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ABSTRACT: The properties and applications of Fiber Reinforced Polymer (FRP) composites 
have been studied for many years to develop improved methods for repairing and strengthening 
concrete structures. During this time, numerous models have been proposed to predict the 
debonding failure between FRP and concrete substrates. Most of these debonding models have been 
derived empirically from extensive experimental data but some are based on fracture mechanics. 

This study focuses on fourteen debonding models previously developed and based on fracture 
mechanics. The models are applied to predict the bond strength of 351 concrete prisms 
characterized in an extensive database. A statistical analysis, performed to compare the 
experimentally measured values to the predicted results, reveals that few of these models accurately 
predict the bond strength.  So, an attempt is made to develop a new model that will. 
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1 INTRODUCTION 

Failure modes in FPR composites can be categorized into two groups (Toutanji et al. 2007): 
1) Those during which the full composite action of the beam is developed. 
2) Those where premature debonding occurs between the concrete and the composite. 

In the second category, the energy loss that occurs when debonding takes place prevents the 
strengthened beam from reaching its ultimate flexure capacity. To circumvent this problem, the 
majority of researchers working on FRP composites have focused on failures of this type. 

The models developed to quantify debonding failures fall into three basic groups: 
1) Models derived empirically from extensive experimental data. 
2) Theoretical fracture analysis models. 
3) Models based on fracture mechanics with empirically derived parameters. 

Models in the first group are based on relatively simple tests, i.e., single or double lapped shear, 
to obtain critical parameters.  But real-world failures are much more complex than the modes 
initiated during these tests, rendering predicted results inaccurate. 

In order to apply the empirical models that fall into the second group, many limitations and 
assumptions must be made. If this is not done correctly, predicted results seriously deviate from 
experimentally measured values. 

The models studied herein fall into the third group. In general, models of this type more 
accurately predict the interfacial response because they take failure, crack initiation, and crack 
propagation into account. But, because the study of different materials, geometries, and loading 
conditions requires quantifying many different parameters, it is difficult to find a single model that 
can accurately predict debonding in every case. 

2 LITERATURE REVIEW 
A total of fifteen models were reviewed during this study including the newly developed one 

described below. The existing models were used to predict quantities including: the maximum 
transferable load, Pmax; the interfacial fracture energy, Gf; the effective bond length, Le; shear slip 
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relations, τ-s; and, the maximum shear stress, τmax. We applied these models to predict the bond 
strength of 351 concrete prisms that were bonded with FRP plates and tested in single or double 
shear. Most of our data was collected by Toutanji et al. (2007) from tests conducted during 18 
independent studies. 

The database includes different reinforcing fiber types (AFRP, CFRP, GFRP, and CFS), 
reinforced composite thicknesses (0.083-4mm), reinforced composite widths (10-100mm), ratios of 
composite width to concrete width (0.1-1), concrete compressive strengths (16.2-70MPa), ultimate 
composite tensile strengths (351-4400MPa), and modules of elasticity (22.5-425.1GPa). 

Table 1 shows the results of statistical data compiled by computing the ratio of the 
experimentally measured bond strength to that predicted by each model. With the exception of 
Model No. 15 (the newly developed one), reference is made to the work in question; and, citations 
are included in the references. Note that Model No. 12, developed by Ulage et al. (2003), is 
included in the table for completeness. But this model could not be applied, since it relies on the 
adhesive thickness; a quantity not reported for the tests included in our database. 

 
Table 1.  Statistical analysis: experimental to predicted bond-strength ratios. 

# Models Mean Median SD CV 
1 Brosens and Van Gemert’s Model (1999) 1.36 1.32 0.35 25.93 
2 Brosens’ Model (2001) 0.52 0.52 0.13 25.70 
3 Chen and Teng (2001) 0.91 0.91 0.21 23.12 
4 Dai et al.’s Model (2005) 1.5 1.59 0.39 24.67 
5 Lu et al.’s Model (2005) 0.88 0.89 0.21 24.49 
6 Monti et al.’s Model (2003) 1.28 1.28 0.31 23.77 
7 Karbhari et al.’s Model (2006) 1.38 1.27 0.37 27.08 
8 Neubauer and Rostásy’s Model (1997) 1.20 1.19 0.28 23.46 
9 Niedermeier’s Model (1996) 0.79 0.79 0.22 27.42 

10 Täljsten’s Model (1996) 0.84 0.79 0.26 31.33 
11 Teng et al.’s Model (2003) 1.02 1.03 0.24 23.12 
12 Ueda et al.’s Model (2003) - - - - 
13 Ulage et al.’s Model (2003) 0.83 0.79 0.23 27.59 
14 Yuan and Wu’s Model (1999) 0.83 0.79 0.25 30.00 
15 Han et al.’s Model (2008)* 0.80 0.77 0.19 24.44 

*The development of this model follows. 

3 FRACTURE MECHANICS MODEL 

3.1 Maximum shear τmax  

According to Nakaba et al.’s study (2001), the shear-slip response relationship (see Fig. 1) can be 
expressed by the following power law: 
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where 0s is the relative slip between the concrete and FRP corresponding to the maximum bond 
stress; and, τmax is the maximum shear stress.   

For simple case, n = 3 and Eq. (1) becomes: 
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Figure 1. Stress-slip relationships (a) bilinear and (b) Popvic’s expression (Nakaba et al. (2001). 
 

The area beneath the curves shown in Fig. 1 is equal to the value of the interfacial fracture 
energy Gf: 
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Assuming S0 is a constant for a given material system, 

)214.2(0maxsG f τ≈  (4) 

where S0 is the slip corresponding to the maximum shear stress. Thus 

'
max

0 K
s τ
=  (5) 

where K’ is the equivalent material system shear stiffness. 
The material shear stiffness is defined by K=G/t, where G is the material shear modulus and t is 

the material thickness. But the material system includes the FRP, the adhesive, and the concrete. 
According to Dai et al. (2005), the shear-slip response does not depend on the shear stiffness of 

the adhesive layer if the value of K ranges from 2.5 to 10 GPa/mm. Thus K’ can be expressed as: 
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where Ga is shear modulus of adhesive; Gc is the shear modulus of the concrete; ta is the adhesive 
thickness; and tref is the reference distance in the concrete. The latter is influenced by the shear 
stress exerted by the FRP. 'K  can also be expressed as: 
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The concrete shear modulus can be expressed in terms of Ec, the elastic modulus of the concrete, 
and υ, the concrete’s Poisson’s Ratio, as: 

)1(2 υ+
= c

c
EG  (8) 

Once S0 is defined, the fracture energy can be described as: 
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According to work done by Toutanji et al. (2007), the interfacial fracture energy can be 
described by a bilinear model: 

MPa 2.460 when 014.0 '' ≤≤= ccf ffG  (10) 

MPa 2.46 when 65.0 ' ≥= cf fG  (11) 

Substituting these relations into Eq. (9) 

MPa 2.460 when 08.0 '''
max ≤≤= cc fKfτ  (12) 

MPa 2.46 when 55.0 ''
max ≥= cfKτ  (13) 

Figure 2 shows the plots representing how the newly proposed model predicts the maximum 
shear stress, for given material properties, as changes are made in the concrete compressive strength. 
The results predicted by other models, for the same materials, are included for comparison. 
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Figure 2. Effect of concrete compressive strength on maximum bond stress, τmax 
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3.2 Maximum transferable load Pmax 

According to the model developed by Holzenkämpfer (1994), the maximum transferable load can 
be expressed as: 

fppp GtEbP 2max =  (14) 

where bp is the width of the composite; Ep is the Young’s modulus of the adhesive; tp is the 
thickness of the composite; and, Gf is the interfacial fracture energy. 

A decrease in FRP width corresponds to an increase in shear bond stress which, in turn, is 
directly related to the maximum load. Thus, the maximum load can be revised by multiplying Eq. 
(14) by the width ratio factor and the effective length factor as follows: 
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When bp is maximum, this quantity corresponds to bc (the concrete width), and the width ratio 
bp/bc becomes equal to 1. In this case, the width effect factor, [(2- bp/bc)/(1+ bp/bc)]3/4, is minimum 
and equal to (1/2)3/4. The factor [sin (πL/2Le) 0.5] represents the effect that the effective length Le has 
on the maximum pullout force. This expression is similar to the formula of the effective length 
factor βL=sin (πL/2Le) found in Cheng and Teng’s Model (2001). Modification of the exponent 0.5 
was determined using 351 data regression. 

Figure 3 shows how this model fairs when applied to predict the behavior of the 351 prisms 
included in the database; Table 1 includes the statistical analysis.  Most of the data points that are 
predicted by the model lie in the safe zone which is contained in the area below the red diagonal 
line.  
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Figure 3. Bond strength predicted for the 351 prisms included in the experimental database. 
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4 CONCLUSIONS 

A simple maximum shear stress model was developed by integrating the Nakaba’s shear-slip power 
law curve. The derivation was completed by combining the integrated results that represented the 
interfacial surface energy with different surface energy expressions. Comparisons were made 
between models when they were used to predict the shear stress as changes were made in the 
concrete compressive strength. Although, further experimental work and finite element analysis are 
planned to verify the newly proposed model, the results obtained from the proposed model 
correlated well with those obtained from experimental tests.  
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