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Emppon tov Xarvpowvev Ivov oty Ikavotnto
IHAoxodokmv O/X vt XTpiyn

X.I. KAPATTANNHX
Avamdinpotg Kabnynmge A.IL.6.

Hepidnyn

Eéetaletor n emppon twv Yo dforvay ivav atny tkavotyto twv mho-
K0OOK®DV VIO otpentiky kotamovnor. Tlopovoialovial kar oyolidlo-
VTa1 mEPOLOTIKG amoteléouata 31 dokwv v kabopn atpéyn, oe 3
oudoeg. H 1n mepilopfaver 13 dokovg ywpic oopflatikodg omdiopuovg
ue owazoués opoyawvirég, I' ue b/b, =1.5 kou 2, T ue b/b,=2 xou 3,
Ko pue mepisktikotntes oe ives 0, 1% kot 3% k.0. H 2y kaa 3n oudda
&yovy amo 9 dokovg, n uev 25 ue OIOUNKELS OTAGUOVS, v N 3N ue
OLOUNKEIS Kol oVVOETHPES. Xe avtég mepiloufiavoviar 3 oploywvikés
Kot 6 dokoi-T ue b/b,, =2 kou 3, ka1 6Aeg eeralovrar ue iveg 0, 1%
xar 3%. H avénon ¢ mepiektikdtytag o€ iveg mpoKalece o€ OAES TIG
mepImTedoEIS avsnon TS otpertkis avioxns T, kai onuavki fel-
TIWoN THE UETEAAOTIKNG GUUTEPLPOPIS KOL TOD KAGOOD OTOKPIONS
uetd w uéyioty otperukij pomij. H avcnon e T, Adyw twv vav
eival onuavtikl] otic ophoywVIKES S10TOUES, EVA OTIC TAOKOOOKODS
HELOVETOL e TNV adnon TS EmpPPons TS mAakag. 2tig 0okovg-T ue
3% iveg kou Srounxn omhiouo n mapotnpnsioo avénon Adywm 1vav
nrov 85.7%, 54.7% kou 26.3% yia b/bw =1, 2 kau 3, avtiotoya.
Axoun, omo to. TEPOUATIKG OTOTEAETLOTA YOIVETAL OTL Y10, TV TEPT-
TTWoN SOKDY VIO TTPEYN, VoL OVVOTI 1| TAPNHS AVIIKATAOTOOH TWV
OVOVOETHPWV e YPHoN YoLOPOIV@Y IVADV.

1. EIXATI'QI'H

Elvat yvoot6 0T 1] OTPENTIKY KATATOVNON TPOKUAEL GE
pio dwatopn) TV avamtvén kabapng dtetuntikng évraone. H
omdkpilon o€ oVt TNV TEpinTwon yapoktnpiletor omd ™
GLUTEPLPOPE TOV VAIKOD Ge eeAKLOUO Le Thon {on pe v
OVOTTUGOOUEVT] SLOTUNTIKY TAoT. Avtd, eEdAlov, gival og
OmOAVT] CLUUEOVIOL KOl HE TO TEPANOTIKG dedopéva, Ta
omoio. amd TIG TPAOTEG OKOUN TPooTabeleg €de1&av OTL TO
VKO ooToyel epehkvoTikd kot Oyt dwtpntika [1], [2], [3].
Emuméov, 1 katamdvnon o otpéyn otolyeiov and okupodde-
po amoteAel TUMIKY TEPIMTMOON, KOTA TNV 0molo O €PEAKV-
GUOG, TOL OVOTTVGGETOL 6T HAlo TOV GKLPOJEUATOC, OEV
elvat duvatov va Topainebei omevbeiog and cvpfotikd omht-
opd. T'iveton dpa eavepd omd to mopamdved OTL 6TV TEPi-
TTOON avTy, £xel Wlaitepn onpacio kébe mpoonddeia yio
Beltioon ¢ KNG EPEAKVGTIKNG BLVTOYNG TOL GKUPOSELLL-
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to¢. [Ipog avt v Kotevbuvon, eival Yevikmg Tapadektod OTt
M xPNoN YAAVBIVOEV VOV BEATIOVEL OVGLOGTIKA TNV EPEAKV-
OTIKT| QVTOYT TOV OKVPOdENaTOG [4], [5]. Ot yaldPdtveg tveg
npoctifevtal katd tn PelEN TOLV CKVPOSENATOG KOl KOTOUVE-
povton toyaing otn pale tov. Kot avtév tov tpodmo, otav
poe poyun mpokerror va avénbei, cuvavtd kabétwg 1 vro
yovio évav apBpd wov, ot omoieg avtitifevtot otnv avénon
ToV ovolypatdg G, HE OmOTEAEGUO VO LETATPEMETOL M
HOPPN TNG GLUVOAKNG GUUTEPLPOPES TOL GKVPOSEUATOS OO
yabopn| og oAk (Thdotiun). [epopaticég epyacieg Exovv
det&el OTL 1| OTPEMTIKY GLUTEPUPOPE TOV GKVPOSEUATOG Peh-
TIOVETOL CNUOVTIKG [E TV TpoOcBeon yoldpdvav vov [6],
[7], [8]. Emiong, éxovv yivel mpoomdbeles yio T xpnon YoAv-
Bévav vav, 6e GUVOVACUO e GUVOETIHPES, WG KVPIOV OTTAL-
opov dtdTunong N otpéymg [6]. Akoun, £xovv mpotabel kot
€101KEG apOUNTIKES EBODOL Yia TN LEAETN TNG EMPPONG TOV
WOV 6TN GTPENTIKY| IKOVOTNTA oTOLYElV e 0pBoymVIKY Kot
T dwatopn [8], [9]. Ewdwdtepa, yio T GTPENTIKN CUUTEPLPO-
pa dokmv dtatoung T amd amkd Kot omTAMGUEVO GKLPOSEUA
KOLL TNV EMPPON TG TAAKOG GE o £X0LV NON Tapovstachel
avoaiotikd [10], [11], [12] kot mepapoatikd anote écHoTo
[13], [14], [15], [16].

21V £pyocio avTr LEAETATOL 1) ETLPPOT TOV YOAVPIV®V
W@V OTI| GTPENTIKY GLUTEPLPOPE TAaKOdOKDV Stotopng T
ko I TIpog to oxomd awtd, mapovoidlovrat kot gyoAalovrol
TEPOUOTIKA OTOTELEGHOTO Od TV Katamovnon 31 dokdv
pe dratopr) opboywvikn, I kot T kot meplextikdmeg o€ tveg
0, 1% kot 3% «.0., vto kabopn otpéyn. Edwdtepa, yivetan
mpoondfela Yo dlepedvon TNG EMPPONG TOV VOV GTNV
avENGN TG HEYIOTNG GTPETTIKNG OVTOYNG KoBMS Kot ot Per-
Tloon ¢ LETEANGTIKNG OTPEMTIKNG CLUTEPLPOPAS (TAOCTL-
poTTO GE GTPEYN) SOKAOV TOL TAVTOYXPOVMG VPIGTAVTOL TV
emppon g mAdxag (dokoi T). Axdun, omodeivoeToL TEWO-
patikd 0t oTig e&eTalOUEVES TEPMTMOGELG glval duvarti 1)
TAPNG OVTIKATAGTAGT] TOV CLVOETHP®V e XpNom YoAVBdt-
VOV VOV.
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2. IETPAMATIKO ITPOI'PAMMA

To mepapotikd mpdypoppa meptapupdver covolkd 31
dokovg ywplopéveg oe Tpelg opades. H 1 opdda anoteleiton
oo 13 dokovg ympic cupuPatikodg OTAGUOVG, UE OLOTOUES
opOoywvikéc, I' ue b/b, =1.5 won 2.0 xon T pe b/b,=2.0 won
3.0. O1 opBoymvikég kot dokoi-T eEetdobnkay yio meplekti-
komTeg vav 0, 1% rat 3% «.6., evd ot dokoi-I" yio 0 ko 1%.
H 21 opdda meptropfavel 9 d0kovg pe StopnKelg Lovo omhl-
opovg kat dtatopég opboymvikég (3 dokol) kot T pe b/b,=2.0
kot 3.0 (6 dokoi) mov e&etdlovor OAeG Yo OYKOUETPIKA
nocootd wov 0, 1% kot 3%. H 3n opdda nepthopPdaver 9
dokoVUG pe SLUNKELS OTAIGHOVG Kot cuvdethpeg 08/20 Kot
dratopég opbhoywvikes (3 doxol) kon T pe b/b=2.0 ka1 3.0 (6
doxot) mov e€etalovran OAeg Yo meplekTikoTnTEG vV 0, 1%
kot 3%. Ta yopakInploTIKd Kot 01 OTAIGHOT OA®V TV d0KOV
didovrtat otov mivaxa 1. Ot cupfoiicpol Tv dokdV yivovtan
pe 3 kmdovg. O mpdtog opiletar and T datopn Kot givat
R, Ls, L, Ts xou T yio opboywvikég, I' pe b/b,=1.5, I' pe
b/b,,=2.0, T pe b/b, =2.0 xor T pe b/b,,=3.0, avtictoyw. O
devtepog dMAmvel Tovg omhicpovs kot eivar P, L, kot R yia
doro0g ywpig cvpPartikods omAGHOVS, e SN KELS pafdovg
pdvo Kot e TANPN OTAGUO (SLOKT) Kol GUVOETPES), aVTi-
otoyya. Télog, 0 Tpitog KMOIKOG ONAMVEL TNV TEPLEKTIKOTNTA
og tveg kot happavet tig Tyég 0, 1, 3 yia meplextikdtnteg 0,
1% ko 3% «.0., avticToryo.

Ia v ektipnon g OMATIKNAG aVTOYG TOL CKVPOSELLa-
T0g eMebnoav Kotd T oKVPodETon Kabe dokov 3 Guvo-
devTikd KuPkd dokipa akpng 15 cm and amkd ckvpddepa,
mpw amd v mpdcheon tov vov. EmmAiéov, v kdbe dokd
emoedncav kot 3 koAvdpkd dokipa d/h=15/30 cm ond to
TeMKO petypa pe tveg, av 1 dokdg €xet tveg, yio Tov mpocdio-
PIGUO TG avToyNg EVAVTL EPELKVLOOD e oK dtappnéemg
f ct,split)'

O omMopOG KOt TOL UNYOVIKG YOPOKTNPLOTIKG OADV TOV
dok®V tov TPoypaupaTog 6idoviol otov mivaka 1, eved ta
YEOUETPIKA YOPAKTNPLOTIKA TOV Sl0TOUOV Kot 1) Béon Ttov
OTMOUAV G€ VTG TOLPOVGLALoVTaL GTOVG TivaKeS 2, 3 Kot 4.
O1 tveg mov ypnoonombnkay etvor froumyavikd mopoyope-
veg ue dxpo dtapopeopéva og aykovpla (hooked fibers) pe
punkog Lp=30 mm, Sduetpo Dp=0.8 mm xor Adyo L/
D;=37.5 (DRAMIX ZC 30/.80).

‘Oeg ot dokoi £xovv cuvoAkd unkog 1.60 m kat ta akpo.
ToVg Eyouv dapopembei og wrepvyla (oy. 1). Xt wrepvyla
tonofeOnKe og OAEC TIC TMEPUTTOGEIS TUKVOG OTAMGHOG,
MOGTE 1 EMPAALOUEVT GE QVTA POPTIOT VO TOPAYEL GUVONKES
KkaBapng Kot 6TaHEPNG GTPEMTIKNG KOTOTOVIONG GTO LEGOIO
T TOL doKIion, Y®pig va TPOoKOAEl GTa GKkpo. PNYHATO-
ce1g Kot avemBOUNTEG TAPALOPPOCES. Me avTO TOV TPOTO
TO KEVIPLKO TUN LA TG d0KOV Katamoveital og Kobapn oTpé-
ym kot €xel pKog otafepd oe OAeg TIg mepmtdoelg 60 cm.

Iivaxag 1: Xapoxtnpiotird dokav.
Table 1: Reinforcement of tested beams.

Aoxdg OnAopdc s Koﬁ(‘)/ggﬁz T0C
Awopnkng | Xovdet. Hocs(?c'rd fc,cubel s | fe split
oV (MPa) | (MPa)
RPO - - - 16.89 1.48
RP1 - - 1% 19.80 2.05
RP3 - - 3% 19.26 2.26
LsPO - - - 19.24 P | 1.93
LsP1 - - 1% 21.00 P | 2.25
LPO - - - 18.38 P [ 2.00
LP1 - - 1% 30.00 P | 2.85
TsPO — - - 30.96 2.17
TsP1 - - 1% 27.26 2.03
TsP3 — - 3% 33.04 3.24
TPO - - — 39.56 2.97
TP1 - - 1% 26.00 1.91
TP3 - - 3% 29.51 4.36
RLO 43510 — — 18.37 1.56
RL1 40510 - 1% 17.04 1.79
RL3 40510 - 3% 16.44 2.05
TsLO 610 - - 30.96 2.52
TsL1 62510 - 1% 24.96 2.15
TsL3 610 - 3% 26.67 2.88
TLO 610 - - 32.44 2.41
TL1 610 - 1% 27.63 2.03
TL3 610 - 3% 21.11 2.88
RRO 4010 38/20 - 20.12 1.46
RR1 4510 TR8/20 1% 18.96 1.86
RR3 40510 d8/20 3% 16.89 2.57
TsRO 62510 @8/20 - 36.15 2.26
TsR1 6510 @8/20 1% 32.29 2.05
TsR3 67510 38/20 3% 26.59 1.86
TRO 62510 @R8/20 — 33.19 2.10
TR1 610 @8/20 1% 24.07 1.70
TR3 6510 @8/20 3% 25.48 3.14
Tifeyl

2116 9 dokobc opboywvikng dtotopns (R) o Kevrpucd Tunqpa
éxer dootdoelg 10/20 cm, otig 2 dokovg I' pe b/b =1.5 (Ls)
éxe1 Sootdoeig b/b /h/he: 15/10/20/5 ecm, otig 2 dorovg I pe
b/b,,=2 (L) &xer dacthoelg b/by /h/he: 20/10/20/5 ¢cm, otig 9
dokovg T pe b/b,=2 (Ts) éyer Swothoeig b/b,/h/hg
20/10/20/7+11 em xo1 otig 9 dokodg T pe b/b =3 (T) &xet
dactdoeig b/b, /M/he: 30/10/20/7+11 cm (oy. 1 xou mivakeg
2, 3 ko 4).
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Ot dokoi otnpiydnkay apgiépelota Kotd T digvbvvon
Tov GEovd Tovg, og onpelo mov aneliyav S5 cm omd o dkpo
ToVg, He otnpifelg mov £xovv TN dVVOTOTNTO GTPOPNG TEPT
oV peyaro afova g dokov. H @option emPrndnke pe
UNYoviKn Tpéca og 2 onelo 6Ta AKpa TV TTEPLYIOV LECH
XoAOBIVN G dradokidag Tov TomoBeTOnKe Ao&h G TPOg ToV
a&ova g 60koV, 0ntmg eaivetat oto oynua 1. T ™ pétpn-
61 ToL EMPAAAOLEVOL POPTIOL YPNOLULOTOUOTKE NAEKTPOVL-
k6 dvvapopetpo (load cell) peyiotov goptiov 200 kN o
axpiBeiag 0.05 kN. I'a Tov Tpocdloptopd g yoviog otpo-
PNG oL emParieTan 6TO doKipo ypnoipomodniay ot Budi-
GELG TOV TTEPLYIMV TV SOKMV KAT® oo To. onpeio enBoAng
Tov @optiov. Ot Pubicelg avtég petpnnkav pe tn ypnon
NAEKTPOVIK®V UNKVVGLOPETPOV GUVOALKTG Stadpopng 100 mm
kot akpPeiog 0.02 mm.

3. IEIPAMATIKA AITIOTEAEXMATA

O melpapotikég LeTpioelg EMednoay yio cuveyn Padut-
aio ovénon tov eoptiov £mg TNV TYH TOV HEYIGTOL PoPTioL
KOl KOTOTV Y10 cuveyn avénomn g Tapapopemons Héypt
NV TEMKN aoTto)io Tov dokipiov 1 péxpt vo mapatnpnOel
TTOGCT TOL Poptiov Katd 20% TovAdyiotov. To emPBorlope-
vo @optio petetpdnn oe otpentikn porny T (kNcm), evd ot
OVTIOTOLYEC LETPNOEIS LUETATOTIGEMV GE GTPEMTIKN GTPOPY|
avé pikog 9 (rad/cm) Tov KEVIPIKOD TUALATOG TOV S0KMOV.

Y10 oyfpata 2, 3 kot 4 mapovotaleTal ) cupmePLPopd Eva-
VTl TNG GTPENTIKNAG KOTOTOVIONG VIO HOPOT OL0yPOUUAT®V
otpentikAg pomhg T - avnypévng GTPEnTIKNG oTpoPng 3, Tav
dok®v g Ing, 2ng kot 3ng opuadag SoKYimVY, avTicToLyo.

Ewdwotepa, oto oynua 2 meptappdavovral to dtoypdip-
poto T - 9 tev Sokdv ympic copPatikd onioud (1 opdda)
KOl GVYKPIvOVTaL Ol 0moKPicelS TV dokiiov pe dta drato-
U1 xopig Kot pe ves.

50 / Meoaio Tuipa d0ko0 vd Kéroyn
J kaBopn oTpéyn
< 000 Y
R Ls L Ts T
100 f 30

~—30 }
|

160 |

Zynuo 1: Hewpopotirn o16taly.
Figure 1: Test setup.

270 TPAOTO OO TO SAYPALUIOTO TOV CYILOTOG 2 TALPOV-
G14LeTan Kot GUYKPIVETOL 1] GLUTEPLPOPE TV 3 0pBOY@VIK®V
dokav pe 0, 1% Kat 3% iveg, 6T0 20 SLAYPOLLLO O OTOKPi-
ogig v 2 dokdv I' pe b/b, =1.5 (Ls) yia 0 kot 1% iveg, 670
30 tov 2 dokav I pe b/b, =2 (L) y1a 0 kou 1% iveg, 610 40 o1

500 T T T T T T T T T T
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2ynua 2: Amoteléouota 00kmV ywpis ovufoTiKG OTALGLO.

Figure 2: Experimental curves of beams without conventional reinforcement.
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Iivaxog 2: Aroteléopota 0ok ywpic ooufortikd omriouo.
Table 2: Experimental data of beams without reinforcement.

Aok A , 1 Tonax ﬂTmax (T/ﬁ)in 085Tmax Brss
0KO0G latopn VSR iNem | o L o’ —3rad.
cm I cm
RPO T - J145.00 | 0.090 | 2841 - (1.00)
RP1 T 1% J184.22| 0.189 | 3235 0.227 1.20
RP3 oo 3% [ 195.00| 0.140 | 3405 0.280 2.00
><7154—<i
LsPO T : - L175.00] 0.080 | 4005 . (1.00)
20
LsP1 l 1% §221.27| 0.187 | 4539 0.223 1.19
=10 =
»——20——<i
LPO T 51 - J215.37( 0.091 | 6000 - (1.00)
20 !
LP1 L 1% [265.25] 0.080 | 6103 0.100 1.25
=10~
l-——20 —= |
TsPO ; - §275.83| 0.126 | 8549 - (1.00)
TsP1 20 i 1% §338.66| 0.112 | 8947 0.152 1.36
TsP3 l i 3% §369.44| 0.214 | 8697 0.369 1.72
5 =105~
30—~}
TPO T 2| - J372.00] 0.180 | 15245 - (1.00)
TP1 |zo ; 1% J405.00 [ 0.154 | 15705 0.207 1.34
TP3 si; 3% Q442.00| 0.258 | 15365 0.474 1.84
= 10 == 10 =10 =

ITivoxag 3: Awoteléouaro dokwv ue S1ounKn uovo orALouo.
Table 3: Experimental data of beams with longitudinal reinforce-

ment only.
B Avratopn Trax Ormal| (T/8)in| OgsTm |HT85
Aoxdg . Tveg 2
OnAopdg KNem x| pknem ax
3 rad L
RLO 2010 T - 147.18[0.150 [ 3004 0.282 | 1.88
RL1 10 1% §241.79]0.216| 3014 0.412 | 1.91
RL3 T 3% [273.33]0.550| 2930 | 1.190 | 2.16
TsLO 10 - e - J318.13]10.150| 8497 0.330 | 2.20
o T B
TsL1 20 i 1% [425.76(0.662 | 8545 1.620 | 2.45
TsL3 Zml el 8| 39 J492.00(0700 | 8581 | 1.900 [ 2.71
TLO |, i—=2—=t| - [380.00]0.324| 15350 | 0.625 | 1.93
@ 7
TLI1 20 § 1% §456.00]0.680| 15360 | 1.383 | 2.03
9
TL3 |=or_ L i 39 £480.00]0.740| 15410 | 1.661 | 2.24

amokpioeig Tov 3 dokav T pe b/b =2 (Ts) ywa 0, 1% wor 3%
K.0. iveg KoL 6TO 50 01 AVTIGTOLYEG ATOKPIGES TV 3 JOKMV
T pe b/b =3 (T). Ot avticToyeg YupaKmpLoTiKég TIHEG 5id0-
Vol 6Tov Tivaka 2.

Y10 oynuo 3 mepthapfdvovtor 3 Slaypappate Tov
Tapovclalovy TV amdKpIon TV SoKAV TG 21G Opadag Tov
€yovv cvpfatikd omhoud amd dapnkelg uovo papdovg, evmd
To avtioToye omoteAéopoto didovtal otov mivaka 3. Xto
TPMOTO SAYPOLLLLE TOPOVSLALETAL KOl GLYKPIVETAL 1] GUUTEPL-
@opd v 3 opBoywvikdv dokav pe 0%, 1% kot 3% ivec. Xto

800
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wp = = = Meiveg 1%K.0.
\g 400 .. Me iveg 3% k.0.
Q
B INEEEEEREPERRT
g 200F /-7 T~
= TN~
O 1 1 ]
0.0 0.5 1.0 1.5
Stpogn (x10” rad/cm)
800
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w
g 400
@
Q
5
§ 200
~
O 1 1 ]
0.0 0.5 1.0 1.5
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Zynua 3: Amwoteléouota SoK@V e O1OUNKN HOVO OTAIOUO.
Figure 3: Experimental curves of beams with longitudinal rein-
forcement only.
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Sy 4: Amotedéopota S0k e SOUNKELS pafOoVS Kot TOVOETIPEG.
Figure 4: Experimental curves of beams with longitudinal bars and
SHrrups.

de0TEPO JLAYPOLLLLE TO OVTIOTOLYO OLOYPAUUOTE TOV 3 SOKMV
T ue b/b,=2 (Ts) xon 610 Tpito TO. OVTIGTOLYO SLOYPALLOTOL
tov 3 dokav T pe b/b =3 (T). Zro oynua 4 meptrapBavovral
3 dwypdupoto Tov TapoLotdlovy TV andKpIon TV S0KMV
g 3G opddag mov Exovv AP cLUPOTIKO oTAGuO (Suo-
pAKe papootl kot cuvoeTnpe) katd TPOTMO TOPOUOL0 UE
€KEIVO TOV GYNUATOG 3, EVD O YOPAKTNPLOTIKEG TIUEG O1d0-
vtol otov Tivaka 4.

4. ANAAYTIKA AITOTEAEXMATA

H avaAlvtikn mtpdPreym TG OTPERTIKNG GUUTEPIPOPUG
Kot Wwaitepa TG LEYIOTNG GTPEMTIKNG POTNG GTOXEI®V 0o
omAd KoL OTAMGHLEVO GKUPOSELN aTOTEAEL LEXPL ONLEPOL OVTL-
keipevo €pguvac. T o amhd oxvpddepa Exovv mpotabel M
Koo glaotikn Bempia kotd Saint Venant kot 1 copumAn-
poon ¢ kotd Prandtl [2], n mhactikn Bewpia [3], n Beopia
g Aoéng kapyng (skew-bending) [2], [3], kabdg Kot mpod-
oQaTEG TPOTAGELS pe Paon TNV ehacTtikn Bewpio TpoToTOL-
pévn, ®ote va Aopfdvel vmdyn OSypapUk EPEAKVOTIKY
amokpion (tension softening) yio To oxvpddepa (Karayannis
1994, 1995 [8], [10], [12]). ['a To omhiopévo okvpOIELLa. OL
meplocdTeEPEg mpoomabeileg, mov €yovv yivel, Poacilovral
Kupiog oto diktvopatiko povtéro [3], [7]. Ewdkd yuo to vo-
TMGUEVO GKUPOSEND Ol EPYAGIES, TOV £(OVV TAPOLGLAGHET,
mpootafodv v TPOTOTOUGOVV VITdpyovses Bempieg Yo To
omAd oKVPOSELD AAUPAVOVTAG KOTAAANAQ DITOYN TV avén-
O1] TNG OVTOYXNG TOL GKVPOSEUATOG AOY® TOV VDV. AvapEpo-
vtal ol Tpotdoelg tov Craig k.d., 1986 [17], Mansur & Para-
masivam, 1985 [18], Wafa «.d., 1992 [19], ot omoiot wporei-
vouv Vv eméktoon g Bempiag g Ao&ng kapyng [2], [3]
OVTIKOOIGTOVTOG OVGLICTIKA OTIS GYECELS, TOV TPOKVTTOVY
OO QLTHV, TO UNYOVIKGA XOPOKTNPIOTIKA TOV oTA0D GKLPO-
dépatog pe ekeiva Tov wookvpodépatos. ‘Etot mpokdmtovy
01 oYECEIC:

o Koatd tovg Craig «.6., 1986 [17]:

4.1)

0 p2 O
Tush :140.23% +10§1§/f_c'f

7 I /. A /. r
onov [ M OhmTiky avroyn tov chvbeTov petypatog,

b’h
Tu,sb = 3 (0'85frf)
omov f.r M avioyf] 6 KOURTIKO EPEAKVGUO TOL GUVOETOL

petypotog.
e Koatd toug Mansur & Paramasivam, 1985 [18]:

(4.2)

b2

h
Tu,sb = T(0'71frf) 4.3)
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Iivaxag 4: Amoteléopoza oKV e SI0UNKeIS pafioovs Kai GOVOETHPES.
Table 4: Experimental data of beams with longitudinal bars and stirrups.

Aokéc Arazopd Tveg Te STmi (T/S)zi" T STm'j _ Hr 985,;5" - 9”T8§ 9 (:s”m/5 Bre)
Omhiopde R K R I N G st/ O | Fssa / Sre
RRO 2010 T - 160.00 | 0.150 | 3050 | 23128 | 0.730 487 0.958 1.31 6.39
RR1 ® T 1% | 19974 [ o161 | 3203 | 27333 | 0.883 5.48 1.200 1.36 7.45
RR3 M 3% | 22076 | 0.140 | 3504 | 31538 | 1.007 7.19 2.000 1.99 14.29
TsRO wkmai - 310.12 | 0.168 | 8500 | 441.53 | 0.836 4.98 1.510 1.81 8.99
TsR1 ) ‘ET 1% | 32839 | 0208 | 8357 | 49259 | 1.136 5.46 2.500 2.20 12.02
TsR3 =T 350.00 | 0200 | 8513 | 550.00 | 2.500 12.50 18.505 7.40 92.53
TRO 4m~7ﬂo—~i T - 43400 | 0255 | 15810 | s60.00 | 1.000 3.92 1.530 1.53 6.00
TRI > feo | 1% | 440.00 [o0300 | 15850 | s78.00 | 1400 4.67 2.500 1.79 8.33
TR3 2‘”“’MO*IO*1M§ l 3% | 43000 | 0350 | 15780 | 741.00 | 1.555 4.44 17.105 11.00 48.87

ITivoxag 5: Xoykpion mepouatikoy kai ovalvtikoy arxotedeoudrov  Iivokag 6: X0ykpion Tepouatikdy Kol oVolDTIKOV OTOTEAETUATOV

Y10, TIG 0OKOVS YWPIS TOUPATIKG OTAIGUO. KOTA TO TPOTOTOUUEVO OIKTOMUATIKO 1ovTélo [7] yio. Tig d0kodS ue
Table 5: Comparisons between experimental and analytical data opboywvikn ooropn) kou wApn coufotikd oTAoUO.
p P 2l pUoy n un 1pn ovly =
for the beams without reinforcement. Table 6: Comparisons between experimental and analytical data
obtained by the modified truss model [7] for rectangular beams
Bswpia LoEfic Kauyne with longitudinal bars and stirrups.
oo | Ve Tl Tusp (Nem) - Texp/ Tusso ' Teal |
oxéon (1) | oxgon (2) | oxgon (3) [ oxéon(4) |___ Texp >tddt0 I >tadio 11
(%) | kNem 1 Ty 1 Ty 1 Ty 1 Ty | KNem | Ty T 3 T/9) T 3
3 c i
: T : Ty : Ty : Tow : Aokdg Vf KNem (l;r)c ) in (kNgm) (l')l‘;;
RP1| 1 [184.§178511.03(232.310.79]194.110.95 | 136.711.35] 165.211.12) o) T, 9 e K., T., 9 e
2 1 1 1 1 1 e I — — e I —
! ! ! ! ! Torea 9 tprea Kprea Torea 9 rprea
RP3| 3 |195.]185.211.05]|256.1,10.76 [214.0,0.91 | 150.7 1 1.29 | 194.6 11.00 — = o0 - Py
0 1 1 1 1 1 ! . .. 3 _
o4 | =05 [ 2 =02 [ S22 =102 [ =082
: : : : : RRO |0 41708 0130 2980 226.8 0.893
LsP1| 1 231. 223.610.99 (270.910.82 226.310.98 | 159.4 1139 225.6 1098 1997 _ o otet _ (325 oo [233 o foss
! ! ! ! ! RRI| 1 Niea9™ " Jorzs_ — [3318 2743 0854
LP1| 1 225. 2805 10.95 (36341 0.73 303.5, 087  213.8 1 1.24 | 273.8 10.97 s | s N2 fenso o Toson o sy foor
: : : : : 193.0 0140 3396 3137 0870
TsP1| 1 [338.]284.5,1.19(323.2,1.05(|270.0,1.25| 190.1 , 1.78 | 319.4 ,1.06 - -
7 . . . . . Méon T 1.164 1115 1.016 1.007 1.003
L L L L L Tor. omdK.: 0.041 0.102 0.021 0.012 0.172
TsP3| 3 |369.]311.01.19[515.9;0.72430.9,0.86 | 303.5 ; 1.22] 377.9 10.98}
4 : : : : :
TP1| 1 [405.§366.2;1.11]391.8)1.03 [327.3} 1.24 [ 230.5 ) 1.76 | 400.2 }1.01 , , , , , ,
0 ' ' ' ' ' opBoymvikd TUHOTO KO 1) TEAKT) GTPENTIKY OLVTOYN TPOKV-
1 1 1 1 1
TP3 | 3 [442.]393.2}1.12(894.4,0.49 [747.1;0.59 [ 526.1 ; 0.84 | 453.410.97 TTEL WG AOPOIGHO TOV AVTOYMV TV ENL HEPOVG OVTOYADV TOV
0 X X X X X opBoymviov. ['a T TEPMTOCES SOKDY OTMGUEVOVY LE dlo-
Méen Ty 1054 0-804 0.962 1369 rou UAKELS paPdovg povo, dedopévon 0Tt 1 UEYIGTI GTPETTIKA
Tomei anihion: o101 0163 0195 0-274 205 qvtoyr Sev S1apEPEL Amd TNV OVTOYH TOV AVIIGTOL(®V SOKMOV

®pig omAopovg [2], [3], elvar duvat 1 TPocEyYIoT| TOVG [E
TIG TpoNyovpueveg Bempies.

b2h H avoivtikn mpofAieymn g HEYIOTNG GTPETTIKNG OVTOXNG
Tusb = T(0.71 Sett split) (4.4) 10V opboywViKdV S0KOV e SLUNKELS PAPBOOVE Kol GLVOETN-
peg etval dvvarth pe diktvopatikd poviédo [3], [7]. Téhog,
v Tig S0kovG pe pun opBoywvikn dtatopn (dokol T kot I') kot
pe mnpn omAcpud (Stopnkels papoot Kot cuvdeTipeg) dev
VIAPYEL KATOO KOW®OG Topadektn Oempia, 1 omoia va mtpo-
BAETEL TN OTPEMTIKY CLUTEPLPOPA TOL 1 KOl LOVO TNV OVTO-
KM TOVG.

o Kartd tovg Wafa x.d., 1992 [19]:

omov f ctfsplit N EPEAKVOTIKN avtoyn o€ dtbppnén Tov cvvle-
TOV pelyHoToC.

Ot Topandve oy€celg avapépovtal Kuping oe opboywvi-
K& O10TOUES, OAAG TPOTEIVETOL 1] EQOPLLOYT TOVS KOt OE Ol0-
topég T 1 I Ze avtn v mepintmon, yopiletar ) dotopn o€
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Zynuo 5: Aigpedvon yia t) SvvaToTHTo. AVTIKOTACTOONS EYKGPTLOD
omAiopob ue yaAoPoiveg iveg.

Figure 5: Comparisons with a view to the replacement of transver-
sal reinforcement by steel fibers.

Ytov mivaka 5 mapovcidlovtot ot TPoPAEYELS TOV GYECEDY
1, 2, 3 xkou 4 y1a t1g dokovg e tveg ywpig ocvppaticong omt-
opovg RP1, RP3, LsP1, LPI1, TsP1, TsP3, TP1 kot TP3. Ztov
{610 mivaxa mapovoidlovrar kot ot tpoPréyerg, T, pe Béon
v glooTikn] Bewpla tpomomomuévn, @ote va AapPdvet
VIOYN TPLYPOLUUIKT EPEAKVGTIKY 0mOKpion (tension soften-
ing) yw o wockvpodepa [8], [9], [10], [12]. Ztov wivaxa 6
nmapovotdlovral ot TPoPAEYELS TOL SIKTVOUATIKOV LOVTEAOV
tov Hsu (1984) [3] yw v mepintowon tov ophoymvikdv
dokmv pe TAnpn omhopd (doxoi RRO, RR1 kot RR3) katd-
Ao TpomoTomMUEVO, OGTE Vo AapuPavel vadyn v exppon
TOV VAV GTNV EPEAKVOTIKT ATOKPION TOL 6KLPodERATOS [7].

5. OI INEX QX KYPIOX OITAIEMOX
XTPEYHX

E&etdletor  duvatdmta TG 1pnong Tov vedv og Kupiov
OTAMGHOV GTPEYTG LE OKOTTO TNV EAGTTMON 1| KOl TNV TANPN
avtikatdotoon t@v ocvvdethpav. Ilpog 10 okomd ovtd
mapovotdlovtal cuyKplTikd dtaypdappota (oy. 5) g cvpme-
PLPOPAG doKMV e TANPT cLPPaTIKG OTAMGUO KOt THG GUUTE-
PLPOPAS BOKMOV TNG 1d10,G LOPPNS, 0OV OVTIKATAGTAON KAV Ot
oLVOETNPES e YoAOPdIvES Tveg oe 0YKOUETPIKO TOG0GTO 1%
wot 3%.

O1 dokot, Tov cuykpivovtat, etvor:

a) OpbBoywvikég dokoi pe dropnkn omhopd 4010 kot cov-
dempeg [J8/20cm (oykopetpikd mocootd 0.60%) (oynuo
Sa),

B) doxoi dratoung T pe b/b, =2, Srapnin onhopd 60110 ko
cuvdetnpeg [18/20cm (oykopetpikd mocootd 0.73%) (oynpa
5B) ko

y) doxoi dwotopng T pe b/b,=3, Swoapikn omhiopd 81110 ko
ovvdethpec 08/20 cm (oykopetpikd mocootd 0.70%)
(oxfiua 5y).

Amd 0 S0ypALIATO TOV CYALOTOC S5 @aiveTat 0Tt gival
Suvath 1 TANPNG OVTIKOTAGTACT TOV GUVOETHPOV LE YOAD-
Boweg iveg o opBoymvikég 00K0DC VIO GTPEMTIKY KATOTO-
vnon [16].

Ewdwcotepa, mapatnpeitar 0tt, yio vo emrevydel mopo-
Lol LETEAQOTIKY GUUTEPLPOPEL, TO KAT  OYKOV TOGOGTO VMV
mov omorteitol ivar ToA VYNAOTEPO OO TO OYKOUETPIKO
TO0GOGTO TV GLVOETPOVY. AKOUN, Ba Tpénel va onuelwdel
6t otig dokovg-T pe peydn emppon g mAdkag (b/by,=3)
KabioTatol SLOKOAOTEPN 1 AVTIKATAGTACT] TV £YKOPSCI®mV
OTAMOUAV LE TVEG.

6. EIIIPPOH TQN INQN XTH
METEAAXTIKH AIIOKPIXH

Amd Vv mopodoa epyacio aAld kal and dideg [6], [7]
eatvetal 6tL 1 emppon TV VOV o1 Pertioon g tkavoTn-
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Ilivokag 7: Ilocootioio avénon otny avioyy, Ty oxouyio Kor tyy
TAaoTIUOTH T (GEIKTHS firgs ) TV 0KV ASy®w THE TPOTOIKNG 1VEV.
Table 7: Increase of torsional strength, stiffness and ductility (g5 )
of beams due to the addition of steel fibers.

Aoxdg ITocootd ITocootiaia avénon Adym wav (%)
wav (%) Avtoxn Axapyia | IMAactipdtnta
RP1 1 27.0 13.9 20.1
RP3 3 34.5 19.9 100.0
LsP1 1 26.4 13.3 19.0
LP1 1 23.2 1.7 25.0
TsP1 1 22.8 4.7 35.7
TsP3 3 33.9 1.7 72.4
TP1 1 8.9 3.2 34.4
TP3 3 18.8 0.8 83.7
RL1 1 64.3 0.3 1.5
RL3 3 85.7 -2.5 15.1
TsL1 1 33.8 0.6 11.2
TsL3 3 54.7 1.0 23.4
TL1 1 20.0 0.1 5.4
TL3 3 26.3 0.4 16.4
Avtoxn Avtoxn HAactipdtnra
otadiov I otadiov 1T
RR1 1 24.8 18.2 3.6
RR3 3 38.0 35.4 51.3
TsR1 1 5.9 11.6 21.8
TsR3 3 12.9 24.6 308.8
TR1 1 1.4 3.2 16.7
TR3 3 -0.9 32.3 618.9
100
=
sl
o
% w0l
< 4of Vi=3%K6.
< B----- ]
g
?: 20
0
Xwpig oopParikd Me Stopmxn Me dwoynrerg papdoug
omMGoHo oMo KOIL GUVOETIPES

2ynue 6: ADEnon e uENIOTNG GTPEMTIKNG AVIOYHS TWV 00KMHV L0Y®
TG TPOTONKNG VY.

Figure 6. Increase of torsional strength of beams due to the addi-
tion of steel fibers.

TG TOV O0KMOV GKLUPOJEUATOS Y10l GTPEMTIKY TOPALOPOOOT
UETA TO TELOG TOL EAAOTIKOV GTOSIOV £ivoit TOAD GMLLOVTIKTY.
Ia v extipmon kot a&loAdynon g EnpPong ovThg ypNot-
LLOTOL0VVTOL Ol TOPOKATO OEIKTES:

'STu
= .1
My 51 (6.1)
Prgs = g:u (6.2)

— 'SSSTu
Mrsse = 9
Te

(6.3)

omov J4, M yovio 6TpoeNg 6To oNpEio Tov TEAOVG TOV GTa-
dtov I (téhog G EMaOTIKNG TEPLOYNG), Ty, N YOVia GTPOPTiG
o670 onpelo g peyiog oTpentikig pomfg kot Fgsp, N YOVia
oTPOPNG oto onpeio ekeivo, HeTd TN UHEYIOTN OTPEMTIKN
POTN, GTO OO0 TMOPATNPELTAL TTAOOT TNG LEYIOTNG CTPEMTL-
KNG pomng katd 15% (téhog “aidmiotng” meployng otadion
III). Ohot ot deikteg p (oxéoels S, 6 xar 7) exkppalovv v
KOVOTNTO TOV GTOLXEIOV Y10 TAUGTIKY GTPEMTIKY| TOPOLLOP-
pwon (otpentikh tAactipomte). O deikng Urgs Tpocdiopi-
Ceton Yoo OAeg T1g dokoDg kot HideTan oTovg mivakes 2, 3 Kot
4, evd ot GAAol 800 deikteg o, KAl pygs, TPocdlopiloval
povo yua T 50Kovg NG 3ng opddog (Tivakog 4).

Amd Tig TG TOL SglKTN ppgs aiveTar 0Tt pe Tpdcsheon
wov 1% k.6. avtdg avEaver mepimov 18%, katd péoov 6po
oAV TV SoKIHimV, eved pe Tpocbeon vav 3% k.06. avEdvel
Katd pécov 0po mepinov 144%.

7. XYI'KPIXEIX - YYMIIEPAXMATA

TN v keAlitepn a£l0AOYNON TOV TEPOUATIKOV OTOTE-
AeoUATOV GE O,TL APOPE TNV EMPPON TOV VAV 0T PEYIoT
OTPEMTIKN POTN T®V SOK®V pe dlatopn opboymvikn, I' kot T,
ouvtayOnkav o mivakag 7 Kot To oyfua 6.

And tov mivaka 7 paivetal 6Tt 0TI 0pHoY@VIKEG S0KOVG
N tpdcbeon wav katd 1% kot 3% k.0. mpokdieoe avénoelg
otn péylotn otpentikn pomn ioeg pe 18.2%+64.3% won
34.5%+85.7%, avtictoya. Xtig dokovg pe otatoun T o
b/b,=2 ot avtictoyes avEnoeig Nrav 11.6%+33.8% xat
24.6%+54.7%. Téhog, otig 6okovg pe Stotopny T ko b/b =3
ot avtiotoryeg avénoeig NTov 3.2%+20% kot 18.8%+32.3%.
O1 pécot 6pot Tev awénoemv o€ T0600Td (%) Paivovtal Kot
oto oynpa 6. Iopampeitar and avtd OTL N TPOGOHNKN WOV
oe K0Be mepintmon mpokorel adENON TG HEYIOTNG OTPENTL-
KNG POTNG TOL oToyEiov, aAAd 1 avénor avtn givar pikpod-
TEPN, 660 avé&dvetar n emppor T mhdkag (b/by) otig dio-
topég T.

Axoun, oo To TEWPAUATIKG OTOTELEGLLOTO TOPOTIPELTOL
OTL 1 KAVOTNTO TOV SOKOV Ympig ives, Yoo mapapdpemon
peTd to onpeio TANPOLS PNYLOTMOCE®MS, €VOL CTLOVTIKA
HIKPOTEPT GE OYECN L TIC doKoVG Le fveg (o€ HKPOTEPO
Bobuod twv dokmv pe AP cvuPotikd omioud). EmmAéov,
mapatnpeitatl 6Tt 1 KAvOTNTO TOV W8IV SOKMV Y10 TEPULTE-
po mapapdpewo (Letd To onpeio g PéYoTg pomng) PeA-
TIOVETAL PE TNV TPOGONKN TV wdv. Mg ) ypfon edikov
OEIKTAOV QPAIVETAL KOl TOCOTIKG OTL 1] ETLPPOT TOV WAV OTN
Beltioon TG KAVOTNTOG TOV OO0KOV GKLPOSELOTOG Yio
OTPENTIKN TAPUUOPPOOT] LETA TO TEAOG TOV EAAGTIKOV OTO-
dtov etvar ToAd onpavtiky.
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Té\og, amd TN GVYKPLOT TNG CUUTEPLPOPAS DOKDV LLE GVV-
SETNPEG TPOG TN GLUTEPLPOPE FOKADV 1010 LOPPTG LE 1010VG
Sopnkelg omMopovg Kot xoAvPdveg tveg mpoékuye OtL givat
Sduvarti] 1 TANPNG OVTIKATAGTAGT TV GUVOETNP®V e tveg. H
TANPNG AVTIKOTACTACT TOV EYKOPSI®MV OTAMCUOV 0o (VEG o€
doxovg-T @aivetol Sucyepéotepn, 660 ow&avel o Adyog b/b, .
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Extended summary

Influence of Steel-Fibers on the Capacity of
Flanged Beams in Torsion

C.G. KARAYANNIS
Associate Professor D.U.TH.

Abstract

The influence of steel-fibers on the capacity of flanged beams under
torsion was experimentally investigated. Test results of 31 beams
tested in pure torsion are presented and discussed. The specimens
were sorted into 3 groups based on the reinforcement. The st group
comprised 13 beams without reinforcement with rectangular, I and T
cross-sections and 0, 1% and 3% steel fiber volume fractions. The 2nd
and 3rd group comprised 9 beams each. Beams of the 2nd group had
longitudinal reinforcement only, whereas beams of the 3rd group had
both longitudinal bars and stirrups. Each of these two groups inclu-
ded rectangular and T-beams with b/b,=2 and 3, and steel-fiber vo-
lume fractions 0, 1% and 3%. From the results it is concluded that any
increase of the steel-fiber fraction yields an increase of the torsional
strength and significant improvement of the post-elastic response, and
especially of the response branch after the maximum torque moment.
The increase of the torsional strength for the T-beams with 3% steel-
fiber fraction was 85.7%, 54.7% and 26.3% for beams with b/b, =1
(rectangular), 2 and 3, respectively. Finally, based on the presented
test results it is concluded that for beams in torsion, the full replace-
ment of stirrups with steel-fibers can be achieved.

1. INTRODUCTION

The behaviour of concrete elements in torsion is an open
problem in the field of the design of concrete structures. It has
been deduced from early experimental efforts (Anderson, 1935
[1], Cowan, 1965 [2], [3]) that the response of an element in
pure torsion is fully characterized by the behaviour of the
material in direct tension. Thus, in order to enhance the tor-
sional behaviour of concrete elements, the improvement of the
poor performance of concrete in tension, by incorporating
steel-fibers, has been proposed and extensively used in the last
decades [4], [S]. Moreover, in this case the phenomenon of tor-
sion of steel-fiber concrete elements has been even more open
to question and, although considerable theoretical and experi-
mental research has been carried out on the behaviour of steel-
fiber concrete in direct tension, bending and shear, compara-

tively little attention has been paid to its behaviour in torsion.
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Experimental works have shown that the use of steel-fibers
significantly improves the torsional behaviour of concrete [6],
[7], [8]. Further, numerical methods for the study of the influ-
ence of steel-fibers on the torsional capacity of rectangular and
T-beams have also been proposed [8], [9]. The torsional
behaviour of plain and reinforced concrete T-beams has also
been the object of many studies, both analytical [10], [11], [12]
and experimental [13], [14], [15], [16].

In this work the influence of the steel-fibers on the tor-
sional behaviour of T- and I'-beams, was experimentally inve-
stigated. Test results of 31 beams in pure torsion with rectan-
gular, T and T cross-sections and 0, 1% and 3% steel-fiber vo-
lume fractions, are presented.

2. EXPERIMENTAL PROGRAM

A series of 31 beams sorted into 3 groups were constructed
and tested in pure torsion. The 1st group comprised 13 beams
without reinforcement with rectangular, I and T cross-sections
and 0, 1% and 3% steel fiber volume fractions. The 2nd and
3rd group comprised 9 beams each. Beams of the 2nd group
had longitudinal reinforcement only, whereas beams of the 3rd
group had both longitudinal bars and stirrups. Each of these
two groups included rectangular and T-beams with b/b,, =2
and 3, and steel-fiber volume fractions 0, 1% and 3%. Steel-
fiber volume fractions and reinforcements of all specimens are
given in table 1. Cube compression strength and splitting ten-
sion strength of concrete obtained from supplementary tests
conducted for each beam are also given in table 1. Geometri-
cal characteristics and details concerning the position of the
reinforcement are presented in tables 2, 3 and 4. Hooked fibers
with Ly= 30 mm and D;= 0.8 mm were used in the program.

The total length of the beams, common for all specimens,
was equal to 1.60 m and was divided into three parts; two
heavily reinforced end parts and one steel-fiber reinforced
middle part. The middle part was 60 cm long and was the part
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where the cracking and, finally, the failure were localized
during the tests (figure 1). Test setup is shown in figure 1.

3. EXPERIMENTAL RESULTS

All specimens were tested under monotonically increasing
torque moment until the value of the maximum torque and then
in increasing torsional rotation. The torsional responses of the
specimens of groups 1, 2 and 3 are presented in figures 2, 3
and 4, respectively.

In figure 2, particularly, the experimental curves of steel-
fiber concrete beams with rectangular, Ls (b/b,=1.5), L
(b/b,,=2), Ts (b/b,=2) and T (b/b,=3) cross-sections, are pre-
sented and compared to the curves of the beams without fibers.
Similar experimental curves for the 2nd and 3rd group of speci-
mens are presented in figures 3 and 4, respectively.

4. ANALYTICAL RESULTS

The analytical prediction of the torsional behaviour and the
maximum torque moment of plain and reinforced concrete
beams is even today an open problem in the field of concrete
research. The elastic response of homogeneous structural ele-
ments in torsion is described well by Saint Venant’s theory and
its alternative approach by Prandtl [2]. Although these theories
properly describe the elastic behaviour, they fail to predict the
ultimate torsional strength of concrete elements. They are
based on the assumption that brittle failure occurs when the
maximum developing shear stress reaches the material maxi-
mum tensile strength. Thus, ignoring the post cracking tension
softening phenomenon of the material, they consistently under-
estimate the ultimate torsional strength of the element. For
plain concrete members the ultimate torque has been experi-
mentally found to be roughly up to 50% greater than the pre-
dicted one (Hsu [3]). Furthermore, in the case of steel-fiber
reinforced concrete elements the post cracking strength of the
composite material represents an even more important part of
the element strength and energy absorption capacity.

Hsu has proposed the skew bending theory for the predic-
tion of the torsional strength of plain concrete beams [3] and
other researchers have proposed modified versions of the same
theory in order to predict the torsional strength of steel-fiber
concrete members (Craig et al., 1986 [17], Mansur & Parama-
sivam, 1985 [18], Wafa et al., 1992 [19]). Relations yielded by
these efforts are presented and used for the prediction of the
torsional strength of beams tested in the present work:

® C(Craig et al.,, 1986 [17]:
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where f(; the compression strength of the composite,

b’h .
Ty =5 (085/,¢) (42)
where ' ¢ the rupture strength of the composite.
® Mansur & Paramasivam, 1985 [18]:
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® Wafa et al,, 1992 [19]:
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where f split the splitting strength of the composite.

Recently, a new efficient numerical algorithm for the
analysis of plain concrete (Karayannis, 1995) [10] and steel-
fiber concrete elements [7], [8], [9] in torsion, has also been
proposed. This technique can be regarded as a combination of
the numerical techniques of finite elements and finite diffe-
rences. It uses a finite difference scheme resulting from a se-
cond-order finite element shape function for the solution of the
equation of torsion and it can be applied to elements with prac-
tically any cross-section, since it utilizes numerical mapping.

The analytical predictions for reinforced concrete and
steel-fiber concrete elements are mainly based on the truss
model [3], [7].

Based on the above mentioned theories, predictions for the
tested beams of groups 1 and 3 are presented in tables 5 and 6,
respectively.

5. STEEL-FIBERS AS MAIN TORSIONAL
REINFORCEMENT

The use of steel-fibers as a replacement for stirrups for
beams in torsion was also investigated. Comparative study of
the response curves of reinforced concrete beams with stirrups
08/20 and beams with longitudinal reinforcement and steel-
fiber volume fraction 1% and 3%, are presented in figure Sa, b
and ¢ for rectangular beams, T-beams with b/b =2 and T-
beams with b/b, =3, respectively.

From these comparisons it may be deduced that, for beams
in torsion, stirrups can be replaced by steel-fibers. Based on the
experimental curves of figure 5, it seems that this replacement
is more successful in rectangular beams than in flanged ones
[16].

6. INFLUENCE OF STEEL-FIBERS ON THE
POST-ELASTIC RESPONSE

From the results of the present study and from the literature
[6], [7] it is concluded that any increase of the steel-fiber frac-
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tion yields a significant improvement of the post-elastic
response of the beam, and especially of the response branch
after the maximum torque moment.

For a better understanding and the evaluation of this influ-
ence the following indices are proposed and used in the present
work:
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where 8, is the torsional rotation at the end of the elastic
stage, 9, the rotation at the maximum torque T, and Jgsp,
the rotation at the point of 0.85T , of the post maximum torque
response branch (end of the reliable response range).

Values of index pp¢s for the examined beams are presented
in tables 2, 3 and 4, whereas values of indices pp, and prgs,
for 3rd group beams are given in table 4.

7. CONCLUSIONS

For the better understanding and the evaluation of the
experimental results of this study, concerning the influence of
the steel-fibers on the torsional strength of rectangular and
flanged beams, table 7 and figure 6 are presented. Table 7
shows that the addition of fiber volume fractions 1% and 3%
to the rectangular beams caused an increase of the torsional
strength equal to 18.2%+64.3% and 34.5%+85.7%, respective-
ly. Further, the addition of fiber volume fraction 1% and 3% to
the T-beams with b/b, =2 caused an increase of the torsional
strength equal to 11.6%+33.8% and 24.6%+54.7%, respectively.
Furthermore, the addition of fiber volume fraction 1% and 3%
to the T-beams with b/b =3 caused an increase of the torsion-
al strength equal to 3.2%+20% and 18.8%+32.3%, respective-
ly (see also figure 6).

From the results of the present work it is also concluded
that any increase of the steel-fiber fraction yields a significant
improvement in the post-elastic response of the beams, and
especially of the response branch after the maximum torque
moment. Finally, the comparisons of figure 5 suggest that for
rectangular beams in torsion, stirrups could be replaced by
steel-fibers.
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