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Abstract

Abstract

Fiber reinforced polymer (FRP) composites have found wide applications
in the strengthening of reinforced concrete (RC) structures, among which is
the shear strengthening technique of RC beams by externally bonded FRP
sheets or strips. Experimental data of FRP shear-strengthened RC beams in
literature are retrieved. An experimental study on FRP shear-strengthened RC
beams follows and detailed test results are provided. All these test data
provide a firm foundation for the following study of this paper, which mainly
focuses on some key issues of the analysis and design models of the
mechanical behavior of FRP shear-strengthened RC beams.

The analysis model of RC beams is firstly investigated by examining the
modified compression field theory (MCFT) and the rotating angle-softened
truss model (RA-STM). The mechanical behavior of a series of RC beams
failing in shear in a widely-used benchmark experiment is analyzed using the
above two models to show that the RA-STM has clear concepts and generally
give better results. Key issues in the both separated and integrated modeling
techniques of FRP composites are then discussed. To the separated modeling,
the influence of the complicated stress state in the cracked beam web over the
FRP-to-concrete bond-slip relationship is studied based on experimental
observations and necessary analysis. A preliminary modification to the
current FRP-to-concrete bond-slip relationships in RC beams strengthened by
FRP U-jackets is proposed. To the integrated modeling, a practical equivalent
stress-strain relationship for FRP strips is proposed and preliminarily verified
by comparing finite element analysis results with the experimental responses
of RC beams strengthened by FRP U-jackets. It is also shown that the
simulation of the shear behavior of RC beams is still a major problem in this

arca.
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Abstract

Based on the above findings, a reduction factor of FRP debonding strain
is introduced to the design model taking into account the influence of
complicated stress state. An equation of determining the inclined angle of
diagonal cracks on the beam web is proposed, which takes all the major
parameters such as the shear span-to-depth ratio, FRP stirrup ratio, steel
stirrups ratio and longitudinal steel reinforcement ratio into account.
Compared with test results, it is concluded that these formulas improves the

current design models while yielding conservative results.

Keywords: FRP, concrete, shear strengthening, analysis model, design model

111



1 B Bl e, 1
Ll R T 0 BT e 1
1.2 FRP HUBY N VR %E TR EE AR T EAT R 1
1.3 AU T I PIZE «oeeoeeoeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeen 4

E 2 E IO e, 6
2.1 BT e 6
2.2 BRI T R e 11
2.3 A R e 14

231 AR I G e 14
232 BRI e, 17
233 WRBEL I FRP AR I3 A0 oo 21

B3 B TR B e, 27
31 R e 27
3.2 BT HBREEMREE LA ICER 31

321 BERUIA LA ACTEI oo 31
322 HE A B IAT L 37
3.3 HIEEIRN JPIRER FRP-IBE LRI G5B R R i, 41
330 BRI T e 41
331 HilB A B IAT L 47
3.4 ZEBLFRP N ST MAE TG R oo 52
341 BN e, 52
342 B A B IT L L 55

FAT IR e 66
A1 HEIR oo 66
4.2 FRP FIBIREAR oo e, 67

4.2.1 BT A I e 67
422 FHREREENIPIREMBEIE e, 69
4.3 BEELBEFIIE oo, 71

v



A3 1 I T T 71
432 FETBIEE TP HIEIN 2 B e 72
433 WA AT AR 74
Aod N 77
B D B BT 78
B B T R oo 79
B G B B oo 84



1.1 RENE=

20 200K, Bl VR 1 5 ) om ] el TR SR 1R 184 R BA K AAT Db 41 44 18 i
245 MK (Fiber Reinforced Polymer, fj#% FRP) LFEMEAE N IRIIAKIINR, FRP
) ) S Y O e NS T P20 AR sl N B 1B = W R 1 RS T VAR P e
iR RE 2 B I AMERG U FRP A b4 LAS i LB R 8 ) . (E FRP By il Vi
2T, FRP (AL T 00 vk e - G b (R 405, SRTIT FRP 55 iR 12 (7]
(R TEIAT A 2 I e vk AN o] AR ). O 1S BB FRP HUBY It Vi
B, SEEFITR T ZINU, REvER i S wotorik, Hp g
A TR TR H

SRS T 2 K TR, FRP HUBY 0 [ Vi e - 5200 ) 2 PR Re A IR 2
[ BRI TG 2 o Horp — 5853 2 AN 5 VR e AN B R AR 1 ), LR eSS IE
BB e BTV T 2T HIAR K R 384770 251N FRP A 8HE I
Hrial @, Eean FRP-VRGE T ARG S5 I 8 R4 ndhidAy —282& FRP Ak
N0 SR AT AN TR B - 52 ) 2 PR RE IR SR, LRI FRP NN VR e + 2 el 2Rd 4%
FABE I o

BESTT N CA MBI, A FRP HUBY 0 VR &+ 22 0 0122 AT AT IR
HIRIETE,  AT5 AT T 3 A0 i TR R P R0 i 33 S

1.2 FRPIIEIMER ST REMELRHFITH

T UKD FRP 50870 [ Jhd bt 1 B2 1) 77k 2 U RGN (0 TDRG IUG 5 EL 2R
Wi=Fh, Wl 11 TRt EIX SR dih, BERTLURS I FRP 447, At n] LURE I
HELEM) FRP AiAS, FRP [FLF4E 7 )t nl LA AN R] R



(a) U JEHGG (b) M THIHS (c) TLEEHGNM
1.1 FRP HuByn i v ke -2 i 3 28 X

RIGAE TR W], FRP $T 5 I ] 9k et -+ 52 X R i 5 A 32 2247 FRP Sz Wi A FRP
FIB PRI 0 T4 R 2 B FREG AN — /N2> U BRI 0 [ P T e 22
FORMER A B FRP Sz Wzl it 326 K 20 20 moRs G AN 8 20 U TR I
[ (VR g 1328, JLAVER ISR Hhy FRP 0B 42 Te AR G0 S0 UG o [ Rt 5 5 o
FEO A FRP 50, Mitn SEANAT Rt 3 m vt H R pi iR 0, (H2E
(Y it A EEATA R, A SR B R IR R 32 2UBR ). 55 2 A EE, U AL A
AL Ut ) B L AT 2 o AR TE R ], T U JE RGN FRP 4547 (10—l Bl T
FRARRS I, JCNIEACRSELS, Bt U I e DR i S gz e A
SAWEFEHT FRP g S BRI BEAR,  IFEL U R I 3 EEE 0 4

LRl FRP ERM LRI R Z B AA S 52 0. RIAEEN LS,
PR GEZI Ab FRP W ASHGHEIE K, BEAE 210 5KTT FRP JZH# 8 I F iR IR
TAR. FEMBJSH, REHTH FRP AHZRIR H T AR IF 32U i ikt - 22k % X
T U BRI TS O0, SN 8oni AR 245% D51 FRP GGG S e, 24—
PRI A s SR Y AR At DT K FRP ORI G, AR 4 i
BIE o AP ANAL L (1) FRP 457 A8 AT m] g S0 AR, MRS S0 Mo AN A
FENTSCRE ) FRP 457 30 B Je IR A

X112 1 FRP U JE IR e 5t g gt o il g s i) FRP 4547, 3
AR B )32 AT A 1.3 Fros e 7EmE) 5401, IR R g 58 LA,
RIZEEAL FRP AR BRI BN AR, FRP-VRBE L SR (RS 45 B ) v & 4 1)

(B 1.32) o BEARERAESEMNR, RIEGEMTILR FRP ZEHIHE, JEMRIR

GEALTFUR 1) PN FETE st B DX Ao A X B FRP-VRRE L SRS 45 . ) 1 Bk
%, PR S N TR B AL L R Rt e A 1R R (0 L N S Bl = FRP
B X BGA 2 FRP (K B i, FRP 40ai 56 43 B IR LA



yild

PRGLJE AR 7 ()

PRI PR Y ()

250

200

150

100

50

250

200

150

100

50

N

aend

Kl 1.2 FRP U JE Il 40 i v e - 9 =

2000 4000 6000

FRPAZ (ue)

5000
FRPRAZ (pe)

PEGE IR 2 2 (mm)

PE G IR 2 B ()

250

200

100

50

57

;:;:>

D

-0.2

0 0.2

FRP-JR %t 1+ A e £ (mm)

(a) Inak 3y

250

20

50

100

50

<D

-1

0 1

FRP—JR ¢ 1= 5 1f1 75 4% (mm)

(b) In#
1.3 FRP 417 M FRP-VREE+ S )32 14T A

PEGE IR 2 2 (mm)

250

200 /1

150 -

100 -

50

D

-5 0
FRP-Ji 5t 1AL 45 Y ) (MPa)

PR IR A EE 25 (mm)

iz'\
150

100

50

5

D

-5 0

5

FRP—JR#E LA &5 8 ) (MPa)



BT =

F1E 55

XS DU TR U BN [ A G D8, FRP ARSI B BI04 A b, 9 #4
A7 BER B LAECFRP R W CAT; i 1 U JEREIInE f9 15 50, FRP [ b 55 4
Ji& FRP A ()& 1.2) o pbib FRP-JREE LA I IR0 %, ARk [ 5E b,
DAk FRP U R] fE A BT PRI K E e s B IR AR IR DU U BRI
0 00 R 0 o ] 87— R A

1.3 AXMRMEEAR

XtT FRP HUBY i s LR MU rERe, LA Brd R B AR
IR S AR S P SRR S, BN G AR FRP TBT N i R
TR TEET AT, WA ER-HREMILE, FRP M- M4 s . AR 25 o
i S AL I AN EEAR A, RINPTZA BME S DL T FE . A
BIR G5 V2 AT A4 g 2 sk b e o K o0 A ik o S0 BB 7R AT B IR N IA
PR FRP HToy e 552 UL, AR TR SE R A BRI R . B
R R i) CARE BTN, A SRR AR R P BIRES o HRR RAE AE 22
PAR R R A o SL gt A T 2 80U &

ASCRAERT AWFSTRIFEA B, LA U JE CFRP I &1 28 0 TR 4,
B TR 55 e VAR F (A ] il RLBEA T T

ATLH 2 FALR G MR B (X Atk L, AR TS S —4 U
J& CFRP T[] Jo HE A5 Ik e - (KB 1 Ol SOh 2 T PRai il e %,
TR, ArA%, REELAT FRP 1R ARSFE G 45 2R .

AR 3 B L TR R

(1) FERIMLAT FRICRERP RN T 2k TR ) 282 (iR e L AR, I S H]
T LN R R R BT AT IR T i, SR TSI AL

(2) UATRILRISNE FRP A7 BROCA ARG SEA, Gl 12 IEDUAT 1) FRP-VREE R
LR RAR, HEIL T SRR I PIRGS 1) FRP-JREE RS A R R o

(3) &L T HIT FRP BEAAEMLNEERL FRP N WARKR R, JPRIHHT—
21 FRP HT B 0 64 455 e e - 22 1047 BRIT 70

T EIRR W], AEHEST FRP HUBTIN VR 1 2 A o SR, 2 1 I
PRk BB AETTUIE R N ARG R . XIFAE FRP IR K7 1),



gy

%1$ =}

BB AR 8 C I T LR IR AWIIE,  ASCANEURT I il At

IZINTIEE

ARSCH 4 S0 AR TUEAGH 3 ST T A B %R
A UCBURIGIERE E, BT B4R A R S5 R FRP 285 AR I 1 4
R, oA T DR



2w R

#2E MR

2.1 fiti

B 20 AR, % B ST R T V2 AT R SR 7T LA E FRP [
X TR e LR HUBY AR PR R o AN D23 0 0 o P A BRI DU T BT
A (RIF[7I17155) o ASCIUAE TIE 10 45K 4% [H 2 4 52 i 41 4R U JE FRP Jnf#H
TR LRI E S . B 2 G AT R B O R, ASCHE
EHEG TP, BRGS0 1) I A7 e #8 EL e AR SR Js s oont i . B
FEA N B 12 AE R BE R 2 i SC RO B BT ANK ] o IR 850 K 1) — SE e (5
® 2.1 fon. HAREHEYT3& 2.2,

* 2.1 I HE R AR B

W AN TR 1 AR (R AN £
IR 1) B 5 L NF T 1A 1~3: 274 KF3: 134
FRP 2£7! AFRP: 14 CFRP: 334 GFRP: 74
AR TR T #: 174 M. 244
T I 15 4 AW 204 oA 204
FRP it £ & 45 5 24 90 f£: 394
FRP Hlillhi % = ZrbiG: 18 S JELERGNG: 23 A
FRP f5 KW AR Hidsk: 234 Tidsk: 18 4
RIZLBEA P Hidsk: 204 JTidsk: 214

FITAT 41 KRGS (V7R RE 4O pT I 95 73 AT AE 20~45MPa Z (8] K2 A0
BT LUAE 1~3 Z 18], HRAEFEDT 17 53 5 90 LK) CFRP AEIU Il o 51
Kb, FRP WARR Gy &il, JF HAZARW A g ai R 41 Malie it i K2 sy
T FRP fi KV AR RIS R, AR BAT IR K4 ) FRP 4071 B SAi M AE T 21 4t
J7 T R NAR 3 AT o [T, K 2 B BeAT B g R R R A B il >k, K 2.2
A IREREEM L, — 02 SCRR ELRR AT I, — F 20 S R A SR P Al i
T e 2 2.3 FHH T A SR 21 A — S8R [ 60 55 VR o - A AR A A R



02

5B 5T

%22 SCERT U B FRP [ Vi 1 22 Rk o B

SIS, SR S S N " 0 , i ,
S gﬁiﬁ% Wk s gx&m gL iﬁ%@ %ﬁ}i ;{Pﬁ FERQZX %RTP%*&W&E 1;%9%@ I;QR; £ sfz)i’n — EE&% Eé;j; I;;P%QL
f (MPa) by, (mm) d(mm) A (mm)  (mm) tr(mm)  hy(mm) E;(GPa) f;(MPa) ey (B VelkN) V(kN)

[8] S3 41.3 200 260  2.69 CFRP 0.111 300 230 3480 0.50 92.1 110.0
S5 39.7 200 260  2.69 CFRP 0.111 300 230 3480 1.00 92.1 106.1

[91 No.2 35.7 150 232 259 100 400 CFRP 0.111 200 230 3480 1.00 45.0 199.0 240
[10] BS2 35.1 200 395 3.16 CFRP 0.110 450 280 3480 1.00 36.8 2063 41.2
BS5 36.8 200 395  3.16 CFRP 0.110 450 280 3494  0.17 26.6 136.6 334

BS6 35.8 200 395 3.16 CFRP 0.110 450 280 3494 0.13 31.0 136.6  30.1

[11] CO2 20.5 150 255  3.59 CFRP 0.165 305 228 3500 0.40 4700 35.0 48.0 40.0
CO3 20.5 150 255  3.59 CFRP 0.165 305 228 3500 1.00 3700 35.0 48.0 65.0

[12] BT2 35.0 150 360 297 100 380 CFRP 0.165 305 228 3790 1.00 4500 90.0 65.0
BT4 35.0 150 360 297 100 380 CFRP 0.165 305 228 3790 0.40 10000 90.0 72.0

[13] SL9 31.4 150 264 2.20 CFRP 0.111 300 235 3550 0.39 40.0 190.0 355
SL10 314 150 264 2.20 CFRP 0.111 300 235 3550 0.39 3600 40.0 190.0 355

SL11 31.4 150 264 2.20 CFRP 0.111 300 235 3550 1.00 40.0 230.0 755

[14] SO3-2 27.5 150 255  3.00 CFRP 0.165 305 228 3790 0.40 4700 77.0 54.0
SO3-3 27.5 150 255 3.00 CFRP 0.165 305 228 3790 0.60 5200 77.0  56.0
SO3-4 27.5 150 255  3.00 CFRP 0.165 305 228 3790 1.00 4500 77.0  67.5
S0O4-2 27.5 150 255  4.00 CFRP 0.165 305 228 3790 040 6200 65.0 575
SO4-3 27.5 150 255  4.00 CFRP 0.165 305 228 3790 1.00 3700 65.0  90.0
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f (MPa) by, (mm) d(mm) A (mm)  (mm) tr(mm)  hy(mm) E;(GPa) f;(MPa) ey (B VelkN) V(kN)

[15] S-GU-2-1a 314 150 232 2.16 GFRP 0.167 260 97 2777 050 7759 37.0 102.6 478
S-GU-2-2  30.6 150 232 2.16 GFRP 0.167 260 97 2777 0.76 5880 41.0 102.6  38.6
S-GU-2-3  30.6 150 232 2.16 GFRP 0.167 260 97 2777 1.00 5233 102.6  69.0
S-CU-2-1 30.1 150 232 2.16 CFRP 0.110 260 235 3500 0.50 6640 41.0 102.6 443

[16] T6S4-C90 44.1 140 520 298 150 400 CFRP 0.110 450 230 3400 0.50 6000 187.6  85.2
T654-G90 44.1 140 520 298 150 400 GFRP 1.800 450 17.7 106 1.00 187.6 109.9
TONS-C45 44.1 140 520 298 150 400 CFRP 0.110 450 230 3400 0.71 110.1 103.5

[17] T4S2-G90 30.3 140 350 3.14 150 400 GFRP 1.800 450 17.7 106 1.00 201.3 244
T4NS-G90 30.2 140 350 3.14 150 400 GFRP 1.800 450 17.7 106 1.00 1154  53.6
T454-G90 30.0 140 350 3.14 150 400 GFRP 1.800 450 17.7 106 1.00 157.4 487
T4S52-C45 294 140 350 3.14 150 400 CFRP 0.110 450 230 3400 0.71 2013 17.8

[18] B7 34.4 150 170 3.00 CFRP 0.167 150 230 3400 1.00 1986 392 222
B8 354 150 170 3.00 CFRP 0.167 200 230 3400 1.00 3930 39.2 321

[19] Al 37.2 300 245  4.08 AFRP 0.286 245 120 2000 1.00 3420 1120 43.0
Cl 39.6 300 245  4.08 CFRP 0.167 245 230 3400 1.00 3550 1120  53.0

[20] BI 37.8 120 730 0.82 CFRP 0.330 800 230 3480 1.00 42.9 520.0 181.0
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S G TERE T Wb A0 L R %ﬁ% FRP 2% FRP % X FRP Rtk FRP 95@ F}}Pﬁ o, . sk xﬁt@% ILRE Tﬁ
FE JE EowERE M JERE S B JURE sosing FOEE &) BTk

f'MPa) by(mm) d(mm) A  (mm) (mm) t((mm) hr(mm) E;(GPa) fr(MPa) (ue) () Vi(kN) V(kN)

[21] DB-S0-0.5L 25.0 152 350  1.50 508 102 CFRP 0.060 304 243 3100 1.00 4720 36.0 1782 90.0
DB-S0-1L 25.0 152 350  1.50 508 102 CFRP 0.107 304 243 3100 1.00 2580 36.0 1782 107.3
DB-S0-2L 25.0 152 350  1.50 508 102 CFRP 0214 304 243 3100 1.00 1900 36.0 1782 110.8
DB-S1-1L 25.0 152 350 1.50 508 102 CFRP 0.107 304 243 3100 1.00 36.0 3235 320
DB-S1-2L 25.0 152 350  1.50 508 102 CFRP 0214 304 243 3100 1.00 1900 36.0 3235 342
DB-S2-1L 25.0 152 350 1.50 508 102 CFRP 0.107 304 243 3100 1.00 36.0 331.7 580
DB-S2-2L 25.0 152 350  1.50 508 102 CFRP 0214 304 243 3100 1.00 36.0 3317 73.1
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2.3 AT BRIT AR G A0 A T o] B4 473 ke e - oF 2 (1 i

VR AT WS TS 55 -
‘ fase  Re B ‘
I RS RS b me  mIRSRE ROWR SRR AEE EiemE B0
f//MPa b,/mm h/mm d/mm L/mm A % f,/MPa % f;’/MPa % f,/MPa VKN
[59] OA-1 22.5 310 556 461 1829 397 1.81 555 166.8
A-1 24.1 307 561 466 1829 392 1.80 555 0.180 345 0.100 325 233.5
B-1 24.8 231 556 461 1829 395 243 555 0.243 345 0.147 325 2224
C-1 29.6 155 559 464 1829 395 1.80 555 0.361 345 0.198 325 155.7
[14] SO3-1 27.5 150 305 253 765 3.00 4.24 460 4240 460 71.0
[15] S-2-0 254 150 260 218 500 216 3.10 395 3.100 395 0.189 377 102.6
[18] B-1 30.5 150 200 170 510  3.00 298 391 1.040 386 39.2
[19] B-1 38.0 300 300 245 1000  4.08 4.38 395 2.070 395 112.0
[21] DB-S0-OL 25.0 152 406 350 525 1.50 2.19 470 0.530 470 3235
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gk 2.4 WS H T EWR SR
# NG RS
i RCI1 RC2 RC3 U4 Us U6 W7
P\ 612 6025 632 612 6025 6832 6832
325 35 3025
2N TTE mm® 678 2944 6298 678 2944 6298 6298
N WS % 4.1 4.5 4.2 4.1 4.5 42 4.2
P 5 4 5 P8@100
e 5 LA R % 1.0 0.5 0.34 1.0 0.5 034 034
FRP Jnfil jE =X U JEHi .2
BAZ FRP %% wi  mm 30 60 90 90
FRP 3% t mm 0.111 0222  0.333 0333
FRP ##[H]#H s mm 20 40 60 60
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FRP B , 4 BB 2 K H .

(R U, A BRI FRP-VEE L AL THDRY S5 T B A0 2 IE BT FRP i
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FH B LE AR PR ) AR G AR

32
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