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Abstract. Yielding of the internal steel reinforcement is an important mechanism that influences the
Intermediate Crack-induced debonding (IC debonding) behavior in FRP-strengthened RC members since the
FRP is required to carry additional forces beyond the condition of steel yielding. However, rational design
practice dictates an appropriate limit state is defined when steel yielding is assured prior to FRP debonding.
This paper proposes a criterion which correlates the occurrence of IC debonding to the formulation of a critical
steel yielding length. Once this length is exceeded the average bond stress in the FRP/concrete interface exceeds
its threshold value, which proves to correlate with the average bond resistance in an FRP/concrete joint under
simple shear loading. This proposed IC debonding concept is based on traditional sections analysis which is
conventionally applied in design practice. Hence complex bond stress-slip analyses are avoided. Furthermore,
the proposed model incorporates not only the bond properties of FRP/concrete interface but also the beam
geometry, and properties of steel and FRP reinforcement in the analysis of IC debonding strength. Based upon
a solid database, the validity of the proposed simple IC debonding criterion is demonstrated.

Keywords : fiber reinforced plastics; reinforced concrete beams; flexural strengthening; IC debonding.

1. Introduction

Using externally bonded FRP sheets/laminates to strengthen reinforced concrete (RC) beams in

flexure has become relatively commonplace. Since the early 1990s, numerous experimental tests have

demonstrated the efficiency of this strengthening technique in terms of both strength and stiffness
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enhancement (Saadatmanesh and Ehsani 1991, Triantafillou and Plevris 1992, Meier 1995, Arduini et

al. 1997, Garden et al. 1998, Kim and Aboutaha, 2004). However, a major concern for FRP flexural strengthening

is the premature debonding between FRP and concrete substrate occurring along the bonded interface:

the weakest link in the whole strengthening system. As has been well documented (Buyukozturk and

Hearing 1998, Triantafillou 1999, Sebastian 2001, Teng et al. 2002, Oehlers 2005), two primary debonding

mechanisms are widely observed. One is the plate-end debonding initiating from the termination point

of FRP. The main factors causing this failure are understood to be the distance between the termination

positions of the FRP and the beam supports (in simple spans) and the use of thick FRP plates. In practice,

this failure can be mitigated by extending the FRP as near as possible to the beam supports (or beyond

the point of inflection) or by installing U-shape anchorage systems at the FRP ends to resist peeling

(Mode I) forces. The second debonding mechanism is Intermediate Crack-Induced debonding (IC

debonding) caused by the opening of major flexural and flexure-shear cracks (Oehlers 2005, Teng et al.

2003). Since the IC debonding is the most prevalent failure mode in FRP-strengthened RC flexural

members and is not easily mitigated by mechanical means, design codes (ACI 2002, JSCE 2001, FIB

2001) have specified methods to predict the member strength corresponding to this limit state. Recently,

efforts have been put into predicting the full-range debonding processes along the length of cracked

concrete beams using crack spacing and functions describing the bond-slip behavior of the FRP/

concrete interface. Except for a few models developed based on a fracture mechanics approach [Gunes

2006, Achintha and Burgoyne 2006], other models developed for predicting the IC debonding in FRP-

strengthened flexural RC members can be sorted into the following two types: 

(1) Strain limit-based approach. The concept for this approach is to limit the strain/stress in the

externally bonded FRP to below a threshold level. In the FIB 2001 code, the strain in FRP is limited to

less than five times the steel yielding strain or half of the characteristic values of the ultimate strain of

the FRP according to the manufacturer. The ACI 440 (2002) code correlates the strain limit to the

tension stiffness of FRP. Forthcoming revisions of the ACI 440 code adopt the Teng et al. (2003)

approach to debonding (although with different calibration factors) which additionally addresses

concrete substrate behavior. The debonding strain in FRP has also been correlated with other factors

such as the fracture energy of FRP/concrete interface (JSCE 2001), concrete strength, the ratio of FRP

width to concrete surface width (Teng et al. 2003), bond length of FRP, the effective bond length of

FRP/concrete interface, and the maximum interfacial bond stress (Lu et al. 2007). Such strain limit

models derived from various approaches are preferred in design practice. However, their reliability is

questioned since they reflect the influences of FRP properties and the interface bond while generally

neglecting information such as the beam geometry and internal reinforcement ratio. Leung et al. (2006)

applied a neural network approach to analyze an experimental database of 143 tests and showed that it

is necessary to consider the effects of beam geometry such as the shear span/depth ratio, concrete cover

depth etc. for developing a debonding strain model. 

(2) Stress variation-based approach. In this approach, the distribution of cracks in an FRP-

strengthened flexural RC beam is considered and the bond stress-slip relationship for the FRP sheet/

concrete interface is necessary to implement an analysis. For strengthened members having a single

flexural crack, the debonding strength analysis is not complex. Closed-form solutions for FRP delamination

in the case of a single flexural crack case are presented by Leung (2006) based on a linear analytical

approach and Wang (2006) based on a non-linear approach. Extensive studies have shown that the

stress condition at an interface having a single flexural crack is similar to that of the simple pull-out

shear test (Wu and Niu 2000, Leung and Tung 2006, and Liu et al. 2007). Therefore, the debonding

stress in FRP can be determined using the Mode II fracture energy of FRP/concrete interfaces (Holzenkämfer
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1994, Täljsten 1996, Brosens and Van Gemert 1998, Chen et al. 2001). The single flexural crack case is

described by Oehlers (2005) as “VAy/Ib debonding” (referring to the interface shear calculated in this

manner). Oehlers correctly points out that VAy/Ib debonding will not be a controlling limit state in an

element where there exists a cracked region having a moment gradient. This type of debonding may

become relevant however for prestressed beams where flexural cracks are suppressed or for serviceability-

retrofits where thick plates may be used to control deflections when there are few flexural cracks.

For practical cases in which multiple cracks exist in the FRP-strengthened RC members, the IC

debonding failure needs to be predicted considering the variation of tensile stresses in the FRP bonded

to the concrete “tooth” between adjacent cracks. Early analytical work related to this debonding

mechanism can be found in Niedermeier (2000) and Niu and Wu (2001, 2002), which was reflected in

the FIB (2001) and JSCE codes (2001), respectively. Recently, continuing efforts have been put into clarifying

the variation of tensile stresses in FRP that bridges multiple cracks based on a local deformation model

(Smith and Gravina 2007), partial interaction theory (Liu et al. 2007), discrete FEM modeling (Niu and

Wu 2006), and the application of closed-form solutions (Chen et al. 2005, Pan and Leung 2005, Teng et

al. 2006) using bilinear or tri-linear interfacial bond stress-slip models. 

Such stress variation-based approaches are more generic and believed to be superior to existing strain-limit

models because they quantitatively clarify the effects of number of cracks, beam geometry, and interface

bond properties on the entire interface debonding process. Their complexity, however, is an impediment

to developing a practical debonding strength model that unifies all design parameters. Additionally, most of

these stress variation-based models are sensitive to the determination of crack-spacing, for which no

good models have been proposed for FRP-strengthened RC members. Another issue which remains

theoretically controversial is that the debonding strains of FRP are derived from complex bond-slip

analysis in which the loss of partial or complete bond action between FRP and one or more cracked

concrete ”teeth” is allowed at the ultimate limit state. Such derived local FRP strains may better reflect

reality. However, when meant for design practice, for which conventional compatibility analysis

neglecting the slip between the FRP and concrete is usually applied, their applicability requires further

confirmation. 

This paper proposes a simple criterion for predicting the IC debonding strength of-FRP strengthened

RC beams using the steel yielding phenomenon. Using this simple but useful criterion, all the geometrical

information of the strengthened RC beam, its reinforcement details, and the bond properties of the FRP/

concrete interface can be incorporated in the IC debonding strength analysis while avoiding complex

bond stress-slip analysis or the use of other controversial parameters such as crack spacing, effective

bond length, etc. 

2. Critical steel yielding length in FRP-strengthened RC members

Failure limit states of FRP-strengthened flexural RC members can be classified into five modes as

follows [13]: (1) FRP fracturing following steel yield; (2) Concrete crushing following steel yield; (3)

Concrete crushing prior to steel yield; (4) Debonding of FRP at the anchorage zone (so called, end

peel); and (5) Mid-span FRP debonding. A conventional compatibility approach can be employed for

analyzing the failure mechanisms (1) through (3). The fourth mechanism (4) is related to the stress

concentration at the termination point of FRP and is beyond the scope of this paper. The fifth mechanism

(5) is the most prevalent failure mode in FRP-strengthened RC beams and is considered in this paper.

The following discussion considers an FRP-strengthened RC beam under three-point bending as
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shown in Fig.1. Different from an FRP/concrete joint under simple shear, an FRP-strengthened RC

beam under flexure has two important mechanisms influencing the IC debonding between FRP and

concrete. The first is the influence of multiple flexure or flexure-shear cracks in the concrete, which has

been pointed out by many researchers as reviewed in the previous section. As is shown in Fig. 1, the

existence of cracks causes variations of tensile forces in both the FRP and steel reinforcement at cracked

and un-cracked sections because of the tension stiffening affected through the bond between concrete

and steel and FRP. Good understanding on the local bond stress-slip models for FRP/concrete interfaces

helps us to predict these variations and to understand the entire interface debonding process. However,

it should be kept in mind that the critical mechanism to cause the macro-debonding failure of an FRP-

strengthened system is still the gradient of tensile force in FRP in the shear span (see Fig. 1). This

implies a similar debonding behavior in a flexural test and a simple shear test where Mode II interface

behavior dominates.

Steel yielding is the second important mechanism influencing IC debonding but has only received

limited attention (Ibars 2005, Wu and Niu 2007). As shown in Fig. 1, the tensile force profiles in FRP in

the shear span change dramatically before and after steel yielding. This phenomenon is especially easy

to observe in large-scale specimens. Fig. 2 presents the strain profiles in the FRP for the strengthening

of a bridge deck with a large span (Dai et al. 2005a). It can be clearly seen that the strain gradients in

FRP behave differently in and out of the steel yielding zone following steel yield. Similar FRP strain

profiles within the steel yielding zone can be seen in the FEM analytical results (Niu and Wu 2002, Lu

et al. 2007). Clearly, the yielding of steel reinforcement not only leads to an increase of local strain in

FRP but also leads to an increase of the local strain gradient in FRP. In practice, most FRP-strengthened

RC beams are designed with steel yielding at the ultimate state. Hence great interest remains in the

possibility of building a direct relationship between the steel yielding and the ultimate IC debonding

while avoiding complex analyses based on crack distribution and interfacial bond-slip relationships. 

For a simply-supported FRP-strengthened RC beam with steel yielding as shown in Fig. 1, conceptually

there is a relationship between the steel yielding length and the ultimate section moment capacity: 

(1)

where Ly, u = the steel yielding length in the strengthened member at the ultimate state; Mu = maximum

Ly u, Mu My–( )/Vu 1 My/Mu–( ) a⋅= =

Fig. 1 Difference in tensile stress profile in FRP before and after steel yields
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moment capacity of the strengthened RC member; My = maximum moment in the member at initial

steel yielding; Vu = shear force in the member at the ultimate state; a = shear span. From Eq.1 it can be

seen that the steel yielding length can be a parameter to bridge the ultimate member strength with the

beam section geometry (depth, reinforcing ratio, etc.) and shear span. For FRP-strengthened RC beams

with debonding failure following steel yield, the debonding strength can be predicted once the length of

steel yielding zone at debonding is known. 

3. Tensile force variations in FRP driven by steel yielding

Traditional moment-curvature analysis based on plane sections assumption has proved to be

applicable for predicting the behavior of FRP-strengthened RC beams (Saadatmanesh and Ehsani

1991). By this method it is not difficult to obtain the tensile force in FRP in the beam section with initial

steel yielding. Once the gradient of the tensile force in the FRP, and therefore the average bond stress of

FRP/concrete interface within the steel yielding zone is known, the tensile force in FRP at the section

with the maximum moment can be obtained as follows: 

σu,frp = σy,frp + τaver,uLy,u / tfrp (2)

where σu, frp = the maximum tensile force in FRP at the ultimate state; σy, frp = the tensile force in FRP at

the beam section with initial steel yielding; τaver, u = the average bond stress in the FRP/concrete interface

within the steel yielding zone; tfrp = the thickness of FRP.

The dotted line in Fig. 3 shows a typical relationship between the average bond stress τaver, Ly in the

FRP/concrete interface within the steel yielding zone and the steel yielding length Ly, which can be

obtained through a traditional sectional analysis. It can be seen that τaver, Ly driven by the steel yielding

increases with the steel yielding length Ly. Therefore, the occurrence of IC debonding can be attributed to

the average bond stress in the steel yielding zone reaching a threshold value beyond which the yielding

length can not increase. This threshold value is related to the bond resistance of FRP/concrete interface

under shear (Mode II) because, as mentioned above, shear is the mechanism causing the gradient of the

Fig. 2 Strain profiles of FRP in a large-span RC deck strengthened with FRP (Dai et al. 2005a)
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tensile force in the FRP. In reality, the tension stiffening effect of cracked concrete also influences the

localized gradient of the tensile force in the FRP in the vicinity of cracks (see Fig. 1). However, the

tension stiffening effects and the localized debonding phenomena due to flexural action are usually

understood to be important factors primarily influencing serviceability (Ceroni et al. 2004, Ueda et al.

2002). It should also be noted that concrete crushing, instead of the IC debonding, will occur if the

average bond stress within the yielding zone does not reach its threshold value before the top concrete

fiber reaches its ultimate capacity. 

4. Bond resistance of FRP/concrete interface under simple shear

Theoretically, for an FRP/concrete joint with a sufficiently long bond length under simple shear (see

Fig. 4), the maximum tensile force achieved in FRP can be expressed as:

(3)

where Gf = is the interfacial fracture energy; Ef, tf and bf = the elastic modulus, thickness and width of

the FRP, respectively. Dai et al (2005b) also proposed a local bond stress-slip relationship for the FRP/

concrete interface as follows:

(4)

where τ = local interfacial bond stress; s = local interfacial slip; B = interfacial ductility factor. The interfacial

fracture energy Gf and B were found to change greatly when using softer non-linear adhesives. For

conventionally used bonding adhesives that behave in a linear manner, Dai et al. (2006) suggests the

values of Gf and B based on regression analysis of many test results as follows: 

 (fc' in MPa units) (5)

Pmax bf 2Ef  tf  Gf=

τ 2BGf  e
Bs–

e
2Bs–

–( )=

Gf 0.514fc
 ′0.236

=

Fig. 3 Typical relationship between the average bond stress in FRP/concrete interface within the yielding zone
and the steel yielding length
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B = 10.4 (6)

Once the interfacial bond-stress slip relationship is known, it is possible to predict the full-range shear

bond stress distribution in the FRP/concrete interface under simple shear (see Fig. 4). Using this bond

stress distribution, it is also possible to predict the maximum gradient of tensile force in FRP that can be

achieved over a given bond length of Lb (see Fig. 4) from the pulled side of FRP using the following

formulation:

(7)

 (8)

(9)

where ∆Pmax, Ld = the maximum gradient of tensile force that can be achieved in a bond area with length

Lb. As a consequence, the average bond stress resistance τaver, resist. (Lb) over a given bond length, Lb, can

be formulated as follows:

(10)

If the relationship between τaver, resist (Lb) and Lb is plotted in Fig. 3, it is seen that τaver, resist decreases with

the increase of Lb. When Lb approaches 0, mathematically Eq. 10 will converge to the value equal to

0.5GfB, whose physical meaning is the maximum local bond stress in the local bond stress-slip

relationship (Dai et al. 2005b).

5. Proposed IC debonding criterion and verification

Accepting that the primary mechanism leading to macro-debonding is the shear-induced tensile force

Pmax L
d

,∆ αPmax=

α e
β

1–( )/ e
β

1+( )=

β LbB Gf  / 2Ef  tf=

τaver resist, Lb Pmax L
d 

, / bf  Lb( )∆ α 2Gf  Ef  tf=

Fig. 4 Typical shear bond stress distribution in FRP/concrete joints under a simple shear testFig. 5 Stress and
strain profiles of FRP-strengthened cross section



464 Jian-Guo Dai, Kent A. Harries and Hiroshi Yokota

gradient in the FRP, it is informative to investigate the relationship between the threshold average bond

stress within the steel yielding zone and the average bond resistance of an FRP/concrete interface

subject to simple shear. For this purpose, conventional moment-curvature analysis was performed for

FRP-strengthened RC members based on a database of 97 tests chosen from 17 sources (refer to Table 2).

To have reliable analyses and to achieve the purposes of the current study, the following criteria were

applied for selecting test results from the available literature. 

(1) All beam geometry information including beam height and width, shear span, effective depth and

cover depth was available;

(2) All the reinforcing information including the reinforcing ratio, elastic modulus and yield strength

of steel reinforcement, and the elastic modulus, bond width, and thickness of FRP materials was

available;

(3) No shear failure was reported for the selected beams/slabs. Also, for the selected simply-

supported beams/slabs, the distance between the FRP termination point and the support was sufficiently

short to avoid plate-end effects. For this purpose, it was required that the FRP extended over at least

90% of the shear span; and

(4) In the literature, some beams/slabs were reported to have debonding failure. But if they had

reported debonding strengths larger than the analytical member strengths corresponding to a concrete

crushing failure, they were removed from the database because this condition was considered

unrealistic if all the material properties, such as the mechanical properties of FRP and concrete, were

correctly reported. Table 1 presents a summary of the range of material and geometry properties of the

eventually selected beams/slabs:

An analysis was performed for each FRP-strengthened member based on strain compatibility and

force equilibrium (see Fig. 5) conditions. The plane sections assumption was applied and no slip was

assumed between FRP and concrete. An elastic-perfectly plastic stress-strain relationship was assumed

Table 1 Summary of material and geometry properties of selected beams/slabs

Test variables Specimen parameter Maximum Minimum Average

Beam/slab
geometry

Depth h(mm) 1470 100 1243

Width b(mm) 1800 100 1200

Shear span a(mm) 1982.5 340 1024

Cover depth d’’ (mm) 1165 115 1136

Shear span/depth ratio a/d 1110 112.1 1114.7

Tensile
reinforcement

Elastic modulus Es(GPa) 1220 190 1206

Reinforcing ratio S (%) 1111.14 110.33 1110.73

Yielding strength fy,s (MPa) 1565 256 1406

FRP
reinforcement

Elastic modulus (GPa) 1271 120.5 1173

Thickness tfrp (mm) 1116 110.71 1110.71

Tension stiffness Efrptfrp(N/mm) 1308 117.5 1199.5

Width bfrp (mm) 1200 130 1117

Tensile strength ffrp, u (MPa) 4519 269 2742

Bond length in shear span la (mm) 1827.5 320 1944.6

lα / α 1119.95 112.21 1114.65

Strengthening ratio Efrpbfrptfrp/(EsAs) 1110.69 110.03 1110.19

Concrete Compressive strength fc
’ (MPa) 1160.8 112.6 1133.2
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for the steel reinforcement and a linear stress-strain behavior was assumed for the FRP to fracture.

Hognestad’s parabolic stress-strain model was used to describe the constitutive law for concrete in

compression (see Fig. 6). The detailed analytical procedures for each strengthened member were as

follows:

(1) Calculate the initial yielding moment My and the corresponding tensile stress σy, frp in the FRP.

Since the experimental maximum moment was known, the steel yielding length Ly, u at the ultimate state

is calculated using Eq. 1. The maximum tensile stress σu, frp in the FRP at the ultimate state is also obtained;

(2) Using Eq. 2, the average bond stress τaver, u within the steel yielding zone is calculated; and 

(3) Using Eq. 10, the average bond stress resistance τaver, resist over a given bond length Ly under simple

shear is determined. 

Fig. 7 shows the comparison between τaver, u and τaver, resist. Despite the observed scatter, the correlation of

Fig. 5 Stress and strain profiles of FRP-strengthened cross section

Fig. 6 Hognestad’s concrete model
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the two values is good. The degree of scatter reflects the large scatter of bond strength of the FRP/

concrete (Ueda and Dai 2005). As discussed in the previous section, the average bond stress in the FRP/

concrete interface increases with the steel yielding length and reaches a threshold value at the ultimate

state. Through the current analysis and comparison, it appears that this threshold value can be predicted

using the presented bond model (Eq. 9). Therefore, a criterion is proposed in Fig. 3 to predict the maximum

steel yielding length corresponding to the IC debonding limit state. Since the average bond stress driven

by the steel yielding zone increases while the average bond stress resistance decreases with the increase

of steel yielding length, there is a point where the values are coincident indicating the occurrence of

macro debonding (see Fig. 3). In other words, the debonding criterion can be formulated as follows:

(11)

If the two curves never intersect, concrete crushing will occur instead of IC debonding (see Fig. 3). The

proposed criterion indicates that the occurrence of IC debonding can be attributed to the formulation of

a critical debonding zone, where the tensile stress gradient of the FRP reaches its threshold value. For

FRP-strengthened RC beams with steel yielding, the critical bond length is equivalent to the steel

yielding length at the ultimate state. Moreover, the threshold gradient of tensile stress in the FRP proves

to be equivalent in flexural tests of FRP-strengthened RC beams and simple shear tests of FRP/concrete

joints. Therefore, for FRP strengthened-RC members with flexural yielding, the existence of multiple

cracks seems not to have a significant influence on the critical tensile force gradient of the FRP

although it does affect the maximum tensile force in FRP. 

Theoretically, it should be also noticed that FRP debonding from a concrete flexural member subject

to a moment gradient does not, however, result in a simple shear (Mode II) loading condition in spite of

the good correlation between τaver, u and τaver, resist. The moment gradient accompanying the shear introduces

a component of peeling (Mode I) deformation and stress at the location of the concrete crack. This is

the reason that debonding initiates at a crack and always propagates in the direction of decreasing

moment. At this moment, very limited data (Wan et al. 2004, Dai et al. 2007, Pan and Lueng 2007) is

available with regard to mixed-mode debonding behavior with most models preferring to address this

issue empirically. The currently proposed length of the steel yielding region relative to the shear span

reflects the moment gradient and thus may stand surrogate for mixed mode debonding behavior.

τaver u, τaver resist·., Ly u,( )=

Fig. 7 Comparison between τaver, u and τaver resist
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For FRP-strengthened RC beams without steel yielding or FRP-strengthened plain concrete beams,

the overall gradient of tensile force in the FRP can be treated as a constant value (see Fig. 3). Therefore

once the average bond stress in the FRP/concrete interface within any critical bond length reaches the

threshold value, IC debonding will occur. However, the issue of determining the critical bond length

remains for further study. Smith and Gravina (2007) proposed a critical bond length equal to one or two

times the effective length of FRP/concrete joints under simple shear tests. The reliability of this definition

must be verified based on additional experimental data since there are very few test data available for

FRP-strengthened RC beams without steel yielding or for FRP-strengthened plain concrete beams with

multiple cracks. On the other hand, both cases rarely appear in a design practice.

Fig. 8 presents comparisons between analytical and experimental results in terms of ultimate loading

carrying capacity. The ratios of predicted load carrying capacity to experimentally observed capacity

are also summarized in Table 2. The maximum, minimum, and average ratios of predicted debonding

strengths to experimental capacity are 1.22, 0.81, and 0.99, respectively, and the coefficient of variation

is 0.1, indicating the validity of the proposed IC debonding criterion. Comparatively, the prediction of

the threshold average bond stress within the steel yielding zone (see Fig. 7) shows much greater scatter.

The maximum, minimum, and average ratios of predicted threshold average bond stresses to the test results

are 2.73, 0.75, and 1.09, respectively (see Table 2). The coefficient of variation is as large as 0.28. This

contradiction is understandable since the member strength at debonding reflects not only the tensile

force contributed by FRP through the interface bond, but also the tensile force contributed by the internal

reinforcement. 

6. Conclusions

Steel yielding is an important mechanism influencing the IC debonding in FRP-strengthened RC

members. A simple criterion has been proposed for predicting IC debonding failure in FRP-strengthened

flexural RC members having steel yielding, which is required in an appropriate ultimate state design. In

this criterion, IC debonding has been attributed to the formulation of a threshold gradient of tensile

force in the FRP within a critical bond zone rather than an arbitrary tensile force in FRP. The critical

bond zone proves to be equivalent to the length of steel yielding in FRP-strengthened flexural RC

members having steel yielding. Based on analysis of a database including 97 tests, the threshold

Fig. 8 Comparison between predicted and experimental load-carrying capacity
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Table 2 Summary of analytical results of selected FRP strengthened beams/slabs

Reference Specimen
identification

a/d ρs(%) EfrpAfrp /
EsAs

τaver., u (MPa) Pu (kN) Ly (mm)

Exp. Pre. Pre./ Exp. Pre. Pre./Exp. Exp. Pre. Pre./Exp.

Beber et al.
(1999)

VR5 3.1 0.52 0.39 2.01 2.00 1.00 102.2 100.5 0.98 254 245 0.96

VR6 3.1 0.52 0.39 2.01 2.00 1.00 100.6 100.5 1.00 246 245 1.00

VR7 3.1 0.52 0.68 2.65 2.77 1.05 124.2 124.6* 1.00 228 230 1.01

VR8 3.1 0.52 0.68 2.66 2.77 1.04 124.0 124.6* 1.00 227 230 1.01

Chan and 
Li (2000)

B2 3.4 0.53 0.26 2.19 2.01 0.92 285.0 271.0 0.95 428 368 0.86

B3 3.4 0.80 0.17 2.64 2.58 0.98 352.0 343.6 0.98 315 284 0.90

B6 3.4 0.53 0.26 2.12 2.01 0.95 258.0 271.0 1.05 306 368 1.20

B8 3.4 1.07 0.13 3.29 3.10 0.94 440.0 410.8 0.93 323 232 0.72

Dai et al.
(2005a)

SP-C1 3.8 0.67 0.15 1.06 1.05 0.99 78.3 79.4 1.01 288 294 1.02

SP-C2 3.8 0.67 0.30 1.57 1.37 0.87 109.0 100.9 0.93 351 319 0.91

SP-C3 3.8 0.67 0.44 1.53 1.64 1.07 108.0 117.2 1.09 290 326 1.12

Delaney
(2006)

R_UC_Control 4.1 0.89 0.21 1.55 1.63 1.05 88.8 89.0 1.00 263 265 1.01

R_UC_Control 4.1 0.89 0.21 1.52 1.63 1.07 99.0 89.0 0.90 321 265 0.83

Garden et al.
(1998)

3U1.0m 3.4 0.85 0.33 2.86 3.09 1.08 34.0 36.1 1.06 139 151 1.09

1U4.5m 6.6 0.68 0.27 1.70 1.35 0.80 60.0 57.9 0.97 483 445 0.92

4U 5.9 0.85 0.34 1.70 2.25 1.33 15.4 13.3 0.87 283 217 0.77

5U 7.7 0.85 0.34 0.64 1.74 2.73 11.3 10.1 0.89 407 282 0.69

Kishi et al.
(1998)

A200-1 4.2 1.07 0.03 0.67 1.15 1.72 74.0 66.5 0.90 296 172 0.58

A200-2 4.2 1.07 0.03 0.63 1.15 1.83 76.0 66.5 0.88 315 172 0.54

A415-1 4.2 1.07 0.06 1.05 1.29 1.23 83.4 73.8 0.88 351 220 0.63

A623-1 4.2 1.07 0.09 1.38 1.38 1.00 79.0 79.4 1.01 248 252 1.02

A623-2 4.2 1.07 0.09 1.42 1.38 0.97 80.5 79.4 0.99 263 252 0.96

C300-1 4.2 1.07 0.03 0.43 0.67 1.57 79.2 89.2 1.13 217 324 1.49

C300-2 4.2 1.07 0.06 0.73 0.90 1.24 75.0 89.2 1.19 171 324 1.90

C445-1 4.2 1.07 0.09 0.82 1.03 1.26 84.0 100.9 1.20 208 349 1.68

C445-2 4.2 1.07 0.09 0.77 1.03 1.33 82.8 100.9 1.22 195 349 1.79

Kishi et al.
(2003)

A-250-1 4.2 1.07 0.05 1.32 1.32 1.00 84.2 78.0 0.93 276 213 0.77

A-400-2 2.6 0.67 0.10 0.91 1.70 1.87 160.0 151.6 0.95 276 233 0.84

Kotynia
(2005)

BF-04/0.5S 5.0 0.35 0.26 1.96 1.89 0.96 48.0 41.2 0.86 531 372 0.70

BF-06/S 5.0 0.50 0.37 2.00 1.70 0.85 86.0 75.3 0.88 546 411 0.75

B-08/M 4.7 0.75 0.50 2.21 1.98 0.90 140.0 125.5 0.90 538 438 0.81

B-08/S2 4.7 0.75 0.14 3.43 2.58 0.75 94.0 75.8 0.81 483 267 0.55

B-083m 4.7 0.75 0.13 1.11 1.38 1.24 92.0 85.6 0.93 460 289 0.63

B0-C 4.4 0.71 0.06 1.02 1.18 1.16 55.1 44.9 0.81 405 247 0.61

Kurihashi 
et al. 

(2000)

R7-2 5.8 1.07 0.11 1.24 1.07 0.86 69.9 62.0 0.89 501 381 0.76

R5-2 4.2 1.07 0.11 1.65 1.85 1.12 93.0 107.1 1.15 337 220 0.65

R4-2 3.4 1.07 0.11 2.10 2.42 1.15 117.2 137.2 1.17 274 166 0.61

R3-2 2.6 1.07 0.11 1.55 2.36 1.53 155.1 138.4 0.89 222 171 0.77

Rahimi and 
Hutchinson

(2001)

B3 5.0 0.52 0.23 1.36 1.33 0.98 55.2 54.8 0.99 271 268 0.99

B4 5.0 0.52 0.23 1.25 1.33 1.06 52.5 54.8 1.04 246 268 1.09

B5 5.0 0.52 0.69 1.71 2.31 1.35 69.7 85.2 1.22 158 265 1.68

B6 5.0 0.52 0.69 1.70 2.31 1.36 69.6 85.2 1.22 157 265 1.69

B7 5.0 0.52 0.29 1.42 1.47 1.03 59.1 59.9 1.01 266 273 1.03

B8 5.0 0.52 0.29 1.55 1.47 0.95 61.6 59.9 0.97 286 273 0.96
Saadat- B 4.4 1.09 0.17 1.94 1.94 1.00 250.0 251.4 1.01 369 377 1.02
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Table 2 Summary of analytical results of selected FRP strengthened beams/slabs

Seim et al.
(2001)

S11 10.0 0.44 0.54 2.22 2.34 1.05 40.8 39.9 0.98 301 318 1.06

S12 10.0 0.44 0.54 2.31 2.34 1.01 42.5 39.9 0.94 329 318 0.97

S5 10.0 0.44 0.54 2.36 2.34 0.99 43.2 39.9 0.92 340 318 0.93

S1m 10.0 0.44 0.54 2.27 2.34 1.03 41.9 39.9 0.95 319 318 1.00

Spadea
et al.

(2001)

A.1.1 6.0 0.96 0.18 2.08 1.64 0.79 86.8 72.0 0.83 627 394 0.63

A.1.2 6.0 0.96 0.18 1.29 1.65 1.28 74.8 73.6 0.98 554 393 0.71

F2 2.3 0.96 0.13 2.26 2.13 0.94 244.0 236.6 0.97 212 205 0.97

F3 2.3 0.96 0.20 2.47 2.43 0.98 270.0 261.9 0.97 233 218 0.94

F5 2.3 0.96 0.13 2.49 2.16 0.87 278.0 241.7 0.87 272 208 0.76

F6 2.3 0.96 0.20 2.82 2.46 0.87 311.0 269.8 0.87 285 222 0.78

Takeo et al.
(1999)

F1 3.8 0.64 0.10 1.08 0.99 0.91 67.7 65.2 0.96 307 306 0.99

F1 3.1 0.64 0.10 1.14 1.22 1.07 76.7 81.5 1.06 210 247 1.18

F1 2.7 0.64 0.10 1.31 1.37 1.05 87.0 94.2 1.08 180 220 1.22

F1 2.1 0.64 0.10 1.96 1.83 0.93 132.0 121.4 0.92 200 169 0.85

F1 3.8 0.64 0.20 1.16 1.24 1.07 78.6 80.7 1.03 358 353 0.99

F1 3.8 0.64 0.30 1.30 1.42 1.10 85.6 93.4 1.09 320 376 1.18

Yao et al.
(2005)

GS1 6.6 0.34 0.07 0.80 0.76 0.95 10.0 11.0 1.10 303 314 1.04

GS2 6.6 0.34 0.07 0.70 0.80 1.13 9.0 10.0 1.12 256 332 1.30

CS1 6.6 0.34 0.07 1.23 1.27 1.04 8.5 9.0 1.05 206 244 1.19

CS2 6.6 0.35 0.07 1.51 1.52 1.01 8.8 9.4 1.06 182 231 1.27

CP1 6.6 0.69 0.15 2.88 2.80 0.97 20.0 19.6 0.98 253 232 0.92

CP2 6.6 0.68 0.15 2.44 2.75 1.13 17.6 19.9 1.13 153 249 1.62

CP3 6.7 0.35 0.30 2.17 2.03 0.94 13.3 12.7 0.95 331 297 0.90

CP4 6.7 0.34 0.30 1.99 2.21 1.11 13.5 14.8 1.10 256 322 1.26

II-1 6.5 0.34 0.04 1.93 1.98 1.03 7.2 8.1 1.12 56 155 2.79

II-2 6.7 0.35 0.06 1.27 1.30 1.03 8.4 8.7 1.04 208 237 1.14

II-3 6.7 0.34 0.09 0.98 1.05 1.07 8.9 10.1 1.13 202 301 1.49

II-4 6.7 0.35 0.12 0.82 0.90 1.10 10.2 11.0 1.07 291 339 1.16

II-8 6.6 0.51 0.06 1.14 1.27 1.11 8.4 9.1 1.08 185 242 1.31

II-9 6.6 0.33 0.04 1.74 1.47 0.85 6.9 7.6 1.10 72 206 2.84

III-1 6.5 0.50 0.06 1.06 1.24 1.18 15.0 18.2 1.21 80 245 3.06

III-2 6.4 0.50 0.13 0.68 0.94 1.37 21.4 24.7 1.15 229 322 1.41

III-4 6.5 0.68 0.07 1.37 1.30 0.95 18.4 17.9 0.97 255 233 0.91

Zarnic et al.
(1999)

1 3.2 0.57 0.13 4.18 3.89 0.93 116.8 108.8 0.93 196 140 0.71

2 8.0 0.35 0.26 2.90 2.59 0.89 63.0 57.5 0.91 302 239 0.79

Zhang et al.
(2005)

A-1 3.5 0.79 0.10 1.56 1.37 0.88 126.7 112.9 0.89 391 291 0.74

A-2 3.5 0.79 0.10 1.56 1.37 0.88 127.0 112.9 0.89 393 291 0.74

A-3 3.5 0.79 0.10 1.54 1.37 0.89 126.2 112.9 0.89 388 291 0.75

A-4 3.5 0.79 0.10 1.64 1.37 0.84 131.6 112.9 0.86 421 291 0.69

A-5 3.5 0.79 0.10 1.52 1.37 0.90 124.3 112.9 0.91 376 291 0.78

A-6 3.5 0.79 0.10 1.57 1.37 0.87 127.2 112.9 0.89 394 291 0.74

B-2 4.2 1.07 0.06 1.36 1.35 0.99 80.9 80.0 0.99 230 223 0.97

B-3 4.2 1.07 0.10 1.38 1.84 1.34 84.2 78.6 0.93 269 214 0.79

B-4 4.2 1.07 0.13 1.30 2.18 1.67 82.1 77.3 0.94 256 207 0.81

B-6 2.6 0.67 0.12 1.60 1.68 1.05 156.3 160.5 1.03 233 254 1.09

B-7 2.6 0.67 0.20 1.64 2.20 1.34 159.2 157.7 0.99 259 251 0.97

B-8 2.6 0.67 0.27 1.63 2.63 1.62 156.2 151.0 0.97 254 239 0.94
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gradient of tensile force in FRP within the critical bond zone proves to be equivalent in flexural tests of

FRP-strengthened RC beams and in simple shear tests of FRP/concrete joints. The proposed IC debonding

criterion is believed to be a simple but useful tool to incorporate the effects of beam geometry, internal

reinforcing and external strengthening information, and the bond properties of FRP/concrete interfaces

in an IC debonding analysis. Each parameter used has clear physical meaning. Moreover, complex

bond stress -slip analyses can be avoided since a conventional compatibility analysis based on the plane

sections assumption is applicable for the analysis. 
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