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Abstract—The bonded interface between fiber reinforced plastic On shear bond strength of reinforced concrete structure by

(FRP)plate and the concrete members is a key part while FRP plate, some scholars [1-4] conducted a large numbers of
reinforcing the concrete structures with FRP plates. Under some €Xperimental analysis and theoretical research, however,
external loading conditions, this interface was oftenin the direct OWwing to the lack of unified measurement shear bond strength
shear action. Therefore, accurate measurement and analysis of Of the bonding interface standards or specifications, the test
interfacial shear stress distribution was the precondition of FRP method adopted was not same, mainly include single, double
plate reinforced concrete structural design. The ASTM D905 shear, block shear test, three point bending beam test, four-
shear specimens were improved, the shear test of the bonded point bending beam test, five-point bending beam test and
FRP-concrete interface was simulated by using three-dimensional torsion test. Among them, the first three tests mainly aimed at
finite element method, and the shear stress distribution was small specimens, the last four methods were mainly used for
obtained. The stress distribution characteristics on the |arge Specimens_ A |arge numbers of research and tests
interfacewas discussed, the stress concentration factor (SCF) for ghowed that [5, 6]: the shear strength of specimens measured
the characterization of specimen actual shear strength was well by beam shear method was generally less than the block shear
obtained.The resultswill play an important role on the study the test, therefore, in terms of engineering safety, the block shear
interfacial fracture by thestress concentration in gaps. test’method Wés more inclined to adopt. The ASTM D905 was
used to measure the bonded shear strength of lumber by the
American Society for Testing Material [7]. It was important to
note that shear strength was the ultimate limit pressure load
. INTRODUCTION divided by the corresponding shear failure area, which was the
) ] ) _average shear strength, it met the assumption of uniform
The bonding surface between fiber reinforced plastiGjistribution on the interface shear stress. But in fact, the stress
(FRP)plate and concrete is the key part of FRP platgiong bonding interface was not equally distributed. As early
reinforced concrete structure. The failure of reinforcedys 1955, Yavorsky and Cunningham [8] studied the bonding
structure was often caused by tiny cracks of bonding surfacgyterfacial strain distribution of ASTM D905 specimens by
and then developed into the larger cracks, eventually led Qrain indicating paint, the results showed that the interfacial
damage as a whole structure. Interfacial bonding strength wWagear stress distribution was not uniform, and was not a pure
divided into shear bond strength (parallel to the bondinghear stress, which was owing to stress concentration and
interface) and tensile bond strength (perpendicular to thgnsijle stress existed in the specimens notch. Therefore, the

interface), and the bonding interface was often in a shear streggthods underestimated the real shear strength of bonding
state under some external loading conditions. Thereforguterface.

accurate measurement and analysis of adhesive interfacial

shear stress distribution is the precondition of FRP plate Zhang [8] carried out numerical simulation of shear test of
reinforced concrete structural design. the FRP-concrete bonded interface by adopting the bi-
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dimensional finite element method. But it was much difference Stress concentration due to gaps would be likely to result
between the two-dimensional FEM calculation and the thredén uneven stress distribution of the bonded interface, the stress
dimensional FEM calculation. Therefore, it was urgent toof the gaps will be far greater than the average shear stress
study the influence of the stress concentration of the bloc&alculated by eqn (1), and the stress concentration factor (SCF)
shear specimen to the shear strength of the bonded FRFRas adopted to characterize the relationship between them,
concrete interface by three-dimensional FEM, interfacial sheavhich was as follows:

stress distribution will be obtainedand it is very useful for

designing the shear-resisting bonding strength test as well as SCF :rm%

characterizing the FRP-strengthened concrete bonded interface. L )

II.  MODEL TEST ANDNUMERICAL SIMULATION

With reference to ASTM D905 shear test method, shea "€ TS the maximum shearing stress on the bonding
specimens were improved, the length of the concrete blodRrterface, while the interface shear stress was equal to ultimate
was 50.8 cm, the width was 19.05 cm, the height was 44.43hear stress. The stress distribution of FRP-concrete bonded
cm, and the thickness of the FRP plate can be adjusted freeljterface by finite element analysis, was not the corresponding
In order to prevent specimen upsetting, the surface of loadirgress when it came to ultimate shear strength of interface, but
device was roughly same as loading surface of the concretith the scaling factor adjustment, the real SCF value can be
the gap of specimen was limited by lateral displacement ar@ptained, which was
vertical displacement, the bottom gap of specimen was under

vertical and horizontal constraint. The uniform vertical CF = Fma — rimm/¢: T ax LA
displacement was applied to simulate test load, as shown in fig. T, T, sP )
1.

where, 7, was the maximum stress along FRP and concrete

bonding interface calculated by finite element method under
certain displacement. From egn 5, it can be learned that SCF
was not affected by shear strength of the FRP-concrete bonded
interface, SCF was a fixed value for the determination of some
materials. Therefore, as for SCF, it was of great significance
for the characterization of specimen actual shear strength.

’ b)load

a)shear specimens ( o, .

@ P conditions A. Material Parameter

FIGURE I. IMPROVED SHEAR STRENGTH TEST There were no consistent conclusions in documents about

) FRP plate and concrete material property values, and the
_ On the assumption that shear stress of FRP and concrefgyierial properties were not the same as for different types of
!nterfac_e was under the premise of uniform distributionsRp  and concrete plate. Referred to previous data and
interfacial shear strength expression was: documents [9-10], it was assumed that concrete was isotropic
r, =P /A(Q) material, and the concrete compressive strength grade was C25.
fre 4 FRP plate was selected as the carbon fiber reinforced polymer
where, 7, . was shear strength of FRP and concr&f@yas  (CFRP), glass fiber reinforced polymer (GFRP) and boron
ultimate load, which was external load imposed when théiber reinforced polymer (BFRP). They were all orthotropic
shear specimen damagé, was the area of FRP-concrete Material, and satisfied the conditions of transverse isotropy.
bonded interface. Referred to the calculation formula of the elastic constants and
_ _ practical engineering value about CFRP, GFRP and BFRP in
The displacement control method was applied on thehe literature [9], the material properties of FRP sheet and
specimen, limit load cannot be determined in advance, so th@®ncrete were as shown in table 1, the 1-st direction was the
interface shear strength was assumer] as bonded interface main direction of FRP sheet.

damage area was assumed Aas then the ultimate applied

l TABLE I. MATERIAL PROPERTYPARAMETER
load was:

s El EZ E3 U U U GlZ Gl3 G23

P=r_ [A(2) IGP  /GP JGP "= "= "= JGP /GP  GP

. . . . a a a a a a

A certain displacement load was imposed on the specime

; , . “Concr 275 275 275 144 144 144

the actual load applied on the specimen can be obtain 76 79 79 02 02 02 “go0 oo Tge
through the finite element analysis, which was resultant forchRP 004 118 118 02 02 03 ..o o 783
loading on the surface, recorded &R , the ratio of applied 5 5 v 72 ' ' 88
external forces and limit external forces was CFRP 181 120' 120' 02'3 Oé?’ 0é4 717 717 7241'0
182 182 02 02 03 12.2

(0227 _sp GFRP 386 7 & 8 4 414 414 ¢

P . [A
f-c (3)

816



Note: &, E,, Es—Elasticity Modulus;uv_, v

.1 U, U, — Poisson's
ratio; Gy, Gz, Gy3 — Shear Modulus

For FRP sheets, the elastic constants satisfied eqn (6) ;' ;iﬂ','{,'il
H iy
Ez = Ea’ G12 = G13’ Uy = Ugy U, =l Uy =0y
GZ3 = 2
2(1+ U23) (6)
g
IIl. THEFINITE ELEMENT MODEL (a)Stress distribution under2-5- | (b)Stress-distribution under-4- |

& B

Three-dimensional finite element model was established e 0
by finite element software ADINA it was refined locally for FIGURE Il SHE%%SE;E?E miégfxgéo'\' OF BFRP AND
the grid of bonding interface and the load surface, as shown in
fig. 2. In addition to the grid locally refinement, there were 5 207
cm and 10 cm grid mesh division respectively in the direction
of the specimen thickness (X direction), and 2 cm and 4 cm
grid mesh division respectively in the specimen length
direction (Z direction) and the width direction (Y direction).
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Due to space limitations, there were only listed two kinds
of BFRP sheets grid model, the first case was that the
thickness direction (X direction) was 5 cm, the length e s
direction (Z direction) and the width direction (Y direction) A T e o0 000 To0 3000 3500
were both 2 cm, as shown in fig. 2 (a); the second case was Shear sress/18Pa
that the thickness direction (X direction) was 10 cm, the lengthrIGURE IV. SHEAR STRESS DISTRIBUTION AT DIFFERENT DEPTH
direction (Z direction) and the width direction (Y direction) OF BFRP -CONCRETE INTERFACE
were both 4 cm, as shown in fig. 2 (b).

-104

Height of FRP-concrete interfacécm

Note: The first number represented the length and width

The left part was the FRP plate in the model, the right pagj ection of the mesh size, the second number represented the
was concrete, whose thickness was same, their mate”altriickness direction of the mesh size. the third number

direction was Z direction. 27-nodes three dimensional elemepé
was used for FRP plate and concrete parts, adhesive contacy
element was set for bonding between FRP plate and concrete
surface. FRP sheet was constrained in vertical direction at tfi&S
bottom, was constrained in lateral horizontal direction in the (1) The shear stress distribution of FRP and concrete
upper, and the concrete was constrained in lateral horizont@lterface were roughly same with different mesh density.
direction at the bottom. In order to simulate the actual load,

displacement of 0.01 mm/s uniform load was applied on the. (2) It was roughly same that the calculation of shear stress
right side of the specimen, as shown in fig. 2. distribution along FRP and concrete interface in different

depth under different mesh density, this showed that the stress
_ v, | T @R along the interface of FRP and concrete changing with depth.

resented the depth of the interface.
From fig. 3 and fig. 4, it can be came to the following
ults:

(3) It was very close that calculation results between three-
dimensional and two-dimensional FEA model for different
depth of the interface shear stress, thus it can take simplified
calculation by using the two-dimensional model in the future.

FRP and concrete interface SCF calculation results through
the 3 d models and 2 d model under four different grid density
are compared, which as shown in table 2 to table 4.

|| (@) Loadsndhonndiry (b)Load and boundary conditions

| conditions of 2(Y.Z) o 5 (X) of 4(Y.Z) to 10(X) grid TABLE I1. SCF CALCULATION OF BFRP-CONCRETEBONDED INTERFACE
| gride ?
) . Plane Plane
FIGURE Il. FINITE ELEMENT MODEL OF IMPROVED ASTM D905 Mesh density  2-5 2-10 45 410 oo strain
SHEAR TEST
SCF 4.276 2'27 3'27 3'27 4407  4.276
The shear stress distribution of BFRP and concrete bondegving equation 14511 7373 616 3133 4745 4745
interface was obtained as shown in fig. 3 under different mesh number 2 2 72 2
density. The shear stress distribution at different depth of SOW';IQ)“me 1781 20-4 10-9 809 013 0.15
BFRP sheets and concrete bonded interface were obtained as,, MS 405 422 149
shown in fig. 4. (mtgs)age 12621 425 422 149, 4
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TABLE Il SCFCALCULATION OF CFRR-CONCRETEBONDED INTERFACE
. Plane  Plane [1]
Mesh density 2-5 2-10 45 4-10 stress  strain
440 44 440 2]
SCF 4.402 2 06 6 5.010 4.403
solving
equation 1900 4 528 3 ams  ams 3]
number
Solving time 1775 30.9 40.
s) 8 3 6 796 0.12 0.13 ”
RAM usage 1262. 425. 422 149. 4 4
(mb) 1 7 .8 7
[5]
TABLE IV. SCFCALCULATION OF GFRP-CONCRETEBONDED INTERFACE
Meshdensty 25  2-10 4-5 4-10 Liane Plane .
y stress strain 7]
6.47 6.4 6.48
SCF 6.477 7 80 0 6.939 6.477
solving
equation sy 3 810 3138 u7a5 gus (8]
number
Solving time 1854 30.1 42.
(s) 9 7 o1 8.02 0.12 0.12 (0]
RAM usage 1262. 425. 422 149. 4 4
(Mb) 1 7 .8 7
[10]

It can be obtained from table 2 to table 4 as follows:

(1) It was more economic and simple three-dimensional
finite element mesh grid that the transverse mesh density was
2 cm, and the longitudinal direction and the depth mesh
density werel0 cm.

(2) The grid density slightly affected the results of the SCF,
but the mesh density in the thickness direction had less effect
on the calculation results for the improved D905 specimens,
even can be ignored.

IV. CONCLUSION

Based on the shear bond strength of FRP and concrete
bonded interface ASTM standard D905 shear specimens had
been improved, bonded interface shear test of FRP plate
reinforced concrete member was simulated by using three-
dimensional finite element method, the main conclusions were
as follows:

(1) Due to different material properties of concrete and
FRP and the discontinuity of geometrical shapes at the notches,
obvious stress concentration appeared on the upper and bottom
ends of the FRP-concrete interface, which indicated the initial
fracture resulting in the shear failure on the FRP-concrete
bonded interface.

(2) Shear stress distribution and SCF calculation by three-
dimensional finite element method can be simplified as a two-
dimensional plane strain problem for analysis.
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