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ABSTRACT

It is now nearly two decades since Fiber Reinforced Polymer (FRP) was first used as structural
engineering materialandever since its main utilization has been in the strengthening of existing reinforced
concrete structures. Flexural and shear strengthening of reinforced concrete elements using FRP are
performed in two general methods: externally bonding FRP reinforcement (EBR) to element’s surface or
putting FRP in the form of rod, laminate and strip in a pre-cut groove and filling it up with epoxy paste. The
latter called near-surface mounted FRP (NSM) is more effective method as compared to EBR because higher
values of FRP strain can be attained. In order to make an effective use of NSM FRP in strengthening of
reinforced concrete structures, it is required to have an adequate understanding of the force transferring
mechanism between junction of FRP and concrete.ln this paper, three models are implemented and
compared with 60 test results using different local bond-slip curves. The first two models are based on
fracture mechanics but the second model uses finite element method. The third model is a rather complex
closed-form modelbased on congtitutive law and equilibrium. The result of the comparison asserts that the
models have accurate predictions for the bond strength of NSM FRP.

INTRODUCTION

The near-surface mounted (NSM) technique is a method to exploit much of the high strength capacity
of FRP against another method externally bonded reinforcement (EBR) which is a less efficient method
because of lower attainable FRP strain values (De Lorenzis and Teng, 2007). This means that the debonding
(loss of bond) failure in EBR method reported in many experimental studies (Sena-Cruz et al., 2012, Teng et
al., 2003) can be controlled in the new method.

Utilizing NSM method needs codes and approved instructions based on experimental results and
analytical models to determine the strength and the deformation capacity of strengthened RC members and,
also, the contribution of FRP in these capacities. Furthermore, in order to develop accurate models for
predicting the capacity of flexural or shear strengthened reinforced concrete members, it is required to have
an adequate understanding of the force transferring mechanism between junction of FRP and concrete
through predictive bond strength models. The homogeneity between analytical models’ predictions and
experimental results is only one of the essentials that a model must have, also, proposed models must be
easy-to-use for engineers in order that they be suitable for applying in codes. Although comprehensive
design formulas for EBR technique are provided by ACI-440 committee, studies have been being carried out
with the aim of proposing accurate and simple predictive models.

At first, the calculation of the bond capacity of NSM FRP was by assuming a uniform bond stress (tj)
in the interface of FRP-to-concrete junction (De Lorenzis and Nanni, 2001) but recent studies are predicated on
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the fracture mechanic approach and the consideration of alocal bond-slip relationship (Seracino et a.2007a).
Exploiting this approach through finite element models has led it to make accurate predictions (Zhang et al.
2013a). As regards the simplicity and the accuracy of such models they can be applied in design codes,
nonetheless, the mechanical models are more meritorious and have a precedence to numerical models.
Bianco et al. (2009) has proposed an accurate predictive model only based on the equilibrium equation and
the constitutive law and with considering a multi-linear local bond-dlip relationship. In following parts the
performance of models proposed by Seracino et a. (2007a), Zhang et al. (2013a) and Bianco et a. (2009) are
compared using 60 test specimens extracted from eight experimental programs from the open literature
(Zhang et a. 20133, Bianco et a. 2009).

PROPOSED MODEL BY SERACINO ETAL

Seracino et a. (2007a) proposed a bond strength model using a linear regression analysis with the
consideration of the fracture energy and simple linear local bond-dlip relationship shown in Fig.1a. The bond
strength relation is as described in EqQ. (1).

Py =085 ay, O "% |EArL, (1)

where @ is equal to 1.0 and 0.85 corresponding to mean value and %95 lower bound of test results,
respectively, y; isthe height to thickness ratio of the pre-cut groove, f¢ (MPa) isthe compressive strength of
the concrete, L, (mm) is the perimeter of the fracture according to Eq. (2) (Zhang et a. 2013a), Er (MPa)
and Af (mm?) are the Young’s modulus and the cross section of the FRP strip, respectively.
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Figure 1. Typical local bond-slip relationships adopted by (a) Seracino et a. (2007a) and (b) Zhang et a. (2013a)

Ly=2(he+ 1)+ (tr +2) (2)

where ,hy (mm) andty (mm) are the FRP strip’s height and thickness, respectively. With consideration of
parameters such as the effect of the edge distance of the concrete block (3.) according to Eqg. (3) (Rashid et
a. 2008), the epoxy paste’s cover (c,) (Oehlers et a. 2008) and the reduction factor of the bond length’s
shortage (f5;) according to Eqg. (4), Zhang et a. (2013a) represented Seracino et al.’s (2007a) model as
described in Eq. (5).

B.=0.283 72 +0.196 < 1.0 (3)
”
L
B = L_b <1.0 (4)
, he +¢c, -2
Py = 0.85 @ Bofuyg B £/ |EpAsLy | L G | ©)

wherein Eq. (3) a, isthe distance of the pre-cut groove to the concrete block’s edge and in Eq. (4) Ly, and L,
are the embedment length and the effective bond length of the FRP strip according to Eq. (6), respectively.
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PROPOSED MODEL BY ZHANG ETAL
Zhang et al. (2013a) proposed the bond capacity relation as Eq. (7):
Fu= B [2GsEp ALy < Py "

where f;,, G (N/mm), Ef (MPa), Af (mm?), L, (mm) and P; are the reduction factor of the bond length’s
shortage effect, the interfacial fracture energy, the Young’s modulus of FRP, the cross section of the strip,
the failure perimeter according to Eq. (2) and the ultimate tensile strength of FRP, respectively. Gyisobtained
as stated in Eq. (8) from a linear regression analysis on results of a parametric study by implementing a FE
model.

Gr = 0.40 042210617 (8)

In order to considering the effect of the bond length Zhang et a. (2013a) conducted a parametric study
on results of a FE model by utilizing the local bond-dlip relationship proposed by Zhang et al. (2013b) as a
function of y,; and f7 whichis stated in Eq. (9) and illustrated in Fig. 1b.

2B—-5s2 m2B—s

- i 5 9

t(s) = A 5 )sm[z 5 | s<2B )
A = 0.72y,0138 0613 (10)
B = 0.37 y,,0284 f1000 (11)

wherer (MPa) ands (mm) are the bond stress and the relative slip between the strip and the concrete,
respectively. Providing a closed-form solution when the local bond-slip relationship isn’t a simple curve like
which is shown in Fig. 1a will be arduous or even implausible, therefore using numerical methods will be
inevitable. The maximum value of T (T,,4y) 1S as expressed in Eq. (12) (Zhang et a. 2013a):

Twiga = 1.15 0108 005 (12)

Based on Yuan et a.’s (2004) study, the effective bond length considered by Zhang et al. (2013a) to
be equal to the bond length corresponding to a bond strength equal to %99 of the bond strength value in case
the infinite embedment length is existent. Furthermore, the governing equation of the junction of FRP and
concrete presumed as Eqg. (13).

d2$ ZGf

dx2 Tt

n?1(s) =0 (13)
wheren is aconstant determinable using Eq. (14).

saa b
Z — max =p 14
Y 5 R (14)

The product of the effective bond length (L.) and 7 is constant and relies on the ratio between the
fracture energy corresponding to the ascending branch and the descending branch of the bond-dlip curve
(Yuan et a. 2004, Zhang et a. 2013a). Zhang et al. (2013a) obtained the constant value equal to 1.66.
Therefore, L, can be caculated with Eq. (15) and aso, the reduction factor of the bond length’s shortage
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(B,) is suggestedusing a curve-fitting to results of the parametric study as stated in Eq. (16).
1.66
Le = N (15)
L L
B, = L—f’[z.os ~1.08 L—f’ (16)

PROPOSED MODEL BY BIANCOETAL

The model proposed by Bianco et al. (2009) is a predictive model only based on the equilibrium and
the congtitutive law. Whereas this mechanical model provides a closed-form solution for the bond capacity
of NSM FRP, applying a complex local bond-dlip relationship makes the solution hard or even impossible.
Bianco et a. (2009) used a multi-linear local bond-dlip relationship shown in Fig. 2 by considering four
distinct phases as shear load transferring mechanisms. For the sake of the brevity more details are ignored
here but are available in Bianco et al. (2009).

Bond Length

E: Elagtic Phase

S: Softening Phase

SF: Softening Friction Phase
FS: Free Slipping Phase
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Figure 2. The typical local bond-slip relationship adopted  Figure 3. Slip and bond stress distributions along
by Bianco et a. (2009). the bond length attained by Bianco et al. (2009).

According to Fig. 2, the governing differentia equation obtained from the equilibrium and described in Eq.
(17) should be solved for each phase separately by considering the corresponding boundary conditions

2
& =0 @)

wheres is the dip of the FRP strip, 7 is the bond stress and ] is a constant value regarding the ratio of the
axia stiffness of FRP and concrete. Firstly, Bianco et al. (2009) achieved the dlip distribution aong the bond
length by solving Eq. (17) for mentioned phasesin case the bond length is assumed to beinfinite (Fig .3). As
discussed before, the solution is performed for dastic, softening, softening friction and free dipping phases
then the boundary conditions imposedseparately. The distribution of the bond stress is attainable using the
value of the dip in each point along the bond length and according to the local bond-dlip relationship shown
in Fig. 2. In the next step Bianco et al. (2009) provided the solution for the finite bond length. Thus, by
assuming an imposed dip in the loaded end, the caused slip distribution limited to the embedment length. If
the bond length is bigger than the required length in which the dip value of the free end is zero, the solution
will be as same as the mentioned approach for an infinite bond length. This critical value is the effective
bond length discussed in preceding parts. Likewise, when the embedment length is smaller than the effective
bond length, dip and stress distribution will be limited according to the imposed end slip and the bond
length, consequently, the integration will be performed between these limits. More details are accessible in
Bianco et a. (2009).

APPRAISAL OF MODELS
In order to study the performance of discussed models, a comparison performed among the models’
accuracy using an experimental database. The database containing 60 pull-out test results on NSM FRP

extracted from eight experimental programs, is assembled from the open literature (Zhang et al. 20133,

4 [, 1nter national Institute of Earthquake Engineering and Sdsmology (IIEES) 720



SEE 7

Bianco et al. 2009). Characteristics of test specimens and also models’ predictive values are listed in Table 1,
where Ly, isthe bond length, hy and t¢ are the width and the thickness of the FRP strip, hy, and w, are height
and width of the pre-cut groove and also b, and h. are dimensions of the concrete block. Models’ results are
also presented in Table 1. Proposed models discussed in the prior parts have been implemented by authors
into a computer code. Apart from differences inherent in development of each model, all three models need
to presume a bond-dlip relationship. As expressed before, the local bond-dlip relationship shown in Fig. 1 and
stated in EQ. (9) have been used in Seracino et al.’s (2007a) and Zhang et a.’s (2013a), respectively. While,
two sets of parameters shown in Fig. 2 have been adopted for the mechanical model of Bianco et al. (2009)
(Table 2). The first set is to make the relationship similar to Eq. (9) by determining 7; andd, using Eq. (12)
and also making another assumptions stated in Table 2. In the second set the value of §3is considered to be
equal to 7.12 mm suggested by Bianco et a. (2010) and 7, adopted equal to the meanvalue of 60 calculated
values in the first set. Furthermore, the value of 7, proposed equal to 3.0 MPa with the purpose of
considering micromechanical and chemical effects ofmaterials and the interface of the junction(Bianco et al.
2009).

Table 1. Test specimens’ characteristics and models’ results
Dimensions (mm) Materials Test & Models’ Result (kN)™
Specimen £ E
i C !
L, h t h, w, b h MP) (GPa)

Test Z R S R Bl R B2 R

Group’

CS2-30 30 16
1 CS2-100 100 16

20 8 150 150 23.2 131 148 150 101 52 035 82 055 132 0.89
20 8 150 150 232 131 363 413 114 193 053 261 072 430 119

CS2-150 150 16 20 8 150 150 232 131 461 525 114 260 056 347 075 593 129

3M-90-1 305 16 19 6.4 458 152 60 131 605 545 090 643 106 478 0.79 665 110
19 64 458 152 60 131 625 545 087 643 103 478 077 665 106

19 6.4 458 162 60 131 605 545 090 643 106 478 0.79 665 110

3M-90-2 305 16

4
4
4

DP460NS 152 16 2 19 64 202 152 64.5 131 734 557 076 528 0.72 457 062 492 067
2
2

3M-90-3V 305 16 2

30-Mpa-100-10 100 10 12 11 3.2 299 180 30 161.8 226 218 097 124 055 158 0.70 225 1.00
30-Mpa-100-10 100 10 122 11 32 299 180 30 161.8 204 219 107 124 061 158 078 225 110
30-MPA-150-10 150 10.3 1.23 11.3 3.2 299 180 30 161.8 232 243 105 192 083 205 088 288 124
30-MPA-200-10 200 105 1.22 115 3.2 299 180 30 161.8 279 245 088 260 093 220 079 327 117
30-Mpa-250-10 250 10.3 1.22 11.3 3.2 299 180 30 161.8 266 242 091 259 097 220 083 360 135
30-Mpa-300-10 300 104 1.22 114 32 299 180 30 161.8 260 245 094 261 100 227 087 392 151
30-Mpa-350-10 350 104 1.22 114 3.2 299 180 30 161.8 230 245 107 260 113 225 098 412 179
42-Mpa-200-10 200 10.3 1.27 11.3 33 299 180 418 1618 306 274 090 294 096 254 083 335 110
30-Mpa-100-20 100 20 12 21 3.2 299 180 30 162.3 514 452 088 271 053 346 067 442 086
30-Mpa-200-20 200 20 12 21 32 299 180 30 162.3 578 50.6 088 541 094 478 083 624 108
30-Mpa-300-20 300 20 12 21 32 299 180 30 162.3 66.7 50.6 076 555 083 482 072 738 111
65-Mpa-200-10 200 10.1 2.88 111 49 301 180 64.8 1446 450 413 092 397 088 373 083 421 094
65-Mpa-200-20 200 19.8 297 208 5 301 180 648 1623 1088 927 085 781 0.72 743 068 825 0.76
53-Mpa-200-10 200 10.2 1.24 11.2 32 299 180 52.8 1618 319 288 090 312 098 260 082 324 102
53-Mpa-200-10 200 104 13 114 33 299 180 53 161.8 340 300 088 326 09 276 081 338 100
53-Mpa-100-20 100 20.2 1.25 21.2 3.3 299 180 53 162.3 638 591 093 391 061 464 073 458 072
33-Mpa-200-15 200 15.7 1.26 16.7 3.3 299 180 334 1621 475 405 085 429 090 388 082 503 1.06
33-Mpa-300-15 300 153 1.26 163 3.3 299 180 334 1621 516 393 076 429 083 375 073 584 113
65-Mpa-200-10 200 10 29 11 49 301 180 64.8 1446 451 410 091 393 087 368 082 417 0.93
33-Mpa-200-20 200 20 12 21 32 299 180 334 1623 60.7 523 086 575 095 498 082 624 103
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Table 1.(Continued.)
L~ Dimensions (mm) Materials Test & Models’ Result (kN)™*
3 Specimen £ E

0] L, he ¢ hy w, b, h (MPa) (GFf,a) Tet Z R S R BL R B2 R
12x3 350 124 276 134 4.8 301 180 36.7 1463 592 426 072 453 077 401 068 644 109
12x4 350 125 424 135 6.2 300 180 36.7 1345 541 495 092 520 09 461 085 733 136
12x6 350 124 573 134 7.7 300 180 36.7 1305 476 548 115 570 120 512 108 816 171
4 24x4 350 241 433 251 6.3 300 180 36.7 1414 130.0 1054 081 1140 088 1011 0.78 1374 1.06
12x12 350 12 12 13 14 300 180 36.7 1316 859 739 086 650 076 695 081 1123 131
30x7 350 306 7.3 316 93 299 180 36.7 1346 1653 1649 100 1410 085 1553 094 2026 123
26x20 350 253 20.6 26.3 22.6 301 180 36.7 1298 1994 1981 099 1240 0.62 1632 0.82 2589 1.30
C60NSMa 350 20 14 208 3 123 180 355 161 592 576 097 623 105 554 094 822 139
C85NSMa 350 20 14 208 3 173 180 355 161 757 576 076 623 082 554 073 822 109
C150NSMa 350 20 14 208 3 303 180 355 161 630 576 091 623 099 555 088 823 131
> CI50NSMb 350 40 24 408 3 303 180 355 173 2051 1755 0.86 1830 0.89 1721 0.84 1968 0.96
GONSM1 350 20 14 208 3 297 180 355 161 612 576 094 623 102 555 091 823 134
GONSM2 350 20 14 208 3 297 180 355 161 648 576 089 623 09 555 086 823 127
TS1-3.6.CO 350 10 36 11 5.6 300 180 38.8 150 400 391 098 411 103 360 090 585 146
TS1-36-COR 350 10 36 11 56 300 180 38.8 160 392 403 103 424 108 372 095 595 152
TS1-36-C10 350 10 36 21 56 300 180 38.8 165 618 61.7 100 653 106 434 070 601 097
TS2-60-CO 350 10 6 11 8 300 180 38.8 166 548 513 094 522 095 475 087 744 136
TS2-6.0-C10 350 10 6 21 8 300 180 38.8 165 86.1 757 088 804 093 543 063 743 0.86
® TS2-60-C20 350 10 6 31 8 300 180 38.8 169 1360 984 0.72 1040 0.77 585 043 748 055
TS3-6.0-C15 350 10 6 26 8 300 180 38.8 160 898 854 095 905 101 553 062 736 0.82
TS3-60-C25 350 10 6 36 8 300 180 38.8 161 1170 1060 091 1110 095 598 051 737 0.63
TS3-6.0-C30 350 10 6 41 8 300 180 38.8 160 1299 1152 089 1200 092 611 047 736 057
TS3-6.0-C40 350 10 6 51 8 300 180 38.8 154 1306 1308 1.00 1350 1.03 628 048 726 0.56
7 7-R60-S64 230 16 2 20 6 110 220 711 151 508 643 127 725 143 554 109 613 121
fem35_ Lb40 40 934 139 15 3.3 100 180 35 158.3 150 173 115 - - 84 056 101 0.67
fcmd5 Lb40 40 934 139 15 33 100 180 45 158.3 155 199 128 - - 98 063 101 0.65
fem70_Lb40 40 934 139 15 3.3 100 180 70 158.3 157 253 161 - - 133 085 101 064
fcm35 Lb60 60 9.34 1.39 15 33 100 180 35 158.3 228 233 102 - - 120 053 142 062
8 fecm45_Lb60 60 934 139 15 33 100 180 45 158.3 199 233 117 - - 141 071 142 071
fcm70_ Lb60 60 9.34 1.39 15 33 100 180 70 158.3 189 328 174 - - 174 092 142 0.75
fem35_Lh80 80 934 139 15 3.3 100 180 35 158.3 224 276 123 - - 148 066 185 0.83
fcmd5 Lh80 80 934 1.39 15 33 100 180 45 158.3 264 308 117 - - 16.7 063 185 0.70
fem70_Lb80 80 934 139 15 3.3 100 180 70 158.3 256 370 145 - - 208 081 186 0.73

* Groups 1 to 8 are extracted from Li et a. (2005), Shield et al. (2005), Seracino et al. (2007b), Seracino et a. (2007a), Rashid et al. (2008), Oehlers et
a. (2008), Perera et al. (2009) and Sena-Cruz and Barros (2004), respectively.
** 7: Zhang et al. (2013a), S: Seracino et a. (2007a), B: Bianco et a. (2009), R: Ratio

Table 2. Parameter sets adopted in Bianco et al.’s (2009) model.
Set Bond Stress Parameters (MPa) Slip Parameters (mm)

g T4 T2 &1 &2 83
1 300 Eq(12) 010 Eq. (9) 0.98: 2B (Eq. 11)
2 3.00 1340 4.02(0.31y) 0.10 1.00 7.12

Results of the comparison are listed in Table 1. Moreover, Figures 4a and 4b show comparison of the
predicted values of three mentioned models against test results for bond strength values in range of 0-60kN
and 60-260kN, respectively.
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Figure 4. Comparison of the models’ predicted bond strengths against test result collection(a) in range of 0-60
kN and (b) in range of 60-260 kN

CONCLUSIONS

In this paper the performance of three models proposed by Seracino et a. (2007a), Zhang et d.
(2013a) and of Bianco et al. (2009) has been studied using experimental results. The first two models were
based on fracture mechanics and the third model has beenpredicated on the equilibrium and the constitutive
law andexecuted by adopting two sets of local bond-slip parameters suggested by authors.

Statistical parameters corresponding to mentioned models’ outputs give that these models have
accurate predictions for the bond strength of NSM FRP. The coefficient of variation (CoV) of the mechanical
model with parameter set 1 is minimum among other two models but the model proposed by Zhang et al.
(2013a) has the maximum value of the average and the minimum value of the mean absolute percentage
error.Thesuggested parameter setfor the mechanical model with the aim of providingaunique local bond-slip
relationship has improved the accuracy of the model as regards average and the same CoV values against the
resulted valueobtained using parameter set 1 as demonstrated in Fig. 4.

Although the mechanical model has a desirable accuracy with the purpose of applying it in design
codes,further studies should be carried out to simplify it by considering the effectiveness ofitsparameters and
procedures.

REFERENCES

ACI Committee 440 (2008) Guide for the design and construction of externally bonded FRP systems for strengthening
concrete structures, American Concrete I nstitute

Bianco V, Barros J A and Monti G (2009) Bond model of NSM-FRP strips in the context of the shear strengthening of
RC beams, Journal of Structural Engineering, 135(6): 619-631

Bianco V, Monti G and Barros JAO (2010) Theoretical model and computational procedure to evaluate the NSM FRP
strips shear strength contribution to a RC beam,Journal of Sructural Engineering, 137(11): 1359-1372

De Lorenzis L and Nanni A (2001) Shear strengthening of reinforced concrete beams with near-surface mounted fiber-
reinforced polymer rods, ACI Srructural Journal, 98(1)

De Lorenzis L and Teng JG (2007)Near-surface mounted FRP reinforcement: An emerging technique for strengthening
structures, Journal of Composites Part B: Engineering, 38(2): 119-143

Li R, Teng JG and Yue QR (2005) Experimental study on bond behavior of NSM CFRP strips-concrete
interface,IndConstr, 35(8): 31-35

& International Institute of Earthquake Engineering and Seismology (IIEES) I 7/



SEE 7

Oehlers DJ, Haskett M, Wu C and Seracino R (2008) Embedding NSM FRP plates for improved IC debondin
gresistance,Journal of Composites for Construction, 12(6): 635-642

Perera WKK G, Ibell TJand Darby A P (2009, July) Bond behavior and effectiveness of various shapes of NSM CFRP
bars, In Proc of the 9th international symposium on fiber-reinforced polymers reinforcement for concrete structures
(FRPRCS-9), Sdney, Australia: 13-15

Rashid R, Oehlers DJ and Seracino R (2008) 1C debonding of FRP NSM and EB retrofitted concrete: Plate and cover
interaction tests,Journal of Composites for Construction, 12(2): 160-167

Sena-Cruz JM and Oliveira de Barros JA (2004) Bond between near-surface mounted carbon-fiber-reinforced polymer
laminate strips and concrete, Journal of composites for construction, 8(6): 519-527

Sena-Cruz José M, Barros Joaquim AO, Mé&rio RF Coelho and Luis FFT Silva (2012) Efficiency of different techniques
in flexura strengthening of RC beams under monotonic and fatigue loading, Journal of Construction and Building
Materials, 29: 175-182

Seracino R, Jones NM, Ali MSM, Page MW and Oehlers DJ (2007a) Bond strength of near-surface mounted FRP strip-
to-concrete joints, Journal of Composites for Construction, ASCE, 11(4): 401-409

Seracino R, RaizalSaifulnaz MR and Oehlers DJ (2007b) Generic debonding resistance of EB and NSM plate-to-
concrete joints, Journal of Composites for Construction, 11(1): 62-70

Shield C, French C and Milde E (2005) the effect of adhesive type on the bond of NSM tape to concrete, ACl Secial
Publication, 230

Teng JG, Smith ST, Yao J and Chen JF (2003)Intermediate crack-induced debonding in RC beams and
dlabs,Construction and building materials, 17(6): 447-462

Yuan H, Teng JG, Seracino R, Wu ZS and Yao J (2004) Full-range behavior of FRP-to-concrete bonded joints,
Engineering Structures, 26(5): 553-565

Zhang SS, Teng JG and Yu T (2013a) Bond Strength Model for CFRP Strips Near-surface Mounted to Concrete,
Journal of Composites for Construction, ASCE, 18(3)

Zhang SS, Teng JG and Yu T (2013b) Bond-slip model for CFRP strips near-surface mounted to concrete,Engineering
structures, 56: 945-953

S I nternational Institute of Earthquake Engineering and Sdsmology (IIEES) 720



