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B OE: BRWR TGN SLAEN KM RGNZE R L TR MR 2 2 RIBE - B R0 R -5
BRE. HREWRKA YRR S Y (hybrid fiber reinforced polymer, HFRP) A B 42 5 [ A & 19 58 B , L K
REEEREREE. NRBERSEHAS KRBT ERIETH AT, 83 T HFRP Z5RIR % + [ 4k sy B
—Jop ZE 2R A RY . TR AL A [ L e R R AR R AR R A B A RIR B - 9 BB B S , DM HFRP A5 £ 3R 7 X
AR L MR G R, R AL E R A RS SGRRER AT E R E S R RN B R
BE IFSIATERETEELASHENHRERRLREATHE. SERHEAWLERY, 2B EYY
BB LY & RE.

XEH: FEHBERLY; BE; BELHE; AW NA-REXAR

FESHES: TU3TS XERERERS: A XEHS . 0254 -0037(2011)11 - 1706 - 07

1 Y 1458 3 & 4 (fiber reinforced polymer, FRP) 25 IR BE 1 9 57 F7 — Jof 28 55 2R 2 4 R 14 30 S 0L AL 28 4y
EWFEI,E R FRP N E RS SRR R, BN EE T T KB R MBS, 8
W — BB BTN 3 2,8 I RERETHEE AR 548 2 268 R B8 i 3 v 4 B 45 2 3R
BN -NEXRRTEH, ERAFAR EES, BEHEER, FAATLREM™ ;S 3 REEIT X
BRI BRI R A (R 3T A IR S %) AT o 4 B %), [ 8 7 FRP 43R 1B it 78, H 2
CHEFBEELREERE, HREHRNYES L. B, A CER BB R b, A0 TR 24
4 858 3 A ) (hybrid fiber reinforced polymer, HFRP ) i 45t LA B AU 15 20 3 7 F7 . 249 5K RI J¥ %6 5§50t HFRP
Y BIRE T YRR R, B T4 3 SR T - RS EY TR U - RS IR M5 B B R ST T R S R LA
BB 4 B B0 HERP 2 538 88 -+ R 7 - i A AL

1 AEHR
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WIS 4 R 4T, 0 B R BRET 4E AT T R A KR AT E PB4 M. R KR4
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Table 1 Mechanical properties of FRP sheets

& B /mm PLHLSR E /MPa SRR /GPa AR/ %
A il 0. 167 4420 200 1.6
A YA 0.193 2 060 85 >1.5
KR ET o 0. 170 4100 67 2.9
b Lad yin 0.172 3000 51 3.0

W& B #1 . 2009-06-30.
HEETH: BERBABERSTH (50678011) ; dbmTT B SRFF 34 £ 5 H (8082002).
EHET A BRERA(1961—), B, BREHRRAN, ##5%.
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1.2 A%

KRR AL EERL P.0.32.5, RAB AR Z KR 20 mm, BB+ B & HK: KR B fF =170:360:
647: 1 100.

BEE T BRI EE D =150 mm, BB H =300 mm, 3 24 h G, 7 25 CHRIPEFRP 28 d FIF
RS NG AR AR, SEISE 7 ARG E R E A 36. 6 MPa.

1.3 mEARE

ST ARG R FR RS vk, £F 4B A 58 05 0 300 mm , 4 R R VA GG WG B TRER . B 1k 10 1 4 3
RATHIR BB E 2 EFRER S0 mm WEREF AR, ARG BEKE 150 mm, B R THIT
WESE R HIR T 8 d, FrA AR IR B AR HTRE. AR S RMESEHERE 2. P78 A B,
CHMGCARNRRFBABA KEALTBRA SR EH MBI %A, 7RI A BENRT LR NEE,
0 C1G1 iR 1 BHRE A S 1| RF L AR A4 .

®2 EHRAHMESH

Table 2 Details of column specimens

RitH5 IE R KW F (B P ESE) K ¥/ R 1|y F=9
PO & 0 0 %
C161 CFRP GFRP i & 1 2 1C/16 2 24
C1B1 CFRP BFRP i % 1 |2 1C/1B 2 44
C1B2 1 j2 CFRP 77 fl 2 /2 BFRP 7 1C/2B 3 S 41
C1G2 1 )22 CFRP i il 2 |2 GFRP 7§ 1C/26G 3 41,
C26G1 2 J2 CFRP % # 1 J2 GFRP 7§ 2€/16 3 24
C1BiGI1 CFRP.BFRP.GFRP i % 1 |2 1C/1B /16 3 4,
C1A1G1 CFRP . AFRP.GFRP #i%& 1 2 1C/1 A /1G 3 24
1.4 mMIFEHR

5 F] INSTRON -8506 U 37 A% BT = % VI AR RS2 30 B, SR AL BB 42 o, R BE 2 0. 2 mm/min. il
i e BUEZE 100 kN, AR5 HRE O, BB ETIR. AR MBBRER (3 R RMUE ZHEE) , LIsih
SRR R 1R B e A ) R AR

1.5 ABMKELER

1.5.1 BERES

AR AR RTEASE 1. HFRP i BT NE AR 3 7 D BiOSFBETAER S, il C261
(B 1(a)); 2) W7 O 578 HA S 450, mikfF C1B1.C1B2(E 1(b)); 3) Wi BB ERFF, Mikf C161,
C1G2.C1B1G1 1 C1AIGI ([ 1(c)). ¥IMFEAFRHIE, RIE LB LB BB IR, K 1(d).
1.5.2 RELER

KL R T £ 3, RS R R A B BT R RORES, Bl 1R - AR 2 Hi 2 W 2.

HFE3ITE: V)EESFEAME RN, HFRP AR B R+ BN EBRER K. 54 PO
MG ,2 JEEF A B A DT R TR AR B 4 130% ~ 150% ;T 3 2 &1 4 A7 i B 44 1 B0 R 98 BE 4R 1 3
160% ~250%. 2)BEEBRET 4R B4 H K, HFRP py 3 sa s R U 8. R MF C261 Mt ERE R K, &
120.9 MPa, i B & T Hfth 3 B4/ mE A4 C1B2.C1G2,C1B1G1 # C1A1G1l. 3)HFRP £y RiR & 1 A
BRI B 2R, SiEdEifE PO M, HFRP %5 B+ 49 1 B 4l 1o 7 B R | 8 2.5 ~ 5. 6 f%.
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(a) C2G1 (b) C1B2 (c) C1BIG1 (d) LR+
A1 MERAAERES

Fig.1 Failure configuration of typical specimens

®3 HFRPARBRIBEHARBER

Table 3 Experimental results of HFRP-confined concrete circular columns

HERE 1R R 4y o] iz A
REHES
R {H/MPa HHE{H/MPa tE HBHE pe T ne HAE
PO 35.0 3210
CI1G1 88.8 90.7 0.98 11533 14 011 0.82
C1B1 81.8 92.5 0. 88 11076 14 519 0.76
C1B2 101.4 100.0 1.01 17 254 16 853 1.02
C1G2 100. 4 96. 8 1.04 18 105 15916 1.14
C2G1 120.9 106.7 1.13 21044 20118 1. 05
C1B1Gl1 90.0 98.4 0.91 14 137 16 388 0. 86
C1A1G1 116.4 101.9 1.14 19 350 17373 1. 11
HE 1.01 0.97
I 2 6, 7E MR BT 81, HFRP %R E + 2 5 o .-
FEFRAR/N, 9 SRHE BT SARERE B ACHIIE , BRRTIE 120} ®s @B
R A A 7D 5 B B KR o s S 100 1] | Scivtor
K HFRP 92950 F B2 K, AT B HERP 25 % 0 o1 | |6
SAE R K BEH PR R R % ERE  E 4l @V Tl
WK M HERP kB VA TR Msent, & 2o/0) ® =
HFRP 75 & AR BOOR , 500 7R 38 0 3 F e, B A7 - R A8 095000 10000 15 000 20000 25 000
22 B BE FE. BRIR M4 C2G1 LASh, HFRP 2 50IR 5 R / pe
+ B K 38R 90 B B FE PEBEIR. M2 -2

Fig.2 Stress-strain curves of specimens
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HFRP # A 4  H0 758 B R [ 29 5 R BE S5 0 1) 29 ST g () H LGS R A Tk 41 i 3 JT
BEE f, MR, ARREE LA LR R BEREZ 3K, B Z RNE B &K R
SCHR[21R AT Richart 28 A4 H A YRR BE 158 38 450

Lo o It
Felek g (1)

KL AL R AR AMAFIREE L PURIREE &, LA B R HL, Richart AR &, =4. 1.
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Table 4 Elastic modulus, tensile strength, lateral confined stiffness, and confined stress of HFRP MPa
Ri55 B R HLhLoR B EESE): h
C1G1 165 121 2428 995 14.6
C1B1 175 757 2582 1053 15.5
C1B2 148 008 . 2124 1334 19.1
C1G2 134114 1926 1218 17.5
C26G1 196 435 2 565 1767 23.1
C1B1G1 141 033 2025 1276 18.3
Cl1A1G1 148 026 2133 1 400 20.2
ST RO , 0t 6 b 4 S 0 9 0
RSN BEE B  F FRP 20000 B+, S0 9 45 Rt 0
FRP 4B R R L 2M. FOAWRLT — £ e
BF%F FRP IR B8 + 1038 AL AL, X A B K B 3% e . .
FASR (1) B3R, Rl b, A b, (A s
Ji% BRI AR B R B R, K T e i6 18 0 22
I8 S,/ MPa

Mander ##) | Guralnick #8535 B TIRE L £ B3 A bR SR AR R R
MBI ERIBERER . KRS Fig.3 Relationship between the compressive strength and the
AR S FE 5. 35 A%, Mander 1 lateral confined stress for confined concrete columns
BERRBREY S R, RAZERTE HFRP A UR R+ 3B , 4R 0% 3.

RS FARRERSARBRTIBERIY LR

Table 5 Comparison of confined concrete strength models with experimental results

S RABESTEEZL
KA HEAX
F1ME PRI SRR %

Karbhari fi/f =1+ 2. 1(fi/fi )T 1.30 0.11 8.5
Samaan /=167 /7)) 1.23 0.11 9.3
Miyauchi fo/fo =1 +2.98(f/f.) 1. 11 0.08 7.3
Spoelstra fi/f=0.2+3(£/F)°%° 1.20 0.10 8.7
Saafi fi/fe =1 +2.2(f/£)%% 1.25 0.11 8.5
Lam fool T =1 +2(/1) 1.39 0.11 8.1
Toutanji /=142, 3078 )% 1.22 0.10 8. 4
Mander L = =125 =2(fi/f) +2.25(1 +7.94f,/F)°"° 1.01 0.10 9.8
Guralnick fi/f, =0.616 + (fi/f.) +1.57(f/f, +0.06)"° 1.22 0.11 8.7

3 HFRPAREBRELTWMREE

EAHREYH,FRP ARBE L ERRREN WM N o, SHBENT ¢ WHEBTRE, ZEE
% 5 FRP i K (FRP 4 \FRP & &1 ) Ffll i 1R EA 61 R H B S8 m B A el p, A
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KL E o 3 R A B RTR B AR R
HFRP A RBEE L8 o, D TREMFEMRBEBBNE o, FTERERHEE: 1) RBELEE 285K,
HFRP 53R %+ 2 MIFFEEEHE; 2) y TR EE L QNI 34k , 53 HFRP 4b F 8% 1 F1 58 5 IR A7 9 482 1k
A; 3)HFRP F XA EMBZAMBEH T X R EMEXEENERLW. Bl o, TRTRHE
g, =&&y, (0S§f$1.0) (4)
KA & Ky HFRP MR AR, 3 FHREMIE R, £ =0.66'". RE\AXHSHERAMNE, ERNENE, B
BB E BRI, e WRE. o WHBELERII TR, TH,IELERSLNEY S BT

4 FTHFRPARBRITN H-MET R

Pantazopoulou 2" BEsr £ 0, JE B + Ay 1R
MEAHARGERARBELHARBAG. Bk, #
HFRP AR EE LI S - RAEMK A0 3 BB R
YA B B o B Y BRI AR AL Y B L 4.
EouT e o ARBRBELHFREENEN O B
JOL 7.

HRiZE s, T RITHE
e, =g, +te +e, =g, +2¢g (35) -
AHF e, a8, 2 R Bl 1 L 7 6 18] B 2R 0 3R 18] R
TR, =g, B4 SRR - NEAE 2R
1) MMM BN - R X E R Fig.4 Typical stress-strain curves for FRP-confined concrete
fo=E., (0se <e,.) (6)
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.f;=f;:,v0+Ec((€c—8c,v0) (sc,vﬂsecsgcu) (8)
A/ o B 0 HOOMIBERLY 38 3 YRR AR B, =T sy rmmne s o, -
3300 pe.
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AU SR F R RIS MR SR E HRAT TR, LS. mES Bl B iR 5
REEY & RIF, 4 C1G1.C261.C1A1GL 7£5 3 P BRI ER B & R KT, EE SH MR AWM i
FIH REA KR A K, B A SCH#R i i) HFRP 2 TRIBHE -+ AN - R R R v, LB
B Y& .
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Fig.5 Comparison of model with test results

ARBEE L KR EART 130% ~150% , R RaHm KA R % 2.5 ~5. 6 1%,

2) BT FRP BREBMMEAIR, AR5 WA ARAE 9B K3, §t 35 6065 24 SR 5 £ 8 7 138 Bt
WAREHZMAT FRP AR L, Rt H RN FRP ARBHRLERELN.

3) FRPARBE T EAERRBENRANESHEMNEN LESBTRE, REEXES FRP K
B 1 A RN EH K.

4) #3r HFRP A 50REE 07 J7- Rt R A, IR R B R A R, BY TREL ARG S
HFRP BLR A ZE XK. WA MR B A RIREE L 5 BB W B, R B DL AR o 6 , R 1
BE4E {5 HFRP REBARER  MERERERR, AR XB EREZEZHEMERY 0, B L
MR BUE 483 BB A R R, % B B HFRP iR R4E— iR AL BE B/, REBRI A B £ ORI BEIR
16 Bl e REERRY R JBUE  HFRP ST BE , AR EE L A 1 1 2 By HFRP B R A R4, H 2
ARIREE LB R L.

5) #52#9 HFRP AR B - A 1R 3 BrBLar 7 - th R R 3 BB X, H5RB IRy
R
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Stress-strain Relationship of HFRP-confined
Concrete Circular Columns

DENG Zong-cai, LI Jian-hui, DONG Hong-ying, CAO Wei
(The Key Laboratory of Urban Security and Disaster Engineering, Ministry of Education,
Beijing University of Technology, Beijing 100124, China)

Abstract; Stress-strain relationships of concrete circular columns confined by interlaminated hybrid fiber sheets
of carbon fiber, aramid fiber, glass fiber, and basalt fiber are experimentally researched in this paper. Results
show that HFRP can evidently increase the strength of circular columns, and significantly improve the ductility.
Based on the experimental data and analysis on the research production, a constitutive confinement model is
developed for concrete circular columns confined with HFRP. The feature of the model includes the effects of
HFRP confinement on the concrete microstructure by evaluating the internal concrete damage using the axial,
lateral, and volumetric strains, which introduces that the confinement model is simple and has a physical and
fundamental interpretation with the mechanical behavior of concrete. Meantime, the secant concrete modulus is
used in the model and expressed as a function of the secant modulus softening coefficient. The HFRP-confined
concrete model accurately predicts the stress-strain relationship of concrete circular columns confined with HFRP

as verified in comparison with experiments.
Key words: fiber reinforced polymers; hybrid; concrete columns; confinement; stress-strain relations
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