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Abstract : Based on model tests, the shear strengthening mechanism of hybrid-bonded fiber-reinforced polymer
(HB-FRP) reinforced concrete T beams was studied. Destructive tests of unreinforced, externally-bonded
fiber-reinforced polymer (EB-FRP) and HB-FRP reinforced T beams were also carried out. Based on Abaqus
software, a refined finite element model was established, and the results of model tests and numerical calcula-
tions were compared and analyzed to verify the accuracy of the finite element model. A parameter analysis test
was carried out to study the effects of concrete strength, stirrup spacing, FRP strip number and FRP thickness
on the shear resistance capacity of reinforced beams. The results show that the shear crack spacing of HB-FRP
shear strengthening beams 1s smaller than that of EB-FRP strengthening beams; EB-FRP strengthening beams
has a large area of debonding, while the HB-FRP reinforced beams only has debonding in areas where there are
cracks between adjacent mechanical fastener, and the mechanical fasteners effectively suppresses the spread of
debonding. The FRP strain level of the HB-FRP shear strengthening beam is twice that of the EB-FRP shear

strengthening beam, which shows good ductility. Considering the parameter analysis results of unreinforced
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beams, EB-FRP reinforced beams and HB-FRP reinforced beams, the influencing factors of shear resistance ca-

pacity in descending order of importance are: concrete strength, stirrup spacing, FRP spacing and FRP thickness.

Key words: reinforcement; reinforced concrete T beam ; shear resistance; finite element; plastic damage model
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Table 1 Mechanical properties of reinforcement materials

Nominal

« /./MPa £,/MPa E./GPa
diameter/mm Y
8 307 458 210
16 284 436 208

Note: f,—Compressive strength;f,—Tensile strength; £ —FElas-
tic modulus.
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Fig. 1 Specification and reinforcement mode of test T beam (size:mm)
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Fig.2 Loading diagram of reinforced concrete T beam (size:mm)

R T 2 22 e SE BRI T T T (el il
A% B A AR T UL ) A% S A ) SR R
A PRI RO R AR S A AR 5 kN B
IN#RZ 20 kN, F 47 4 (P) 2 E I 3 O AT IF il &
T T[] 9l 1R 56 48 T ) 2 B MO8 e v R
IR AU BB BAT A 9 5 kKN B RN EL, i Ay AR
TE Je 1 U G K

B A 28 TR A A8 5 40 P 3 7
2 HERH
AR
FI T Abaqus % 4 2 37 32 g 32 9 = 246 BT

R(FEM) , 5 X R4 AUHESE 1/4 8580 A7 BROT KL
TUGPE 4 e 7S Tt 05 A% £ 28 B 2R 0 OR

2.1



1076 @®mOs M

%24 %

70,90,90 70
|

= ]
700" 200 ' 250

P3O T 58 A ) o A

Fig.3 Strain measure points of T beam (size:mm)
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Table 2 Comparison of test and calculating result

Specimen

Shear resistance

Increase ratio of shear Calculated shear

No- code f¢/mm Ly /mm capacity/kN resistance capacity/ %  resistance capacity/kN Deviation/ %
1 V1 278 277 —0.4
2 V2 0.167 319 14.7 316 —0.9
3 V3 0.167 280 346 24.5 318 —8.1
4 V4 0.167 140 338 21.6 318 —5.9

Note: {r—FRP thickness; L, —Anchor spacing.
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Fig. 7 Crack distribution and interfacial failure modes of specimen V2 and V4
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Table 3 Numerical simulation results

No Parameter [ /MPa D, /mm D;/mm 4 /mm L, /mm P, /kN
1 35 250.0 277
2 45 250.0 382
3 ) 55 250.0 388
4 Jo 35 250.0 250 0.167 140 318
5 45 250.0 250 0.167 140 382
6 55 250.0 250 0.167 140 388
7 35 125.0 302

D.
8 35 62.5 368
9 35 250.0 0.167 140 301
10 35 250.0 125 0.167 140 323
11 D, 35 250.0 2.000 140 323
12 35 250.0 250 2.000 140 340
13 35 250.0 125 2.000 140 352
14 35 250.0 250 0.334 140 327
15 l[ 35 250.0 250 2.000 140 340

Note:f,,—Concrete strength; D —Stirrup spacing ; D—FRP spacing; P,—Load capacity.

4 o 5 i R 2 R A O 198 B TR 7 2% P, Ak ) —
b, A0 [ DLV IBERIAE S 22 i 32 DL VA R
Y22 b A A m R 55 P45 R8N
e R ZEAA N PO I K 22 1B B LA 45 52 1 [X 3R 9 17 22
B, RO Ay 75 2] A A 52 me [ 3R I — 40 5 9 B K5 )
B SR IR 11 s SR A R R N E 2
EB-FRP il [t 22 Fl HB-FRP fill [5 22 19 5055 W 45 3
Xof 5 7 TR R - T TR BT Y AR AR T 045 I TR 3R e BR
SIVERETY Ry IRGE v EE 5 A B FRP [E]BE . FRP
JEBE

Coefficient of influence

Factor

F 11 s s dr

Analysis of influence factors

Fig. 11

5 #ig

(1)HB-FRP Jin [ 18 % £ 3% $2 T+ 50 8 A& 2k 58 )
2y 23% ,EB-FRP Jin [& 3 $& 7+ bt 57 K 4468 )1 29 15%.

(2)HB-FRP Jin [ J5 i 15 &E + 32 1 5} 24 55 17 il
fE 1 2158 T EB-FRP i [& 3%, 24 4% [A] i /)N

(3)EB-FRP il R %E + 32 & A I DX SR T AR
23,1 HB-F RP JIE AAEAR R B (o] A 2485 2500 1)
DA I FRP IS BVRAIMA R 7SR 2 e

(4)HB-FRP it 5§ fin [ 18 %€ + 22 19 FRP L A8 7K
Vo EB-FRP 40 59 fin [51 92 1) 2 7%, A 242 7+ 1 FRP
FFH R BT 5 0S4 HEE

(5) 25 & % J& oK hn 15 22 L EB-FRP Jin [& 22 il
HB-FRP fin [ 22 5 Z 8050 B 45 5, P i iR e+ T
PTG AR RE T Y 5 e R R e B SRR Y O IR
W9 fiE R CFRP [AIEE FRPJE R

S & Uk :

[ 1] GHAFARI E, AREZOUMANDI M, COSTA H, et al. In-
fluence of nano-silica addition on durability of UHPC[J]. Con-
struction and Building Materials, 2015, 94: 181-188.



%51 oy AE SR AR EE+ T 9 HB-FRP 47 55 i 7 8 56 R (e A% 4 1081
[ 2] RAVINDRA P, NAGARAJA P. Effect of external postten- [15] WU ZM, HU C H, WU Y F, et al. Improved hybrid bond-

[10]

[11]

[14]

sioning on member forces of determinate pratt pattern bridge
truss[J]. International Journal of Emerging Science and Engi-
neering, 2013, 2(2): 31-35.

BISCAIA H C, SILVA M A, CHASTRE C. Factors influ-
encing the performance of externally bonded reinforcement sys-
tems of GFRP-to-concrete interfaces[J]. Materials and Struc-
tures, 2015, 48(9): 2961-2981.

BISCAIA H C, BORBA IS, SILVA C, et al. A nonlinear
analytical model to predict the full-range debonding process of
FRP-to-parent material interfaces free of any mechanical an-
chorage devices[ J]. Composite Structures, 2016, 138: 52-63.
BARBIERI G, BIOLZI L., BOCCIARELLI M, et al. Size
and shape effect in the pull-out of FRP reinforcement from con-
crete[ J]. Composite Structures, 2016, 143: 395-417.

TAO Y, CHEN J F. Concrete damage plasticity model for
modeling FRP-to-concrete bond behavior[J]. Journal of Com-
posites for Construction, 2014, 19(1): 04014026.

WU Y F, HUANG Y. Hybrid bonding of FRP to reinforced
concrete structures [J]. Journal of Composites for Construc-
tion, 2008, 12(3): 266-273.

KU 2R A HIB-FRP N E IR 56 1 45 # O K 25 1 7%
BRI T ] [ 4y 2741, 2015, 28(1) - 38-44,53.

ZHANG Feng, XU Xiangfeng, LI Shucai. Bond-slip model
for HB-FRP system bonded to concrete [J]. China Journal of
Highway and Transport, 2015, 28(1): 38-44, 53.(in Chinese)
GUAN Y H, JIANG B S, SONG X G. Experimental study
and numerical simulation on bonding behavior of the new
HB-FRP strengthening technology[J]. Journal of Performance
of Constructed Facilities, 2011, 26(2): 220-227.

{5 7, 5K HB-F RPN 5 98 56 - 25 4 241 5 S #h g fe ke (7],
FEFM BE R, 2018,21(6) :969-976.

GAO Lei, ZHANG Feng. Composite interfacial bonding char-
acteristics of HB-FRP to concrete structures [J]. Journal of
Building Materials, 2018, 21(6) : 969-976. (in Chinese)
ZHOU Y W, WANG X W, SUIL L, et al. Effect of mechan-
ical fastening pressure on the bond behaviors of hybrid-bonded
FRP to concrete interface [J]. Composite Structures, 2018,
204: 731-744.

fiF =/ i DL, B A2 CFRP 70 1R A RS W% =X 5t 1 57 D) 74 5g
[T iR R Tl R 27l , 2017,49(9) - 97-102.

FU Yixiao, YE Jianshu, MA Ying. Test on the interfacial
shear performance of hybrid bonding CFRP [J]. Journal of
Harbin Institute of Technology, 2017, 49 (9) : 97-102. (in
Chinese)

CHEN C, WANG X W, SUI L L, et al. Influence of FRP
thickness and confining effect on flexural performance of
HB-strengthened RC beams[J]. Composites Part B: Engineer-
ing, 2019, 161: 55-67.

WU Y F, YANJH, ZHOU Y W, et al. Ultimate strength of
reinforced concrete beams retrofitted with hybrid bonded
fiber-reinforced polymer [J]. ACI Structural Journal, 2010,
107(4) : 451-460.

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[26]

[27]

[29]

ing technique for attaching FRP to reinforced concrete beams
[J]. Magazine of Concrete Research, 2011, 63(11): 861-869.
WU ZM, HU C H, WU Y F, et al. Application of improved
hybrid bonded FRP technique to FRP debonding prevention
[J]. Construction and Building Materials, 2011, 25 (6) :
2898-2905.

ZHOU Y W, GUO M H, SUIL L, etal. Shear strength compo-
nents of adjustable hybrid bonded CFRP shear-strengthened RC
beams[J]. Composites Part B: Engineering, 2019, 163: 36-51.
Fili BT AE , 085, B RO, S FRP R b 5 TR BE ARG 25 PR e Y
KA BRIT ST [T, TR I3, 2006, 23(5) : 74-82.

LU Xinzheng, YE Lieping, TENG Jinguang, etal. Meso-scale fi-
nite element analysis of FRP-to-concrete bond behavior [J]. Engi-
neering Mechanics, 2006, 23(5): 74-82. (in Chinese)
POPOVICS S. A numerical approach to the complete
stress-strain curve of concrete [J]. Cement and Concrete Re-
search, 1973, 3(5): 583-599.

HORDIJK D A. Local approach to fatigue of concrete [M].
TU Delft: Delft University of Technology, 1991.
HILLERBORG A, MODEER M, PETERSSON P E. Anal-
ysis of crack formation and crack growth in concrete by means
of fracture mechanics and finite elements[J]. Cement and Con-
crete Research, 1976, 6(6): 773-781.

LINJ P, WU Y F. Numerical analysis of interfacial bond be-
havior of externally bonded FRP-to-concrete joints[J]. Journal
of Composites for Construction, 2016, 20(5): 04016028.
WUYF, YUNY C, WEI'Y Y, et al. Effect of predamage
on the stress-strain relationship of confined concrete under
monotonic loading [J]. Journal of Structural Engineering,
2014, 140(12): 04014093.

YU T, TENG J, WONG Y, et al. Finite element modeling
of confined concrete-1I: Plastic-damage model [J]. Engineer-
ing Structures, 2010, 32(3): 680-691.

CHEN G M, TENG J G, CHEN J F. Finite-element model-
ing of intermediate crack debonding in FRP-plated RC beams
[T]. Journal of Composites for Construction, 2010, 15(3) :
339-353.

WU Y F, LIU K. Characterization of mechanically enhanced
FRP bonding system[J]. Journal of Composites for Construc-
tion, 2013, 17(1): 34-49.

PREE, F5 8 AL, 225400, 45 FRP-IR BE = 05 32 25 92 ot 10 bl 45
BERIAT IR ST Hr [ T]. T A 3+, 2008,25(3) : 120-125, 131,
CHEN Ying, QIAO Pizhong, JIANG Hongdao, et al. Nu-
merical modeling for cohesive fracture of FRP-concrete bond-
ed interfaces in three-point bend beams [J]. Engineering Me-
chanics, 2008, 25(3): 120-125, 131. (in Chinese)

GAO L., ZHANG F, LIU J Q, et al. Experimental and nu-
merical study on the interfacial bonding characteristics of
FRP-to-concrete joints with mechanical fastening [J]. Con-
struction and Building Materials, 2019, 199: 456-470.

PARK R, PAULAY T. Reinforced concrete structures [ M ].
[S.1.]: John Wiley & Sons, 1975.



