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ABSTRACT

Reinforced concrete members are strengthened with Fiber Reinforced Polymer (FRP)
composites in the form of laminates and fabrics, using externally bonded (EB) technique
for strengthening. However, the utilisation of FRP composites capacity is limited due to
the debonding phenomenon existing in the strengthening system, due to FRP and concrete
interfacial shear stress. Presently, prestressing and anchors are in use to avoid or delay
FRP debonding. A new type of carbon and aramid FRP, in the form of strand sheets was
developed a few years ago and is not been adequately investigated upon for the purpose
of strengthening. It may noted that such strand sheets likely to enhance the bond strength
due to inherent gap between the fibre strands. These strands are less than 1.0 mm in
diameter is woven with thread to make the desired width of sheet. These gaps allow the
epoxy (adhesive) to cover the entire out surface of each strand, resulting a better bond
mechanism as compared to plate (laminate), which is attached to the concrete surface
with one face only. In this study, the effectiveness of CFRP and AFRP strand sheets in
the flexural strengthening of RC members with and without CF-anchor were investigated
experimentally. The modified procedure was proposed for double lap shear test developed
by Larralde et al.(2001) and maximum bond widths of double lap shear test have also
been proposed in relation to the flexural strength of concrete used in the test. The bond
strength improvement was quantified by a modified procedure of double-lap shear test
using strand sheets and laminates to establish the improved bonding behavior. A
laboratory study to examine the effectiveness of strand sheets and to validate the shear
stress obtained from the double-lap shear test was conducted on concrete beam specimens
(with and without notch) strengthened with CFRP and AFRP strand sheets. Further, to
validate the shear stress obtained from the double-lap shear test by the modified
procedure and effectiveness of the strand sheets on reinforced concrete beams,
experimental study was conducted using rectangular reinforced concrete (RC) beams with
different types of FRP materials and their varying width ratio. The main parameters
varied were width ratio (ws/b) of high strength CFRP strand sheets (0.83 and 0.33) and for
high modulus CFRP and AFRP strand sheets, it was kept as 0.33. The reinforced concrete
(RC) beams were tested under four-point knife-edge loading. The experimental research
includes tests on (1) un-strengthened RC beams, (2) RC beam strengthened with high
strength CFRP laminate, high strength and high modulus CFRP strand sheets and AFRP
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strand sheets, (3) CF-anchors as end anchorages on RC beams strengthened with CFRP
and AFRP strand sheets keeping the width ratio as 0.33. The proposed modified
procedure of double-lap shear test was validated successfully in the strengthened
specimens. The relative contribution of the CFRP and AFRP strand sheets to the bending
moment capacity was observed to be significantly higher than that in the case of the
CFRP laminate. The failure mode debonding (FD) shifted to concrete cover separation
(CCS) with increase in width ratio (wg/b) from 0.33 to 0.83 in high strength CFRP strand
sheets, The specimen strengthened with high modulus CFRP strand sheets had a failure
mode of rupture (FR). Further, CF-anchors successfully delayed the debonding of CFRP
and AFRP strand sheets. Based on the observed failure modes, models for predicting the
mechanical behavior of various systems were recommended. Overall, it was seen that the
bending-moment capacity and ductility of the beams increased when strand sheets were
used in comparison with laminates as a result of the improved bond. A further

improvement was observed with the use of CF-anchors.

KEYWORDS: CFRP, AFRP, strand sheets, laminates, CF-anchors, end anchorage, PC
beam, RC beam, double-lap shear test (DLST), FRP tensile strain, debonding.
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AR

odhRT & T 16X & Y dlell dehelleh o SaRT BISsR Jafod Aferar
(FRP) fRHUT &1 Tolc T thifslh T TANT dlch hshic o [dfdeeT Jagar ol
gaford T Im | gTelifes FRP Ud hshle &1 3idddeal (interfacial) 9 @hclel (shear
stress) GSTd & HRUT FEeIhRUT I Jullell H S5 /[AYF gl & HRUT  FRP
%W%W@fgﬁ%ﬁﬂr@%‘|déH|dﬁdﬁ$/ﬁWW@ﬁ@aﬂﬁ3§ﬁv
Hdﬂd@@*(ﬂmmw|§E§3ﬁ'~l6@l€fchl§d3—ﬁ?@ﬁ'§ FRP &1
Teis e (strand sheets) fasnfld dr =l fSdsh  FedlpRoT & F1eT W gATed
T O YT gl fhar | Jg AT AT g Fs@ g A wis dMe A
T Brge 2T H 3T BrEem glel & HROT S I WHLY H qETdl § |
s ofic &7 aifSd Ales dd & T 1 e & & g & 20 & aen &
Y FAT ST & |5 o o 3Tad ®rie gled 1 aolg & Jcdsh &S & el
quﬁaﬁﬁm(ﬁmﬁwwﬁ)@am g, Fifh Tole &I
hadl Teh TAg & shshic & TIHE ST &, foas $ROT Tole  (9d) dr 379eT
CFRP daT AFRP & Tgis efic &7 shshlc & S8dX SIS 3tUe<T 8IdT ¢ |39 37edeT
H CFRP TUT AFRP &I T¢is efflc &l T d foell T & Ydfold shshlc &l
AHFAT THZT (Flexural strength) &7 gaTaeiierdr W 99T fFam =T § | oRTeie
3mfg 2001 (Larralde et al. 2001)  E@RT faRAT 9 ofT FHdad TikeTor & faw
aRenfera fafer s searfaa fomam arar § 3R aRefor 3 y=iter & ar=dt sshie @
3MeTHAT HTHLT (Flexural strength) & (TR Sael AT helel TRETOT T 3iTeehcd
SIS 81T & JEAIdd hIT AT § | SIS & 9§ cFdgR I TAUT el & folw
YT U IRAMNT Sis AT H FUR & v Affseq aur s o &
AT XA §T Sl ofF HITIUT IRETOT S Teh FAMAT A @1 392w v
g | TIETRTeT H T8 e &l SIdT 3T § U7 Jdfeld dhshlc &1 @I CFRP U9
AFRP ZaRT oG #&h (Herd 3N 91 derd & ) 3ael A ahclel qRET0T famar
AT AT YIe helel ealTd T gise & arfy AR @y € Tis e v germaeiierar
P IR@T AT | 3TY A’ [Affier g T FRP gerdf &1 93T it 3MIdeR
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gaferd dhshic A W JANEcAS® HegIo fHar ar arffe aRkenfaa e ganr
STl T URETOT & YT Shelel Galld T YICehoT fhdT ST Teh AT shshie S
W s efic T goraeiierdr &F Ser o @ | 9 AT & 349l e FRP

verd YT IS U @ GheT fhAT AT | HET Hes 3T HHLY drell
CFRP ¥gis efie T disg 3fedrd  0.83 3R 0.33 U9 3= [UTish dTell CFRP T
AFRP 1 Fgig efie & T =isi$ 3igard  0.33 TWT a7 | Fefold shshic d1e &l
e T YR drel 4-91Se arell oNifSer & gReToT foham arr | genese 3eTaernsT
# frafafea o arafad § (1) [9er gee & e 917, (2) gee 1 g3 Fhie
di7 9 3Tg LT arell CFRP T8 effie &1 99T fohar arar @y & 3=
QALY g 3T U dTell CFRP &I &5 efie aum AFRP &1s fte &1 of gaitar

fehar araT, (3) CFRP @ AFRP 1 ¥is efie (disT$ 3fequra 0.33 T@d gU) ¥ Uoe
T gl gaferd hehle A & BT T CF U &l Jlar b ara EcciGE!
elel TRETOT BT FNTAT JUTTel I JEATTAT s HHeldTIdeh Tag [T §U
At ot fafrA=a R a=r | CFRP @am AFRP ¥¢is 2fic & d¥W dFefad
IlaTeT # g UMM a1 § T CFRP Wl &1 STelel a%cd (BendingMoment) &7
s &9 3R A | 3T @HELY drell CFRP &5 e &I wlsi$ 3t 0.33 @
0.83 YT GT TeT Blel I TCT Fshic o dhdl oIl 8lel I AFA H SGof AT |
ST et & 3= WAL arell  CFRP ¥¢is AT &7 YT et @ Bel glel ol
ufshal CFRP ¥¢i3 i Teat @rg‘é% |CFRP @ AFRP Tgis el & Sl &I CF
TR & 9T O Aeifad fhar 51 aar § | Failure mode & S@=T & a1g fafdie
39Tl & Aehfolehel gagR 1 dfasgarolt g Alse #i FEgfa &1 = & | e
Ao Ig ¢@r T § T I9 Teis e &1 wAer gdiesa H oA r ar a1
1 ARG FHL FAT FeAAT 96 T | CF TR & FAT F 3R AR geR g3m
e |

Hohd 2Teg : - CFRP, AFRP, Teis 2fie, Toe, CF TahY, end Tehisl, shehie S1H, Jdfald

shehic S1H, 39T ol Shdel URETUT, Tole &l geall, FRP @& a=id|
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