKOVS OTAIOUOD, 1
o 0TNTO. ETPOING THG POPTIONS KL 1 EKKEVIPOTHTO. OTH POPTION.
Topovoiglovror o avolvtikd mpooouoiwong, eva olloloyeitol
n afefaidtnra otg mpofléyels twv &, TOV TPOTEIVOUEVOD
HOVTELOD.

7 os0rec

1. EIXATQT'H

Ta oxvpodépata vynAng emteleotikomrag (ZYE),
COLE®VO LE TNV EAANVIKY Kot O1EBVI] TPOKTIKN, TIG TEPLO-
00TEPES POPEC PPICKOVY EQPAPLOYT OE KOTUOKEVEG 1O10UTE-
pov arortnosmv. H peyolvtepn, kotd to duvotod, enitevén
OlKOVOUIKOTNTOG OTIG KOTOOKEVES, GE GUVOLOGUO HE TNV
Tapoyn LVYNAGTEP®Y JEIKTOV OoPUAEing, TOOTNTAS, AEL-
TOVPYIKOTNTAG KOl OVOEKTIKOTNTOG G SIAPKELN UMETELEGAV
TOVG KUPLOTEPOVG AGYOVG Y10 TNV CLENVOUEVT YPTOT| TOVG
OTIG CUYYPOVESG KOWVOViec. Agv givat, OL®G, LLOVO Ot E0LPETL-
KEG unyavikég 110t teg Tov LYE mov odnynoav ) debvn,
KUPI®G, TPOUKTIKN OTNV EPAPLOYT TOVG, OAAL KOt Ol Slopop-
QOUEVES KOWVOVIKEG GLVONKES, OIS 1 AENCT TOL KOGTOVG
XPNONG YNNG He cuvakOAovBo TV Kab’ VYOG EMEKTACT] TOV
ktipiov. Méca og avtd to mepiBdiiov Ba mpénetl vo Tpo-
otebel kot n avalRTnorn avVToY®VIGTIKOD TAEOVEKTNLATOG
KUPlOG HEYAA®Y ETUIPEIDV O14 LECH KOTOUOKELNG TEYVIKAOV
épyav-cupfoOrV, Tov va avTikatonTpifovy TV KOLvATOVPO
Kot T eocoeia, wov Tig démovv (.. ot Aidvpot [Tupyot
Petronas ot Moiosia).

H oApatddng npododog g te€)VOAOYiOG TOV GKLPOOE-
potog kabiotd tov opiopd tov XYE évav kivovpevo 61oyxo.
Evdewtikd tng dvokoriog vioBEtong vog dOKILOV OplopoD
glvar n andeaon TNG CYETIKNG EMITPOMNG TOL American
Concrete Institute (ACI) yia erove&étoon tov opiopov Kabe
YropinOnxe: 14.6.2004  Eywe dexrij: 12.10.2004

Tpia xpovio, dote va avtikatonTpiloviot kabe popd M amo-
kmnBeica teyvoroyia Kot teyvoyvacic. O opiopdg tov ACI,
7ov vioBemOnke amd to 1998 (Russell [34]) kou emovafe-
BowdOnke to 2001 (Hoff [21]), eivar: Zxvpddepa Yyning
EmtehestikdTNTOG €IV TO GKUPOSEND TOL EKTANPOT E1OTKEG
OTTOLTNOELS GLVOVAG OV PEATIOUEVAOV KOl OLOLOHOPO®V 1310-
ATV, TOL dgV glvat duvatdv va emtevyHovv pe Tig cuvnbelg
TPOKTIKEG OGOV 0POPA o1 oHVOEST], avApLEN, CKLUPOOETION
kot ovvtipnon. Kaf’ dpoto mepimov meprypapikd tpodmo 1
Ouada Epyaciog g CEB/FIP yuw 1o XYE/okvpodéparta
vynAng avtoyng (ZYA) [11] opilel: Zxvpodépoto Yyning
EmutedectikdTTog €ivol A0 T0 GKUPOSEUOTO E OMTTIKN
VTOYN TEPAV TOV VPIGTAUEVOV 0plmdV TOL VILEPYOVY GTOVG
€Bviovg Kavoviopovg, tepimov 60 MPa kot péypt 120 MPa,
70 omoio gival ko TO TPAKTIKA v OPlo TaPAYWYNG GKLPO-
dépatog pe ouvin adpavn VAKA. AdYm TG EVKOAING, TOL
TPOGOIdEL 1) KATIYOPLOTOINGT| TOV OKLPOdEUATOV BAcEL TNG
OlmTikng avtoyng, n TElevTaio gival Kot To vVioBeTOvEVO
Kprmp1o ywo ) dtakprronoinon t@v LY E oty Tapovoa gp-
vooia. ‘Etol, okvpodépata pe avioyxn oe OAlyM vynidtepn
a6 50 MPa, vynin epyacipdtnTo Kot vynAn SdpKeLl 6To
xpovo Bewpodvtar ZYE.

[ap’ 6An ™ dvokorio optopov Tov LYE givarl caeng n
TAON EVOOUATOONG TOVG OTIG dlaTdEEl; TV deBvav kavo-
VIGU®V, cupmeptAapfavopévor kot tov vrd avabedpnon
Evpokddwa 2 [12]. Eivar a&lonpdoekto 6Tt amd 6Aovg Toug
dtebveic avTioeloKoVg KavoVIoHOVG (10YDOVTES) O TPMTOG
nov evoopdtoce datdgels yioo XYE, givar o veolnhavdkdg
(NZS 3101 [31]). Ztov ITivaka 1 mapovoialovtol cGuvorTiKd
Ol KUPLOTEPOL KOVOVICUOL OIVOVTOG TN UEYIOTN EMITPEMO-
pevn BAMTTIK avToyn Kot GYOAO. G TPOG TIG TEPULTEP®
avabe@pnoeLs.

Onwg cvvoyiletar otig ekbéoelg tov ACT kot g Opd-
dag Epyaciog g CEB/FIP yio ta ZYE/ZYA [10], ta XYE
&yovv ypnotiponomdel 6e OA0 TO PACHO TOV KOTUCKELDV.
[Mop’ 6An ™ dradedopévn YpNOT TOVS GE U1 CEIGHOYEVEIG TTE-
PLOYEG M EPAPLLOYN TOVG OE GEIGUOYEVELG TEPLOYESG VOTEPNGE
OMLOVTIKG, YEYOVOS TTOL ammodideTal Kupimg OTiG EMPVAGEELS
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ITivokag 1: Hepilnyn Kavoviauov.
Table 1: Summary of Code of Practice.

Kavoviopog "Etog 'Exdoong Xaopao Méywetn Emrpenopevn Oty Avroyn f. (MPa)
EKQX [1] 2000 EXMGSa 60 (xvfwn) / 50 (KvAwvdpkn)
Eurocode 2 [12] 1992 Evpdmn 60 (xvpwcn) / 50 (KvAwvdpkn)
Zv avabempnon [EC 2 (2002)] poteiveran 90/105
CEB/FIP [11] 1995 Atebvng 80 (kvhvdpkn)
DIN 1045 [20] 2001 eppavia 115 (kvBun) / 100 (kviwvdpiny)
ACI 318 [2] 2002 H.ILA Aev kaBopiletat. [Tepropiopde f, péyxpt 70 MPa ce
GUYKEKPEVEG SL0TAEELS TTOV SLETOVY TNV GUVAQELQ.
NZS 3101 [31] 1995 Néa Zniovdia 100 (olvdpien)”
AS 3600 [4] 2001 Avoctpario 65 (KvAwvdpkn)
BS 8110 [7] 1997 Hvopévo 60 (kvpuc)) / 50 (kvAwvdpikn)
BooiAgto
NS 3473 [30] 1992 NopBnyia 105 (xvPwny) / 94 (koAwvdpikn)

‘T orotyeia pe omautiioels avioeioukotnTog emtpénetor uéypt 70 MPa.

Yo T HEOUEVN TAQCTILOTNTO TOVG VO OVOKLKALOHEVT
QOPTION, AAAG KOl AOY® TG TEPLOPICUEVIC TANPOPOPT|ONG,

amdppOLa TNG HIKPNG MG TOTE EPELVOC.

Ytov €AAOSIKO YDPO 1M TO YOPOUKTNPLOTIKY EPAPUOYN
toug givon otn ['épupa Piov — Avtippiov O6mov ypnoipo-
momOnke okvpoddepo BmTIKnG avToyng péxpt ko 70 MPa.
Hopokdto mopovcidloviol ETYPOUIOTIKE HEPIKE amd TO
mAeovekTnuata, Yo To onoio Oa ERAeme Kkaveic T xpnon
tov XYE okomyn £vavtt 1oV Kowvmv okupodeldtav, oAld
KoL TO. LELOVEKTNHLLOTA, To. ool o mpénet va yvaopilel Kot

VoL avTILeTOmileL.

ITeovextiuoza

* YymAotepn avtoyn avnypévn 6to KOGTOG.

YynAotepn avtoyn avnypévn oto Bapoc.

YynAotepn dvckapnyio avnypévn 6to KOGTOC.
YynAotepo HETPO EAAGTIKOTITAG.

XapnAdTEPOG EPTVGLOG.

Mikpotepn domepoTOTNTO.

MeyoAvtepr avtoyn 6To xpovo.

MeyoAvtepn ovOEKTIKOTNTA GE QULOIKN KOl YNLIK]
@Bopa.

AvAmTuén avIoyg 6€ GUVTOUOTEPO YPOVO.

Meiwon Tov ¥pdvov KATAGKELNG TOV TEXVIKOD £PYOV.
AoOnTiKéG MGELC.

Owovopia 6TV KATACKELT].

MeyoAvtepa ovoiypata Kot EKUETAALEDGILOC YDPOG.
Meimon TV S0oTACEDY TOV KOTAKOPUP®Y GTOLYEIDV.
Meimon Tov HYovg TV SIUTOUMY.

Meiwon tov povipwov eoptionv.

Meimon g amottodpevng tocodttag SuAotdnov.
Meimon Tov PHKOVG 0yKOP®ONG T®V OTAGUAOV.

Meimon k66ToVg GuVTHPNOTG AOY® PLGIKNG POOPAG.
"Eppeon eacpdhion g erlocoiog oyxedtacpod “ioyv-
POV VTOGTLAMUATOV — 0GOEVOV SOKMV”.

Meiwon TV celopik®v duvapemv mov epapuolovrol
oTNV Kataokevn («>peimon nalog).

Meiovextiuazo

2.

bi

Yobvpn copmeppopd (amepic@KTon).

Amaitnon ywo peyaddtepn nepic@ién.

Agv Tpodiaypaeetol omd Kavoviopovs (oAAalel otadio-
K@ 1 KaTdoTaon).

AvotnpoTtepES OMOTNOELG SLAGPAMONG TOLOTNTAG TOGO
GTNV TAPOy®yn 0G0 KOl GTNV KOTAGKELT).

MeyoAdTepo KOGTOG OVIYLEVO GTOV OYKO.

Mewopévn epyacipuotnto («>ypnon superplasticizers).
MeyoAvtepo dtdotnpa TV 28 NUEPOY Yio TNV avATTLEN
™G TANPOVG AVTOYNG.

MeyoAdTepeg GmALTAGE CUVTHPNONG UETA TI GKLPO-
démon.

Xpfion vynAng doppong xGAvPo Yo TNV amopLy VIEP-
BoAtko0 omAMG oD Gt SloTop.

H dvokapyia dev av&hvel avaloyo e v avtoyn.
Yyetkd dyvooto otnv EAAGSa.

XYMBOAIXMOI

Andotoon (amd KEVTIPO 6 KEVTPO) HETAED TAEL-

PIKDG CLYKPATOVUEVOV SUUNK®V pAPd@V.

b, d, Awctdoeig mupfiva opiiopeves amd To KEVIPO Tov £6m-
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c
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TEPLKOV GUVOETNPAL.

Ioodvvaun didpetpog ion pe To unKog g piog
TAELPAG TOL TEPLGPLYUEVOL TUPNVE (LOVTEAD

Fafitis et al).

Eopamtopevikd pétpo eractikotTnTag.

OMTTIKNY 0VTOYT GKLPOSELNTOC.

Méyiotn OMmTiKn avtoy oKLPOSEUNTOC.

‘Op1o doppong ykapoiov omTAMG oD,

Andotoomn petad cUVIETHP@V.

KaBapn andotaom petald cuvoetipav.

[opdpeTpog TOV YPNCLOTOIEITAL GTO HOVTEAO Y10 TO
OnEPICOIKTO GKUPOJEND OO TNV OLAdN EpYOciag TNG
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CEB/FIP y10 to. 6KUpOSEROTO VYNANG AVTOXNG/ VYNNG
enttedeotikotnTog (1995).
o Tpomomompévog cuvieheotg tov Sheikh kot Uzumeri
Y. TOV VTOAOYIOUO TNG OMOTEAEGUOTIKOTNTAG TNG
nepioPEng.
Avnypévn mopoapdpeor GKUPOSELOTOG.
TTapapdpewon mov avtictolyet otn péylotn tdon tov
AnEPIGOIKTOV GKLPOJELOTOC.
TTapapdpewon mov avtictoyet otn péylotn tdon tov
TEPLOPLYLEVOD CKVPOOELLOTOC.
Mopopdppwon eyKipc1ov OTAMGHOD.
OploKn TOPAUOPPDCT) GKLPOSELOTOC.
Avnypévn Topapdpemon GKUPOSEUATOS, OTAV 1) TACT
TOV OTEPICPIKTOV OKVPOSEUATOG pEldVETAL 6TO 30%.
Avnypévn Topapdpemon GKUPOSEUATOS, OTAV 1) TACT
TOV OTEPICPIKTOV OKVPOSEUATOG pELDVETAL 6TO 50%.
Avnypévn Topapdpemon GKUPOSEUATOS, OTAV 1) TACT
TOV TEPLGPLYLEVOD GKVPOSELNTOG HeDVETOL 6TO 50%.
XA, ZUVIEAEGTEG MOV  YPNOIULOTOOVVTOL GTO  UOVIEAO
Fafitis et al kot Diniz et al.
p, Oyxouerpicd T0G0GTO £YKAPGIOL OTAGHOD.

ccl

SW

cu
80.30fc

8().SOfc

SO.SOfCC

’

p,) Oyxouerpicd m0606Td £YKAPGI0V OTMGHOD VITOAOYI-
Copevo oy emtepin TEPIUETPO TOV GUVOETIHPOV.

c, Taon oxvpodéparog.

o, Taon eykdpoiov omMopov.

o, ITevpin micon.

®,  Mnyavikd 0yKOUETPIKO TOGOGTO EYKAPGIOL OMAGHOD.

3. MHXANIKEX IAIOTHTEX

[pw and v évopén omowncdnmote avaivong eivol
AmOPOiTNTN 1 KOTOVON G TOV UNYOVICHOV OVATTUENG TG
aVTOYNG Kol TOPOUOPPMOCIUOTNTOG TOV OTEPIGPIKTOV GKL-
POJELOTOG, DOTE VO, YIVOLV KOTOVOTTOL Ol UNYOVIGHOL 0GTO-
xiog wov drapopomotovy ta LYE amd to Kovd GKupodEpata.
A&ilerva onpeiwdel 6T oo TpdTa 0TAdS10 Epguvog Tov XY E
EAewmay Ol TEWPUUATIKEG OTOTIUNACELS 0 dOoKipa PeydAng
KApoKag, yloti ol VQIOTANEVES TEWPAUOTIKEG Sl0TAEELS Ogv
KGALTTTOY TO VED OpLoL AVTOYDV.

3.1. Zopumeprpopa amEPIGPIKTOV CKUPOIENATOG

Y10 Zyqua 1 mapovotdlovior T SloypappoTo
TaoemV — (OVIYUEVOV) TOPOUOPPDCEDY CKUPOOEUATMV
SPOp®V KATYOPL®Y VIO HOVOOEOoVIKT) cUuVOAYT. ATo Ta
Saypappoto givor EKOnAN 1 S1popoToincn Tov VEIGTUTOL
KoL 6ToL Tplo TUNHOTO TNG KOUTOANG G, — € e TNV avénom g
avtoyfG TOL GKVPOSEUNTOG. O avidV KAASOG TV CKVPOSEUE-
TOV VYNANG avTOyNG EIVOL YOPOKTIPLOTIKA O EVBVYPULLIOG
KOl OTOTOLOG Y10 LEYUADTEPO TTOGOGTO TNG LEYIOTIG OVTOYTG,
YEYOVOG IOV OOSIOETOL OTN LEIWUEVT TOVG LIKPOPTYHATOON
(Carrasquillo et al. [8]), Aoy® TG Hukpng dlopopdsg ot dv-

oKopyio TOEVTOTOATOL Kot adpavdv (Zynuata 2-3). Etot
TO YPOLLUKO TUNHO TOV OVIOVTA KAAOOV EmMEKTEIVETOL £10G TO
85% g HéyloTg TAONG Y1l TO VYNANG AVTOXNG CKUPOSENLDL-
10, 6€ cUYKpLon pe To 70% yo Ta GuVIBN orvpodEpata.

70 -
60 - f,= 67 MPa
50 - f.= 55 MPa
G =48 MPa
S 40 .
< f,= 39 MPa
£ 301
g f,=27 MPa
20
£=15 MPa
10
0 T T T T 1
0 0.002 0004  0.006 0.008 0.01
strain

2ynuo 1: diaypéuuoro tGoemv — TOPOLUOPPDCEDY ATEPICPIKTOD
okvpodéuaros vro povoalovikn oovOiiyn Penelis kou

Kappos [32]).
Figure 1: Stress-strain curves for unconfined concrete under
uniaxial compression (adopted from Penelis and

Kappos [32]).
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o 2: Aiéypopuo. TG0EQV—TOPOUOPPOTEDY TPYUEVTOTOATOD,
aAoPavaY vAK®V K01 oKVPOIEUATOS TVVHBOVS AVTOYIG.

Figure 2: Stress - strain curves for cement paste, aggregate and
concrete for normal strength concrete.

O wkpdg aptBpog kol T0 PIKPO PUNKOG TOV PrYHOT®-
oemVv ennpedlovy Kol To dEVTEPO TUNLO TNG KAUTOANG, TO
omoio yapaxtpietal amd TV amrdKAGT TOL VAKOD oo TNV
Aotk ovpumeplpopd. Onwg paivetat kot oto Zynua 1, n
TOYOTITO OTOUEIMONG TOV EPOTTOUEVIKOD HETPOV ELUCTIKO-
rag etvor peyaAdTepPN Yo To VYNNG OVTOYNG OKVPOSELLa-
T, EVO 1 OVNYUEVT TAPAUOPPMOT), €, TTOL OVTIGTOLKEL 6T
uéytom taon £, avédvel pe v avénon g avToxmg Tov okv-
podépatog. O pbivev kKAEdog Tov dlaypaupatog o, — € TOL
AmEPICOIKTOV GKVPOSEUOTOG YapuKTNPIleTOl OO OmOTOUN
KAlom, AOY® NG HUKPNG OVOKOTOVOUNG TOCEMV OVAUESO
OTOV TGULEVTOMOATO KOl TAL 0OPOVY TPOKAAOVUEVNG amd TN
HKpT| S1opOopd TOV PETPOV EAACTIKOTNTOG HETAED T®V dVO
OLGTATIKOV VMK®V (BA. Zynua 3).
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Zynuo. 3: Aigypoppo. TGoEQV—TOPOUOPPOTEDY  TPYUEVTOTOATOD,
A0PavaY VAIK®OV Kol GKUPOOEUOTOS DWHANG EmITEAE-
OTIKOTNTAG.

Figure 3: Stress - strain curves for cement paste, aggregate and
concrete for HPC.

Tehkdc  aotoyio EMEPYETAL OMOTOLO KOL [LE EKPNKTL-
KO TPOTO KOTOSEKVVOOVTOG TNV Yabupn @OGN TOV VAIKOV
VYNANG aVTOYNG, EVO 1| ETPAVELD, A.oTOYI0G OLEPYETUL HECH
TOV AOPUVAOV KOl TOL KOVIALOTOS EYOVTOG HUKPOTEPT) TPO-
YOTNTA EV GLYKPIGEL [LE KOV GKLUPOSEUATO, TOV OTOI®MV Ol
EMPAVELEG 0OTOYI0G SIEPYOVTUL OO T1| SLETIPAVELD UOPOVAV
— KOVIApotog,.

3.2. Zopumeprpopa TEPLGPIYUEVOD CKUPOIERATOS

H évvoia g mepiopi&ng kot 1 GLVEIGPOPA TG 6TV O~
&nom g avtoyng Kot TG TAAGTILOTNTOG TOV GKUPOJEUNTOG
&yovv emiPefoarmbel 1000 TEPAUATIE OGO KoL AVAAVTIKA, KO
OAOL Ol OVTICEIGUIKOL KOVOVIGHOT EVOOUATOVOVY JaTAEELS
v v Tomoféon omhiopob mepioceiEng (Eurocode 8 [13]).

310 GKUPOSEUOTO DYNANG OVTOXNG, OHMS, AOY® TNG -
KpOTEPNG EYKAPTIAG d1OYKoTg (Zynua 4) éxel damoTmOet
TEWPOAUOTIKA OTL 1 S10ppoN TOV E€YKAPGIOL OTAIGHOD dgv
EMEPYETOAL TAVTOYPOVO LE TNV AVATTVUEN TNG UEYIOTNG TAOTG
TOL OKVPOJSEUATOG, TOPA LOVO GE TOAD KOAG TEPIGPLYUEV
otolyeia (Nagashima et al. [29], Cusson kot Paultre [15],
Bing et al. [6], Shin et al. [39]). 'Etot ta £ZYE omattodv moid
KOAN TTEPioEEN e eQOPLOYT KOTAAANA®VY Ol0TAEEDV TOA-
AOTADV GUVOETPOV.

H epappoyn povod covdetipa £yl amoderyBel mepapo-
TG 611 dgv PonBdel 6TV evicyvon TG TAACTILOTNTOS TOV
>YE (Yong et al. [44], Cusson kot Paultre [15], Bing et al.
[6], Saatcioglu kot Razvi [35]).

H a6&non 1o0v 106067100 TOL £YKAPTIOV OTAIGILOD, OTTMG
KOl OTO KOW(O GKLUPOSEUATO, AVEAVEL TNV AVTOYN Kot TNV
TAUGTILOTNTO TOV TEPICPLYUEVOL GKLPOdENATOC (BA. Zynpa
5) oAAG o€ pukpoTepo Pabuod oty mepintwon tov ZYE (ACI
Committee 441 [3]), yeyovog Tov amodideTor 6T HEWUEVN
gyKapoia S1OYKOOo™N AOY® TOL UEYOADTEPOL UETPOV EANCTL-
KOTNTOG, LKpOTEPOV AdYov Poisson, Kot peiwpévn pikpo-
pnynatwon (Cusson kou Paultre [15]).
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Zynua 4: Aovikn taon — aloviki moapouoppwon Kol EyKGPTIO. To-
pouoppwon XYE (Shah [37]).

Figure 4: Axial stress vs. axial strain and lateral strain for normal
and HPC concrete (adopted from Shah [37]).
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2xnua 5: Emippon tov mooootod tov yKapotov omAiGUOD.
Figure 5: Effect of the amount of transverse reinforcement (Bing

etal. [6]).
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2ynuo 6: Emppon tng moootytog kai Tov 0piov d1oppons Tov EYKGp-
aiov omdiopod (Cusson kar Paultre [15]).
Figure 6: Effect of the amount and yield strength of transverse
reinforcement (Cusson xou Paultre [15]).
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AvEnom, emiong, TOV SLVALEOV TEPIGPIEEMS, TPOKO-
Aovpevn eite pe avénon tov opiov dlappong Tov EYKAP-
Ol0V OGOV (Zynpa 6) eite e peimorn g amdoTaoTg
TOV CUVOETHP®V €iTe [LE KOA KOTOVOUN TOL OlopNKOvg
omMopob (Zyfiua 7), odnyel, OTMOG KAl 6TO KOWE GKLPO-
dépata, og avEnomn g avtoyng Kot tng Thactipdtnrag. H
xpNon xGAivfa vyning dtappong gival Thovov Kot 1 povn
O1€E0S0G Y1 TNV ATOPVYT TUKVAV J1TAEEDV OTAIGHLOD Kol
TV €TaKOAOVO®V TPOPANUATOV TOV EMPEPEL OVTO OTNV
KOTOOKELN.

H emppon| g tayvTog entPorng g eopTions, map’
OAO TOV TEPUUATIKA eV EYEL EKTEVAG diepevuvnbel yuo ta
YYE, paivetatl vo £yl ELUEVH OTOTEAEGHLOTO OAVOPOPLKA LLE
v mAactipwotta (Bing et al. [6]), evd dev mpokadel av-
Enon g avToyNG TOV GKVPOSEUNTOG, OTMG OTO. KOV GKL-
podépata, Tov duvatal va aitioloynoel and T pun dappon
TOV OTTAMGLOV TTEPIOPIENG TN YPOVIKN GTIYUN AVATTVENG TG
HEYLGTNG TAOMG TOL CKLPOSEUATOS, OTMG TPOUVOPEPONKE
(Exnua 8).
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Zynua 7: Emippon drounxovg orliouod.
Figure 7: Effect of the longitudinal reinforcement (Cusson xou
Paultre [15]).
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2ynuo 8: Emippon g taydtnrog exifolng e popTiong.
Figure 8: Effect of the rate of loading (Bing et al. [6]).

TéNog, 1 EKKEVTPOTNTA TG POPTIONG, TEPIMTMOON TLTIKT
OT0, VTOCTUAMUOTO, OEV EXNPEALEL TNV aVTOYT], OAAG BEATID-
ver v mhactipdmra (Ibrahim kor MacGregor [22]), evtov-
1015 6¢ PiKpOTEPO Pabud am’ 0,TL 6Ta KOWE GKLPOSELOTA
(Foster ko Attard [19]).

4. ANAAYTIKH ITPOXOMOIQXH

4.1. Anepic@ikto cKVpOdENO

AT TG T €VYPNOTEG AVOAVTIKEG EKQPACELS YO TNV
TEPLYPAPT TOL JAYPAUHOTOG TACNC-TOPAUOPPDONG TOL
AmEPICOIKTOV GKLPOSEUNTOG EIvaL 1] TPOTOOT] TTOL LIOBETI-
Onke and tov CEB Model Code 1990 [9]. H koumoAn, mov
TEPLYPAPEL TOGO TOV AVIOVTO, 060 Kol T0 PBivovta KAGSo
uéypt v Tun mov avtiotoret oto 0.50 £, efvar n eéicwon
tov Sargin [36] mov divetar otnyv e&icwon 1:

2
EC 80 _ 80
Ecl 801 [Sclj
E
14| Ze | %
Ecl 8Cl

TNa oxvpodépata émg C80 (kvAwvdpikn avtoyn 80 MPa)
N TN TS AVNYUEVNS TAPAUOPPMOTG, TOV OVTICTOLXEL 6N
uéytot téom, €, Aappavetar otabepn kot ion pe 0.0022.
H «pnoywn» mapopdpemon q M mopapdpemon ootoyiog
divetar oty e&iomon 2 kot avtiotoxel og tdon 50% 1rg

péyomge:
E 2
+1 |+ —+1| -2 4.2)
2E

801 EC
€0.506=——
0.50f 2 |\ 26

H opddo epyaciog tg CEB/FIP ywo to okvpodépata
VYNANG avToyns / vynng emtedestikdotnTog [11] viobétoe
v mpodtootn Tov Van Gysel kot Taerwe [43], | omoia cuv-
dvalet V0 GYEGELG VIO TNV TEPLYPAPT] TNG KAUTOANG TAOC-
TAPAUOPPOCNG TOL OTEPICOIKTOV GkLpodEpatos. [a tov
aviovVTo KAGOO TNG KOUTOANG KOl HEYPL TNV TOPAUOPO®OT
g, M e&iowon 4.1 cvveyilel va 1oydeL, v Yo o @Bivovta
npoteiveTor 1 e&icmwon 3, 6oL 1 Ty t diveTal Yo oKLUPOodE-
pata £o¢ C100 (kvlvdpwr avtoyn 100 MPa).

0<8CS80'50fC c= fc (MPa) (4 1)

€€l Gc= 2 fc (MPa) (43)

H i g avnypévng mopapop@oons, mTov avTioTot el
oTn péyoTn thon, €, dev eivor mAfov otabepn, aird tpo-
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TOTOWONKE Y10l TO GKVPOSELOTO VYNANG EMLTEAECTIKOTITOG
obpemvo pe v mpotacn tov Thorenfeldt et al. [41] og
aKoA0VOMG:

8_amgw
1000

T To apykd epantopevikd pétpo elaotikodtnTag, E,
opnada epyociog g CEB/FIP yuo ta okvpodépoto vyning
avtoyng / vyming emreleoticotnrag [ 11] mpoteivel v aiod-
Aovbn oyéon:

(4.4)

f 0.3
E.=22000 (E} (MPa) 4.5)

AvtiBétmg, ot Thorenfeldt et al. [41] ypnoylomoincay v
e&iomon tov Popovic [33] (e&icmon 4.6) yio va meptypdyouvv
10 S1dypappa o -€, Yo 1o omepiceikto oxvpodepa. Tpoket-
LEVOD VO, KOTOOTEL Lo amdTopn 1 KAloN Tov eBivovta kAd-
dov, gloNyOn o cuvtereotc k, o omoiog Aapfdvel v Tiun

NG HOVESOG Yo TOV avidvTa KAASO Ko T T —— Y10 70
@Bivovra. 20

8C
" €
GC:—ClknfC (MPa) (4.6)
€
n-1 +[ ¢ ]
Scl
Omov:
8.32
4.7

g3

f
Ot Collins et al. [14] mpdtewvav v Ty 0.70+ 2—2) Y To

ovvtereotn k ko v e€icwon 4.8 yio o cvvterest) N :

=0.8+ £,
Rt

10 Zyfuo 9 divovtal EMAEKTIKA TO GUYKPLTIKA S0y papL-
HOTO G -€ TOV TPOAVOPEPOLEVOV LOVIEA®V YPT|CIUOTOLD-
VTOG TO TEWPAROTIKA anotedéopata tov Cusson kot Paultre
[15] emi xoAwvdpikdv dokipiov 150 x 300 mm pe avtoxn
okvpodépatog 55.6 MPa xot 100.4 MPa. Ovtipégtov E, £,
g, Mobncov omevdeiag omd ta TEPOPATIKG ATOTEAECHOTO.
Onwg TopovstdleTal, Kot ot TPELS AVOALTIKEG EKQPACELS Oi-
vouv cuvinpnTikéG TpoPAréyels, e to povtédo g CEB va
etvar 1o TAéov cuvinpnTkd. Ta povtéia tov Thorenfeldt et
al. [41] kou Collins et al. [14] édwoav mapoOpOL0 ATOTEAEC L0
To Yo TO SOKIMIO e avToyn okvpodépatog 55 MPa, evéd
KOUTOAN G -€_ dev ftav duvatdv va mapoydel pe o poviéro

(4.8)

tov Thorenfeldt, yiati o mapovopactig g e&icwong 6 un-
deviletar yuo oxvpodépata pe avroyn 85 MPa kot dvo.

120 - ——— Experinmental
------- CEB Recommended Extensions for HSC £=100.4 MPa
1001 — — — Thorenfeldt et.al
80 - —— Collins et.al
<
s
€ - £=55.6 MPa
g
“ 40 1 7
4
7
4
20
O T T T T - 1
0 0.002 0.004 ~0.006 0.008 0.01
stram

2y 9: ZoyKpion avoivTIKOY GYECEQY O -€, OTEPICPIKTOV OKUPO-
0EUATOC VYNNG EMITEAETTIKOTHTAG.
Figure 9: Comparison of analytical stress-strain curves for
unconfined HPC.

4.2, Tlepro@rypévo okopodeno.

To Bépo ¢ TeploPENG TOL CKVPOSEUATOG £XEL EPEV-
vnbei 1600 mEPAPOTIKG OGO KOl AVOAVTIKG GTO TapeEABOV
(Vallenas et al. [42], Mander et al. [27], Saatcioglu Kot
Razvi [35]) kot éyovv mpotabel apkeTd avoALTIKG HOVTE-
Ao oV vo mwpoPAEémovv T oy€omn TAOMG-TOPAUOPPDCNG
TOV TTEPLOPLYUEVOD GKUPOSEUNATOC TOCO KOVOVIKTG OGO Kot
vynAng avtoyng. Ta mepiocdtepa de amd avtd Pacilovran
0€ MEPOUATIKEG EPYACIES, OOV APKETEG TOPAUETPOL £XOVV
e&ayBel amd T oTOoTIoTIKY EMebEPYACiO TOV TEPAUATIKAV
OTTOTEAECUATOV.

Avoroymg Tov Babpod moilvmAokdTNToG TOV HOVTEAOL
Aappavovtal vroym petaPAntég, Ommwg N OMmTIK) avToxT
TOL OKVPOJEUATOG, TO TOCOGTO Kol TO Oplo Sloppong Tov
€YKAPOIO0V OTAMGOD, 1] ALOSTACT KoL 1] SLUTOEN TOV GUVOE-
TPV, 1] KATOVOWUT TOV SLOUAKOVG OTAGHOV, KOOMDG oKOLL
TapApeTpoL, Tov ennpedlovv v mePioceIEn ERpESO, OTMG
1M ToYOTNTA ETPOANG TNG POPTIONG KOl 1) EKKEVIPOTNTA OTN|
oopTION.

Hopokdto eEetdlovTot T avaAVTIKA LOVTELD, TOV TPO-
TAONKOV Yo TN GY£0T TACNG-TOPAUOPPMONG TOV TEPLGPLY-
HEVOL GKLPOSEUATOS VYNNG EMITEAECTIKOTNTOG OO TOVG
Fafitis kou Shah [18], Yong, Nour kot Nawy [44], Bjerkeli,
Tomaszewicz kot Jensen [5], Nagashima, Sugano, Kimura
kot Ichikawa [29], Muguruma, Nishiyama kot Watanabe
[28], Cusson kot Paultre [16], Sun kot Sakino [40], Bing,
Park ko Tanaka [6], Ibrahim ko1 MacGregor [23], Diniz kot
Frangopol [17]. To dtoypapploto Tov ovaALTIKOV HOVTEA®Y
napovctalovtal oto Zynuo 10, evd ot kopileg eElomoelg
tovg divovtar atov ITivaka 2. Ola To pLovTéAa ¥pnGLYLOTOL-
00V TOPOPOAMKNAG LOPPNG KAUTOAN YioL TNV TEPLYPUPT TOL
aviovto KAGdov. opeova pe toug Fafitis kot Shah [18] n
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2o 10: Avolotikd O1oypapuoto. Thons-mopauopPwons oKOPOIEUGTOV VYNNG ETITEAETTIKOTHTOG.
Figure 10: Analytical stress-strain curves for confined HPC.
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Model Equations Comments
1 o tf fee, €1 derived from statistical
Fafitis _ 21.02 — In0.5)1.15 _| Asw Jyw analysis of experimental data on
& fee=hs {fc + (1-15 + 7 ]Ul} €0.50fec™Eeel [ k or sd, 76x152mm cylinders with 26<f;,
<66 Mpa
Shah 3 » .
(1985) do=1415( 1 2 =1425%L (1 _ 003y, j [_1.457/]
Je Je k=24.65f.e g
f,=f.(1+0.110y) €0.50fcc=Eccl [— (C+2)+q(C+2P +4(D- 1)}/[2(1) -1)] p,'=_Volume.of Ties
(bed, - Aslmt)s
Yong et al. o=|1- 0.245s 0y 1Py Syw f.. , &e derived from linear
d. 85D regression of test results on
(1988) A T N gression of !
152x152x457 and 133x133x 457
Cc= [ &2 —&i ]{ &3k 4By } D=(s - 52-){ Ei AE } mm lightly confined specimens
et N See=Si See Sai YN e i e S with 84<f,<94 MPa
fc":fc+4a61 45<f‘3$80 MPa — Jee — pW"f}’W €0.85fcc=€ ccssT 0.05a0;
o f.=f+3ac, 80<f.<90 MPa : 27 — fe1-F)
Bjerkeli et al. Tests on small and large-scale
0.15 >b; s 1 specimens were used; o is the
1990 7 Jee w2t weli_ - i d; ais th
£0.85 fce ~ Eccl " 5.5bcd, ’ dso 1+ (1/0{5/ )0'25 largest of o, ot

£,=0.85619.83 [ap, /s  fi<118 MPa

fee, €1 and €y sore derived from
linear regression analysis of test

Muguruma et al.

Nagashima et al. ) results on  225x225x716mm
(1992) €0.5010=Ec1+0.193 [@nyw] o= [1_ 2b; J[l_il(l S j specimens confined with high
’ 0.85f, 6b.d, 2b, 2d, yield steel columns with
60<f<118
fee, €cc1 derived from regression
-5 analysis on 147x147x400mm

f,=(1+490)f, 20<f,<160 MPa

6=0.313p,, Ve [ s ]

fe dg specimens confined by high
(1993) - . L
B yield steel without longitudinal
eu=(1+611cp)ey reinforcement
0.7 1.1
Cusson f=f,[1+2.1 91 €0.50fc=E0.501+0.15 o1 O=0PyOsy | feesbect> Sos0re derived from linear
& 0.85 1. 0.851, regression analysis of test results
Paultre on large-scale specimens with
(1993b) o=[,_ b2 e ) 52<f.<118MPa;
6b.d,. 2b, 2d,
Sun f~f+11.50 £0.50fe=Eccl { (4+2)=4(4)P +44+4(D- 1)}/[2(/:) -2)]
&, fyw not greater than 687 MPa
sakino T LI PRI D=1.5-0.017f,+1.6 (cc fc) A=Le
(1993a) I~ Pwlyw — bl ch . . ctl. Ec]
—r | o, 20 < _1 . -for £,,<550 MPa & <80 MPa
fec f{ 0.413+1.413 /1+11,4Z T} for f,,,<550 MPa o> APy f =125, 6,092
-for £,,<550 MPa & f.<80 MPa
Bing et al. oy ¢1=82.75, c,=-0.37
(1994) f.=f, {—1 254+2.254 /1 +7.94a; f— —2a f—} for f,,>1200MPa 4 = 156(7 for £,,>1200 MPa & f,<52 MPa
¢ ¢ ¢ ¢1=69.85, c;=-0.6
e —¢ 12 (e —er Vo T 7 J o= =2, s Y, s ) ~for £,,>1200 MPa & £.>52 MPa
w=Eel 2+ (01 —eafe Woy / /. [I o Gl L7y M- p) =490, 61=-0.2
f=f.tdao, 45<f.<80 MPa .
: — — fcc _ Pw fyw
Ibrahim f =fA3ac, 80<f,<90 MPa €0.50fcc scclJrE Oj - o 8510=E s 0.04a0;
& f,=f+200, £.>90 MPa TR r (- F)
MaTGregor 7o 015 _ E s s . . Modification of the Bjerkeli et
(1996) —— e 0=1-—="—]1-—]1 — al. model
£0.85 fec ~ Ecel 5.5b.d, 2b, 2d. 1+(1/ao;)
Diniz , f,w not greater than 482.7 MPa
& Modification of the Fafitis et al. model o= [%](1 - di] fZ)r ch8§.6 MPa or 413.7 MPa
Frangopol(1997) ¢ for £,>89.6 MPa

ITivoxag 2: [epilnyn e&io0doewv avalvTik®y HoOVIEA®Y Yia avToyn Kol TAAOTIUOTHTA.
Table 2: Summary of models for strength and ductility of rectilinearly confined HPC.
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avénon g avtoyng Adyw mepiopiEng divetal mg cuvaptnon
G MAeVpIKNG mieomg (o). o v extiunon g mhevpikmg
mieong yivetal n vdOeom OTL £Vo VTOGTOAMLO TETPUYOVIKNG
dtaTopng glvot 10060VapO [E Vo KOKMKNG O10TOUNG LUE 016
HETPO 1oM HE TO UAKOG TNG P0G TAEVPAS TOV TEPICPLYUEVOL
TUPTVE. TOV TETPOYOVIKOD 1ITOSTLAGHOTOS (d ). H tedevtaia
VoBecmn vTovoel OTL 1 KOTUVOUT TOV SOUKOVG OTAIGHOD
YOp® OO TOV TUPNVA, 1) ATOGTOCT] TOV GUVOETHPOV HETAED
Tovg KoBMG kot 1 STl Tovg dev emnpedovy TV TALL-
pwr| wieon. Ot Diniz kot Frangopol [17] tpomonoincav to
povtédo tov Fafitis kot Shah [18] Aappdvovtog vroyn v
AOGTACT TMV GUVOETIP®V GTOV VITOAOYIGUO TNG TAEVPIKTG
mieong KTl PKog Tov eBivovta KAGSOoV.

H dmopén 1 enopkdg Tepopypévay Teploydv petaln
TOV GLVOETNPOV AvayvVOPIfeTaL Amd TO AVOALTIKG LOVTELD
tov Yong et al. [44], Sun et al. [40], Bjerkeli et al. [5]. Ev
avtiBéoet, ot Nagashima et al. [29], Cusson et al. [16], Bing
et al. [6], kou Ibrahim et al. [23] cuvédecav v avénon g
OVTOYNG LLE TO TUNIO TOV TVPNVO TTOV Elvan EveEPYMG TTEPL-
OQLYHEVO, YPNOLUOTTOIOVTOG TV TtpdTacn tev Sheikh wot
Uzumeri [38] (BA. Zyfuo 11).
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2ynuo 11: Evepydc meplopryuévo eufodov oropodéuatog.
Figure 11: Effectively confined concrete area.

Ot Cusson kot Paultre, pe Baon v mapatipnon 6t o
€YKAPO10¢ OMAMOUOG SappEEL TN OTIYUN TNG HEYLOTNG AVTO-
NG TOL TEPIOPLYUEVOV OKVPOSENATOG LOVO GE oK pe
oA koA mepio@iEn, mTpdTevay pio ETOVOANTTIKY O1001-
KaGio Y10 TOV VTOAOYIGUO TG TAPAUOPPOONG (£,) KoL TNG
16oms (G,,,) TOL £YKAPCIOL OTMGHOD TN GTLYpT TG HEYIGTNG
avToyNG, M omoio e TN ogpd TG ennpedlet oOAOKAN PN TV
KOUTOAN TOONG-TOPAUOPPOCNG.

Ot Sun kou Sakino mepropifovv T ovVEWGEOPE TOL
€YKAPOI0V OTAMGHOD otV TAELPIKY Tieon ota 687 MPa,
evd ot Diniz kot Frangopol mpoteivouv youniotepeg Tyég
avaAroya pe TV avtoyn Tov okvpodépatos. Télog, ol Bing
et al. mpoteivouv dapopetikég e&lodoelg yio Tepic@ién pe
xéAvPa opiov dapporg fYWSSSO MPa kot yio yddoPa pe 6pio
dtappong fyw>1200 MPa, aAAd kapio TpoTacT dEV £Yve Yo
TO EVOLAUETO EVLPOC.

Y10 avoAvTikd povtédo tov Bing et al. | oplokn mo-
PALOPP®OOT TOL GKVPOJENATOG, €, opileTar T oTiyun TG
Bpadong Tov TpdOTOV oKEAOLG GLVIETNPA, divovTag dlopo-
peTIKEG €E10DGELG Yo KABE TTepimTOon).

H mym tov Iivaka 2, mov mpoteiveror amd Ttovg
Muguruma et al. yio 10 €, TPOEKLYE AMO TEIPOUOTIKG,
OTOTEAEGUOTO OO OKTD Popld OTACUEVOV VTOGTUAMUA-
TV dtaotdoeny 200 x 200 x 1500 mm kot avtoyng ond 86
MPa ém¢ 116 MPa.

Téhog, ot Cusson kot Paultre emeonpovav 6tL 1 oplokn
TOPAUOPE®ON Umopel yevik®dg va opiotel Y téorn Tov
oKkVPodENATOG 50% NG HEYIGTNG AVTOYNG TOL TEPLOPLYLE-
VOU kATl UKog Tov eBivovta kAGdov, kabmg o 0vTd TO
0Tad10 Topatnpeitatl va Aapfavel ydpa Bpadon Tov Tp®-
TOV GKEALOVG GLVOETHPAL.

4.2.1. TIpotevopevo HovTELO Y0 TO TEPICPLYUEVO
oKVPOdEpNT

o v avaAvTiKn TepLypoaen Tov dtaypapupaTog Taong-
TAPAUOPPOCNG TOV CKVPOSEUATOV VYNNG EMTELESTIKOTT-
tog ot Kappos kot Konstantinidis [24] tpotevay Tic mapakd-
10 e&lomoels (PA. Zynpa 12):

Awvicov KAddog

O0<e,<g, o, = -
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DOivawrv KAadog

€. —¢€
_ C ccl
g, >¢g,0,=f.1-05

€ 0.50fcc 8ccl

>0.3f,_ 4.10

Me Bdomn ta mepopatikd orotelécpoto ond 108 vmo-
OTVADUATO TETPOYOVIKNG SOTOUNG LE OVTOY GKLPOJELOL-
t0¢ 50 MPa émg 125 MPa kot opiov dappong €ykapciov
omopov omd 340 émg 1390 Mpa, mpotdbnkav ot e§lodoelg
4.11 ko 4.12 yio T pHé€YIGTN AVTOYT| TOL TEPICPLYUEVOD GKL-
POJELOTOG KO TNV TOPALOPO®OT], 6Tav 1 Tdon Helwbel 6to
50% xotd piKog Tov eBivovtog KAGSov.

£.=0.85£,+10.3 ((xpwfyw )0‘4 (MPa) @.11)
€.50fcc = €1 T0.0911 ((xcow )0'8 (4.12)
Omov:
b’
a= 1—Z ) BRI R (4.13)
6b.d b, | 2d,
c.t
o B
0.5f, <
036, | D E
N .

el £0.50fce &

2ynuo 12: Ipotetvouevo S16ypogyio Taons-mopauoppwons yio. fo-
voolovikn poption.

Figure 12: Stress-strain curve of proposed model under uniaxial
loading.

H a&oAdynon g afePatdotntag tov npoPfréyemv tov
TPOTEWVOLEVOL HOVTELOVL €xel efetaotel [24, 25, 26] pe
xpron 125 mepapdrov. Ly ntopodoa epyocio e&etaleton
N ofePotdTNTA TOV TPOTEWVOUEVOD HOVTELOV CUGYETILOHEVT
HE TIG TPOPALYELS TOV TAPULOPPDOCEDY €, | KOL €, . . [0 TO
OKOTO 0TO YPNCILOTOLOVVTOL TO, TELPOLOTIKG OTOTEAEC L0
ta a6 21 dokipa daotdoswv 260x260x1200mm vo po-
voa&ovikr OAlyn (Shin et al. [39]). H avtoyn oxvpodépatog
TV dokipinv Kopawvotay ard 44.5 MPa éwng 87.5 MPa. Ot
Aentopépeieg TV dokiov divetal Tepiinmtikd otov Iiva-
ko 3 kot 1 61dtaén Tov oTAMGHoD 6To Xynua 13.

Iivoxag 3: Hepilnyn wepopoticadv Shin et al. [39].
Table 3: Summary of the Shin et al. [39] experimental data.

Ovopooio f, w s fow .

No AOKiluiov MPa E’;) mm MyPa Aérroln
1 HSC-A-08 44.5 1.90 50 500 A
2 HSC-E-08 49.5 1.92 115 500 E
3 USC-B-08 87.5 3.45 65 440 B
4 USC-C-08 87.0 3.40 75 440 C
5 USC-E-08 86.7 2.53 75 500 E
6 USC-F-08 86.5 4.02 55 500 F
7 HSC-A-10 44.5 2.37 40 500 A
8 HSC-E-10 45.0 2.46 90 500 E
9 USC-B-10 86.0 4.49 50 440 B
10 USC-B-10 86.9 4.04 50 330 B
11 USC-C-10 87.5 4.25 60 440 C
12 USC-C-10 86.3 3.83 60 330 C
13 USC-E-10 86.8 3.74 80 440 E
14 USC-E-10 86.5 3.16 60 500 E
15 USC-F-10 85.9 5.82 60 440 F
16 HSC-A-12 47.0 3.32 45 440 A
17 HSC-E-12 50.0 2.53 75 500 E
18 USC-B-12 86.3 4.99 45 440 B
19 USC-C-12 85.9 5.10 50 440 C
20 USC-E-12 86.0 4.60 65 440 E
21 USC-F-12 86.7 6.98 50 440 F

E F

2y 13: Aigroln oovoetipwv.
Figure 13: Tie configuration of specimens.

Iivokag 4: Zrotiotika amoteAéopota pe Paon to TEPOUOTIKG OTo-
teléoparo twv Shin et al. [39].
Table 4: Statistics of the ratio of experimental to analytical values
for ductility based on Shin et al. [39] tests.

XTOTIOTIKA €ecl €0.50fcc

Mécog Opog 0.81 0.96

Tomkn Andkion 0.26 0.34

COV' (%) 32.4 35.0
* Coefficient Of Variation

Onwg paiveron kon otov [ivaka 4, yivetotl vrepektiunon
NG TOPAUETPOV € | KTl 19%, eV TNG € (. MOVO K0T 4%.
Métpio Sracnopd Twv TpoPAETOUEVOV TIHOV TV € KoL

. o o . ol
€, sorec TPOEKVYE, 32.4% w0 35%, avticToya, o1 onoieg ivan
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TOAD YOUNAOTEPEG OO QVTEG TTOV TPOEKVYOV GE TPOTYOV-
ULEVES GLYKPIGELG. ZNUELDOVETAL, OUWOC, OTL 1] TAPULOPPOOT)
eivar dvokolo va, petpnbei mepapaticd, yoti cuvovdletal
pe moAAég apefardreg, 0nmg w.y. 1 6éon t@v LVDT «kob’
VYOG Tov doKIUiov.

5. XZYMIIEPAXMATA

Bdoel oV TEpOpATIKGOY aTOTEAECUATOV VIO LOVOOED-
vikn option to. LY E yopaktnpilovrar and yabopr copme-
plpopd. Edikd yio 10 omepio@ikto oKLpOdEpo 1 acToyio
EMEPYETOL ATOTOLLA KO LLE EKPNKTIKO TPOTO, EVA 1| EMPAVELD.
actoyiog OLEPYETOUL LECH TAOV OOPAVAV KOL TOV KOVIAUATOG
€XOVTOG LKPOTEPN TPAYVTNTA EV GLYKPIGEL LLE TO KOWVE GKV-
podépata. H cupmepipopd tovg dvvartal vo Bertiodel, aAld
ONUOVTIKG UeYOADTEPES SUVALELG TEPIOPIENG OTALTOVVTOL,
eV M ypnomn xaAvfo vyMAng dtappong iowg ivar avamdeev-
KT1] Y10, TV 0ToQUYN VIEPPOALKOD OTAMGOD GTr| StoTopn.

Métpia S100m0pd TOV TV TOV TOPALOPPOCEDV €
KOL €, TOV TPOTEVOLUEVOL HOVTEAOL TPOEKVLYE GlO TNV
a&lodoynon g cvoyetilopevng apefaidmmroc.

[pokeévov vo kataotel dvvarh 1 gvupeia yprHon Tov
OKUPOSEUATOV VYNANG EMTELECTIKOTNTOG GE COVTIGELGHL-
KE€G KOTOOKEVES, QMOLTEITOL 1 TEPUTEP® TEKUNPI®MON TNG
KOTOAANAOTNTAG TOVG pe HEAETEG GAAG Kol LE OvVTioTOU(M
TEPOLATIKT] £PEVVAL.

6. EYXAPIXTIEX

H ypnpotodotnon g mapovong épevvag amd v Evpo-
naixn Evoon o1o mhaicio tov [poypdappotog «IeptBariiov
kot Kiipa» (op. oopf. ENV4-CT96-5027) avayvopiletot
Witepa.
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Extended summary

Properties and Analytical Modelling of Unconfined and
Confined High Performance Concrete

DIMITRIOS KONSTANTINIDIS
Civil Engineer Dipl (Eng), MSc, PhD, DIC, EUR ING

Abstract

In this study the mechanical properties of unconfined high
performance concrete are presented. In addition, a critical review is
given of the influence of parameters such as the amount of transverse
reinforcement, the yield strength of transverse reinforcement, the
spacing of the ties, the tie pattern, the distribution of longitudinal
reinforcement, the rate of loading and the strain gradient. The
analytical models are presented, while the uncertainty associated

withe , e . isevaluated.
cel’ ©0.50fcc

1. INTRODUCTION

According to national and international practice HPCs
have been employed in reinforced concrete projects with
particular requirements.

The rapid progress of concrete technology renders the
definition of HPC a moving target. The fact that the American
Concrete Institute (ACI) re-examines the definition of HPC
every three years is indicative of the difficulty in adopting a
fixed definition. Along the same lines, the CEB/FIP Working
Group on HSC/HPC [11] defined HPCs as “all concretes
with compressive cylinder strength above the present
existing limit in national codes, i.e. about 60 MPa and up
to 120 MPa, the practical upper limit for concretes with
ordinary aggregates.” On the other hand, the ACI Technical
Activities Committee adopted a less restrictive definition for
HPC, defining it as “concrete meeting special combinations
of performance and uniformity requirements that cannot
always be achieved routinely using conventional constituents
and normal mixing, placing, and curing practices” (Russell
[34], Hoff [21]). Although compressive strength is not
sufficient for the purpose of distinguishing various attributes
of concrete, it is the criterion most commonly used as a
measure of concrete quality since it is straightforwardly
defined. Therefore, concrete with strengths higher than 50
MPa will be considered as HPCs.

The most significant application of HPC in Greece is
the Rion-Antirion Bridge, where concrete with compressive
Submitted: June 14, 2004 Accepted: Oct. 12, 2004

strength of 70 MPa was utilised.

2. MECHANICAL PROPERTIES

Prior to any structural analysis it is essential to understand
the strength and deformation characteristics of unconfined
HPC, in order to better understand the failure mechanisms
that distinguish HPC from normal strength concrete (NSC).
In the early phase of HPC investigation the size of the
specimens was an important factor, because it was related to
the capacity of the testing machines.

2.1. Behaviour of unconfined concrete

Figure 1 gives the stress-strain diagrams for various
concrete grades in uniaxial compression. From the curves
it is evident that as concrete strength increases, significant
differences appear in all three parts of the stress-strain
diagram. The ascending elastic part of the curve is
characteristically more straight and steeper up to a higher
percentage of the maximum stress in the case of HPC. This
is attributed to the reduced internal microcracking of high
strength concretes (Carrasquillo et al. [8]), which is due to
the small difference in rigidity between the cement paste
and the aggregates (Figures 2 and 3). Therefore, the linear
ascending branch of the curve extends up to 85% of the
peak stress for HPCs compared to stresses equal to 70%
of the peak stress for NSCs. The small number and length
of the cracks consequently affect the second part of the
ascending branch, where the material deviates from linear
behaviour. As can be seen again from Figure 1, the rate of
reduction of the tangent modulus close to the peak stress is
more pronounced for HPC than for NSC. On the other hand,
strains at maximum stress are slightly higher as concrete
grade increases. A steeper slope of the descending branch
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characterizes the post-peak behaviour of unconfined HPC.
This is due to the smaller amount of stress redistribution
among aggregates and cement paste, caused by the smaller
difference in the elastic modulus of the two constituents
(see Figure 3). Ultimate failure comes suddenly and in an
explosive way indicating the brittle nature of HPC, while the
failure planes pass through the aggregate and the mortar.

2.2. Behaviour of unconfined concrete

The notion of confinement with regard to increasing the
strength and in particular the ductility of reinforced concrete
members has been well established both experimentally
and analytically in the past, and all modern seismic
codes (Eurocode 8 [13]) provide detailed provisions for
confinement reinforcement. Due to the reduced lateral
expansion of HPC (Figure 4), yielding of the transverse
reinforcement does not always occur concurrently with
the concrete reaching its maximum compressive strength
(Nagashima et al. [29], Cusson and Paultre [15], Bing et al.
[6], Shin et al. [39]). Therefore, HPC requires much more
confinement with the use of a multiple tie pattern.

The use of a single hoop pattern was found to be
insufficient to enhance the behaviour of HPC members
(Yong et al. [44], Cusson and Paultre [15], Bing et al. [6],
Saatcioglu and Razvi [35]).

An increase in the amount of lateral confining
reinforcement improves both the strength and the ductility
of confined concrete (see Figure 5), to a lesser degree,
however, in the case of HPC (ACI Committee 441 [3]). This
is attributed to the reduced lateral expansion of HPC due to
its higher modulus of elasticity, lower Poisson’s ratio, and its
reduced internal microcracking (Cusson and Paultre [15]).

Increase of the confining pressure, resulting from either the
increase of the yield strength of the transverse reinforcement
(Figure 6), the reduction of the spacing of the ties, or a good
distribution of longitudinal reinforcing bars (Figure 7), leads,
as in NSC, to an increase in strength and ductility. The use
of high yield steel may be the only solution for overcoming
dense reinforcement arrangement situations.

The effect of high strain rates is less pronounced in
concrete with higher compressive strengths (Bing et al. [6]).
Particularly when high yield steel is used, an increase in
the rate of strain does not result in any significant increase
in strength (Figure 8). This is due to the fact that when the
peak strength of concrete is reached, the yield strength of the
transverse reinforcement has not fully developed. On the other
hand, during an increase in the strain rate, even though the
slope of the descending branch increases, ductility increases.

The presence of a gradient in the strain profile, which is
the typical case in columns, does not increase the strength.
Nevertheless ductility is improved (Ibrahim and MacGregor
[22]), since part of the section is under a more favourable

state of deformation, though to a lesser degree than in NSC
(Foster and Attard [19]).

3. ANALYTICAL MODELLING

3.1. Unconfined concrete

One of the convenient formulations is the stress-strain
analytical expression adopted by the CEB Model Code
1990 [9]. For both the ascending branch and the descending
branch up to the value of 0.50 fc the curve is described by the
simplified Sargin’s equation [36] written in 1.

A constant value of 0.0022 was assumed for the strain
at peak stress ¢, for concrete strengths up to C80 (concrete
cylinder strength of 80 MPa). The failure strain or the so
called “’usable” strain is given in equation 2 and corresponds
to a stress of 0.50 £

The CEB/FIP Working Group on HSC/HPC in the
“Recommended Extensions to the Model Code 90 [11]
adopted the proposal of Van Gysel and Taerwe [43], which
combines two relationships to represent the stress-strain curve.
For the ascending part of the curve and up to ¢, equation 1
is still valid. For the descending branch a new equation 3 is
suggested, where the value of t is given for concrete strengths
up to C100 (cylinder concrete strength of 100 MPa).

The value of strain at peak stress of unconfined concrete
g, is modified for HPC and is given by equation 4, proposed
by Thorenfeldt et al. [41], instead of taking a constant value.
For the tangent modulus at the origin (E) equation 5 was
suggested by the CEB Working Group on HSC/HPC [11].

On the other hand, Thorenfeldt et al. [41] used the
Popovic [33] relationship (equation 6) to describe the
complete stress-strain curve of unconfined concrete. To
steepen the slope of the descending branch a k factor was
introduced taking values of unity for the ascending branch

and a number given by the fraction of — for the descending

branch. Collins et al. [14] suggested equation 8 for k to fit the
experimental data.

Figure 9 gives selected comparisons of the stress-strain
predictions of the aforementioned models using the results
obtained by Cusson and Paultre [15] on 150 x 300 mm
cylinders with concrete strength of 55.6 MPa and 100.4
MPa. The values of E, f, ¢, were taken directly from
the tests. As can be seen, all three analytical formulations
provide conservative predictions, with the CEB model
being the most conservative. The Thorenfeldt et al. [41]
and Collins et al. [14] models yielded very similar results
for concrete strength of 55 MPa, while stress-strain curves
using Thorenfeldt’s model could not be deduced, because
the denominator of equation 2.7 becomes zero for concrete
strengths equal to 85 MPa.
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3.2. Confined concrete

Problems of confined concrete have long been recognised
and investigated both experimentally and analytically in the
past (Vallenas et al. [42], Mander et al. [27], Saatcioglu
and Razvi [35]). Several confinement models have been
developed to predict the stress-strain behaviour of normal,
as well as high strength concrete. All the proposed models
are based on previous experimental work where several
parameters have been derived from the statistical processing
of the results.

Depending on the model’s sophistication, variables
such as the compressive strength of concrete, the amount
of transverse reinforcement, the yield strength of transverse
reinforcement, the spacing of the ties, the tie pattern, the
distribution of longitudinal reinforcement, and even factors
influencing confinement indirectly, such as the rate of
loading and the strain gradient, have been accounted for.

The analytical models proposed for HPC by Fafitis
and Shah [18], Yong, Nour and Nawy [44], Bjerkeli,
Tomaszewicz and Jensen [5], Nagashima, Sugano, Kimura
and Ichikawa [29], Muguruma, Nishiyama and Watanabe
[28], Cusson and Paultre [16], Sun and Sakino [40], Bing,
Park and Tanaka [6], Ibrahim and MacGregor [23], Diniz
and Frangopol [17] were studied. The stress-strain curves
of the reviewed analytical models are illustrated in Figure
10, while the principal equations of each model are listed in
Table 2. All models use a parabolic form for the ascending
branch. According to Fafitis and Shah [18] the increase in
strength of confined concrete is given as a function of the
confining pressure (c,). To obtain the confining pressure it
was assumed that the reinforced square column is equivalent
to a circular column having an equivalent diameter equal
to the length of the side of the confined square core (d,).
The latter assumption implies that the distribution of
longitudinal reinforcement around the core, the tie spacing
and the resulting tie configuration do not affect the confining
pressure. Diniz and Frangopol [17] modified the Fafitis and
Shah model [18] by taking into account the tie spacing in the
calculation of the confining pressure along the descending
branch of the stress-strain curve.

The existence of effectively unconfined regions between
the ties is recognised in the models by Yong et al. [44], Sun
et al. [40], Bjerkeli et al. [5]. On the other hand, Nagashima
et al. [29], Cusson et al. [16], Bing et al. [6], and Ibrahim
et al. [23] expressed the strength increase in terms of the
portion of the core which is effectively confined, using an
identical or similar approach to that suggested by Sheikh
and Uzumeri [38].

Furthermore, Cusson and Paultre, starting from the
observation that the yield strength of the transverse
reinforcement was developed at the peak strength of
confined concrete only for well-confined concrete
specimens, proposed an iterative procedure to compute

the strain (¢,) and the stress (o ) in the transverse
reinforcement at the peak strength of confined concrete,
which in turn affect the entire stress-strain curve. Sun
and Sakino [40] limit the contribution of transverse
reinforcement to the confining pressure to 687 MPa, as
a result of the observed behaviour of specimens laterally
reinforced with high yield steel, while Diniz and Frangopol
suggested lower limiting values depending on concrete
strength. In the model proposed by Bing et. al. different set
of equations were proposed for confinement with normal
yield steel (f <550MPa) and confinement with high yield
steel (f  >1200 MPa), but no suggestions were made for the
intermediate range.

The “ultimate” concrete strain (g_), is defined in the
Bing et. al. model as the strain at first hoop fracture, and
different relationships are proposed, derived from linear
regression analysis on large-scale heavily confined columns,
for confinement with normal and high yield steel. Muguruma
et al. specified &, based on regression analysis of the results
of eight 200 x 200 x 1500 mm heavily reinforced columns
subjected to reversed cyclic loading and concrete cylinder
strength ranging from 86 to 116 MPa. Cusson and Paultre
noted that the ultimate strain could be generally defined
as that corresponding to a stress equal to 50 percent of the
maximum confined concrete strength along the descending
branch of the stress-strain curve, since at this stage failure
was observed to occur due to first hoop fracture.

3.2.1. Proposed model for confined concrete

For the analytical description of the stress-strain of HPC,
Kappos and Konstantinidis [24] proposed the equations 9
and 10 (see Figure 12). Using the experimental results of 108
square column specimens with concrete strength ranging
from about 50 to 125 MPa, and yield strength of transverse
steel (fyw) ranging from about 340 to 1390 MPa, equations 11
and 12 are proposed for the maximum confined compressive
strength and the strain when the maximum stress of confined
concrete drops by 50 percent. The uncertainty of the
proposed model has been examined [24, 25, 26] using 125
tests. In the present study the uncertainty associated with
e.» and g . was evaluated. To this end, the results of 21
test specimens under uniaxial compression with dimensions
260x260x1200mm are used (Shin et al. [39]). The details of
the specimens were given in Table 3 and the reinforcement
arrangement in Figure 13.

As shown in Table 4, the parameter €_, is overestimated
by 19%, while the other parameter ¢, is overestimated
only by 4%. Moderate scatter was found for both ¢_, and
€ sone 32-4% and 35%, respectively, lower values than
those found in previous studies. It should be noted that
measurement of strain is quite a difficult task as it is subject
to a number of ambiguities, such as the location of the LVDT
along the specimen.

cl?
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4. CONCLUSIONS

Based on experimental results under uniaxial loading, the
behaviour of HPC is characterized as brittle. For unconfined
concrete in particular, failure comes suddenly and in an
explosive way, while the failure planes pass through the
aggregate and the mortar. The behaviour can be improved,
but significant higher confining pressure is required, while

the use of high yield steel may be unavoidable. A moderate
scatter of the predicted strain values €, and ¢ . = resulted
from the evaluation of the associated uncertainties.

In order for HPC to be used widely in earthquake
resistant structures it is necessary to carry out more studies

and experimental investigations.
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