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Abstract. Various authors have used pure shear test models in order to describe the bond 
between FRP and concrete. However, considerable dispersion of the parameters which 
characterize the bond behaviour has been found. In pure shear models it is assumed that the 
load applied to the FRP is parallel to the axis of the concrete specimen and acts on the plane 
of symmetry. In this work, a numerical model is presented to analyse the influence of load 
misalignment on FRP-concrete bond behaviour. 
 
1 INTRODUCTION 

The use of fibre reinforced polymers (FRP) applied to the external strengthening of 
concrete structures, in particularly the use of laminates and sheets, has become an increasingly 
common practice. This is due, namely, to the mechanical properties of these composite 
materials, such as the ease of application and high strength-to-weight ratio. The major 
problems found with this reinforcement technique are the local failure modes. In the last few 
years, several experimental and analytical studies have been carried out, which contributed to 
the understanding and quantification of the phenomenon related to the bond behaviour 
between concrete and FRP. However, several issues still need to be clarified. 

Various authors [1, 2, 3, 4, 5, 6] used pure shear test models in order to describe the bond 
behaviour, which contributed to the definition of constitutive relationships for the interface 
concrete-FRP. A considerable dispersion of the parameters adopted to characterize the bond 
behaviour has been found [7]. 

In pure shear models it is assumed that: i) the load applied to the FRP is aligned with the 
axis of the concrete specimen and ii) the load is applied at the symmetry axis of the 
strengthened material. In this work, the influence of a deviation angle of the load with respect 
to the element axis is analysed. A numerical model is presented, based on previous studies [7, 
8, 9], in which the stress distribution long the interface concrete-FRP is evaluated. These 
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stresses can be both tangential and normal to the interface. In this study, unidirectional carbon 
fibres sheets are considered.  

The bond between the FRP and the concrete is modelled using a discrete crack approach, 
based on Non-Linear Fracture Mechanics [10]. Interface elements with zero initial thickness 
are adopted. The shear and peeling stresses developed at these elements are dependent on the 
relative displacements measured between the strengthening material and the concrete surface, 
according to a local constitutive relationship under softening. The material properties that 
characterize the interface, namely the shear and peeling stiffness, the cohesion, the tensile 
strength and the fracture energy in modes I and II, are obtained from previous works [7, 8, 9]. 
From the analysis of the results numerically obtained, it is possible to draw conclusions 
concerning the relative importance of each parameters and the influence of the load slope on 
the obtained results. It is expected that this work may contribute to identify some aspects 
which should be considered in a setup of experimental tests and to clarify the interpretation of 
the results obtained from those tests. 

2 PURE SHEAR MODEL 
The pure shear model considered in this work consisted of concrete specimens in which 

unidirectional carbon fibres were glued, by means of resin epoxy. The specimen was 
subjected to a tensile load along the direction of the fibres, as shown in Figure 1. This model 
was used in previous studies [11]. The concrete specimens tested were 400mm long and had a 
rectangular cross-section of 200mm by 200mm. The strengthening material had a width of 
80mm and was applied on the larger face of the specimen. The nominal values for Young’s 
modulus and for the ultimate tensile strain of the CFRP were 240GPa and 1.55%, 
respectively. Mean values of 36.4MPa, 2.8MPa and 31.6GPa, for the compressive strength, 
tensile strength and Young’s modulus of concrete, respectively, were considered. 

Figure 1: Shear model on concrete joint strengthened externally by CFRP [11] 

3 MATERIAL MODEL 
The concrete is assumed a continuum exhibiting an isotropic linear elastic behaviour. The 

FRP behaviour is assumed linear elastic until failure. The bond between concrete, resin and 
CFRP is modelled using interface elements of zero initial thickness and a discrete crack 
approach. 
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Figure 2: Yield surfaces adopted for the interface 

A multi-surface plasticity model is adopted [12, 13]; two limit surfaces are considered: a 
tension cut-off for mode-I fracture and a Coulomb friction envelope for mode-II failure and 
mixed mode, as shown in Figure 2. In this figure, the horizontal axis represents the normal 
stress vector component and the vertical axis represents the tangential stress vector 
component measured at the interface. The cut-off mode-I is defined by the tensile strength of 
the concrete. The Coulomb friction envelope is initially characterized by the cohesion 
coefficient and by the internal friction angle ϕ. Both yield functions follow exponential 
softening flow rules (Figure 3). 

The yield function associated with the normal stress is given by: 
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where σn is the stress vector component measured at the interface. An associated flow rule is 
considered. The shear yield function reads: 
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where τ is the tangential stress vector component measured at the interface. A non-associated 
flow rule is adopted with a plastic potential gs given by: 

ctanψστg ns −+= (3)

where ψ is the dilatancy angle. An isotropic softening criterion is adopted, meaning that both 
yield surfaces shrink the same relative amount in the stress space, and both keep the origin 
(Figure 2). 
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Figure 3: Normal and tangential constitutive relationships adopted for the interface 
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The material parameters characterizing the interface behaviour are: the elastic shear and 
peeling stiffness, ks and kn, respectively, the cohesion c, the tensile strength ft, and the fracture 
energies in modes I and II, GF and GF

II, respectively (area under the curves σn-w and σs-s 
adopted as shown in Figure 3). 

4 NUMERICAL ANALYSIS 
The numerical analysis is performed using the finite element method [7]. Considering the 

very high stiffness of the concrete when compared to the epoxy and the FRP, this material is 
modelled by rigid supports. For the strengthening material, except in the reference models, 4 
node isoparametric elements are adopted. These elements allow the bending stiffness of the 
composite to be considered. For the FRP, in the reference models, linear 2-node elements are 
considered [7]. The bond behaviour is modelled by linear interface elements with initial zero 
thickness. 

The specimen response is determined under displacement control, using an incremental, 
iterative procedure. 

As mentioned above, the constitutive relationship of the interface concrete-CFRP is de-
fined by six parameters: the shear and peeling stiffness, the cohesion, the tensile strength and 
the fracture energy in modes I and II. 

According with previous studies [7, 9] the following values are adopted: ks=1500MPa/mm 
and kn=4000MPa/mm, for the shear and peeling stiffness, respectively, c=5MPa for the 
cohesion and GF

II=1.5N/mm for the fracture energy in mode II. In the case of fracture energy 
in mode-I there is a large variation on the values proposed in the bibliography [4, 14, 15, 16, 
17], namely in the relationship between GF

II and GF. A value of GF=0.1N/mm is considered 
assuming a relation GF

II /GF between 10 and 25 [4, 14, 15]. 
The angle α is defined between the direction of the applied force and the y axes of the 

model (corresponding to the fibre orientation), in order to define the load slope: α=0º, as well 
as values of α>0º and α<0º are adopted, meaning a counter clockwise and clockwise rotation, 
respectively, with respect to the fibre axis. In this study the following values are used: 
α=±1.0º and α=±0.5º. The load deviation with respect to the fibre orientation is implemented 
by means of the corresponding components: one along the direction of the fibres and the other 
perpendicular to the strengthening material. As a consequence, in addition to the stresses 
tangential to the interface, normal stresses are expected to develop. 

Next, the numerical study is presented. In the analysis, the adopted thicknesses of the 
CFRP are: tf=0.5mm and tf=0.1mm. These values are typical of CFRP sheets. 

4.1. CFRP thickness equal to 0.5mm 
For a composite thickness of 0.5mm and α=+1.0º the interfacial stress distribution along 

the bond length is obtained. In Figures 4 and 5, the interfacial stresses along the bond length 
for several load levels are presented, for applied loads close to 20% and 90% of the maximum 
load registered in that model, which is circa 48kN.  

For lower load levels, some values of the shear stresses are higher than the cohesion 
defined due to the presence of normal compressive stresses, which is in according with the 
yield surface adopted as shown in Figure 2. These stresses only occur along a small length, 
near the location where the load is applied. Apart from the region where normal stresses co-
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exist, the shear stress distribution becomes similar to the one obtained in a pure shear model 
[7]. 
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Figure 4: Interfacial stresses with tf=0.5mm, F=10kN and α=+1.0º 
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Figure 5: Interfacial stresses with tf=0.5mm, F=43kN and α=+1.0º 

In Figures 6 and 7, the interfacial stresses along the bond length for several load levels are 
presented, for applied loads close to 20% and 90% of the maximum load registered in that 
model when α=−1.0º, which was circa 25kN. Except in the region where normal stresses co-
exist, the shear stress distribution becomes once more similar to the one obtained in a pure 
shear model [7]. Also in this case it is possible to observe normal stresses to the interface in 
addition to the tangential stresses. These stresses are mainly peeling stresses and also occur 
along a small length near the location where the load is applied. Thus, conversely to the 
previous case, shear stresses above the cohesion are not found.  

With α=−1.0º, the maximum load is circa 52% of the maximum load obtained in the case 
with α=+1.0º. Theoretically, this relationship should be close to 100%. Since the evaluation of 
the mode-II fracture energy based on experimental tests is much dependent from the ultimate 
load, it is important to mention that unreliable values of this parameter will be obtained if α in 
the experimental setup is less than zero. This issue will be further discussed below.  
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Figure 6: Interfacial stresses with tf=0.5mm, F=5kN and α=−1.0º 
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Figure 7: Interfacial stresses with tf=0.5mm, F=22.5kN and α=−1.0º 

The results obtained with α≠0º and with α=0º for a load level of 65% of the maximum load 
obtained with α=+1.0º and α=−1.0º, 31kN and 16kN, respectively, are compared and 
presented in Figures 8 and 9. 

From the analysis of the results obtained from the two models, with α=+1.0º and α=0º, it is 
found that the corresponding maximum load and the shear stress distribution are similar, as 
shown in Figure 8, except along a small length near the location where the load is applied. 
The experimental results obtained with α=+1.0º allow for the satisfactory quantification of the 
material parameters that define the constitutive law of the bond behaviour between concrete 
and CFRP, namely: ks, c and GF

II. 
The shear stress distributions obtained with both α=−1.0º and α=0º are similar, for a load of 

16kN, as can be observed in Figure 9. However there are some differences which should be 
noticed. The relation between the maximum loads with α=−1.0º and with α=0º is about 52%. 
This is a very important aspect because it has direct implications on the value which could be 
adopted, by mistake, for GF

II. The maximum load in the model with α=−1.0º is 25kN. From 
this result, the fracture energy in mode II was estimated according to Equation (4) [7, 18, 19]. 
The obtained value was 0.41N/mm, which is about 27% of the reference value, considering a 
pure shear model. 

A new pure shear model was defined considering the above obtained value for the fracture 
energy in mode-II: GF

II=0.41N/mm. Values of c=5.0MPa and ks=1500MPa/mm were adopted 
for a complete definition of the interface behaviour. The results from this model, called α1=0, 
are shown in Figure 9. As expected, from this figure it is possible to observe a very good 
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agreement between the stress distribution and the maximum load obtained from both models: 
with α=−1.0º and α1=0º. However, these “corrected” values of fracture energy, obtained with 
α=−1.0º, are not the right ones. 

Nu=bf× 2Ef×tf×GF
II (4)
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Figure 8: Shear stresses with tf=0.5mm and F=31kN 
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Figure 9: Shear stresses with tf=0.5mm and F=16kN 

Considering now a value of α equal to half of the previous, it is possible to note similar 
shear stress distribution as shown in Figure 10. However, the maximum load obtained from 
the model with α=−0.5º was 35kN, higher than 25kN which was obtained with α=−1.0º. 
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Figure 10: Shear stresses with tf=0.5mm: F=31kN (ang.>0) and F=16kN (ang.<0) 
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4.2 CFRP thickness equal to 0.1mm 
For a composite thickness of 0.1mm and α=+1.0º the interfacial stresses distribution along 

the bond length was obtained. In Figures 11 and 12, the interfacial stresses concrete-CFRP 
along the bond length are presented for several load levels, namely about 20% and 90% of the 
maximum load registered in that model, which was circa 22.5kN. From these figures it is 
possible to notice, as observed in the previous case with tf=0.5mm, non-zero normal stresses. 
The normal stresses are compressive and occur along a smaller length than the one observed 
with tf=0.5mm, next to the location where the load is applied. Except in the region where 
normal stresses co-exist, the shear stress distribution becomes similar to the one obtained in a 
pure shear model [7]. 
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Figure 11: Interfacial stresses with tf=0.1mm, F=5kN and α=+1.0º 
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Figure 12: Interfacial stresses with tf=0.1mm, F=20kN and α=+1.0º 

In Figures 13 and 14, for α=−1.0º, the interfacial stresses along the bond length are 
presented for several load levels similar to the values previous adopted, namely about 20% 
and 90% of the maximum load registered in that model, which was circa 9.5kN. For tf=0.1mm 
the relationship between the maximum load with α=−1.0º and α=0º is circa 42% and for 
tf=0.5mm the corresponding ratio is 52%. Thus, compared to the case α=0º, the decrease of 
the maximum load under α<0º seems to become more significant when the external 
reinforcement thickness decreases. Similar to the case with tf=0.5mm, the value of the fracture 
energy in mode-II obtained from an experimental test in these conditions will hardly match 
the theoretically correct one. 

Except in the region where normal stresses co-exist, the shear stress distribution becomes 
similar to the one obtained in a pure shear model. Also in this case it is possible to observe 
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normal stresses to the interface in addition to the tangential stresses. The normal stresses, 
mainly peeling stresses, only occur along a small length, next to the location where the load is 
applied.  
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Figure 13: Interfacial stresses with tf=0.1mm, F=2kN and α=−1.0º 
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Figure 14: Interfacial stresses with tf=0.1mm, F=8kN and α=−1.0º 

An analysis similar to the previous one adopting tf=0.5mm was performed. The results 
obtained with α≠0º and α=0º for a load level of 65% of the maximum load obtained with 
α=+1.0º and α=−1.0º, 15kN and 6kN, respectively, are presented in Figures 15 and 16. 

From the analysis of the results obtained from the two models, with α=+1.0º and α=0º, it is 
found that the corresponding maximum load and the shear stresses distribution are almost 
coincident, as shown in Figure 15. Thus, in this case, the experimental results with α=+1.0º 
allow for a good quantification of the material parameters that define the constitutive law of 
the bond behaviour between concrete and CFRP, namely: ks, c and GF

II. 
The shear stress distributions obtained with α=−1.0º and α=0º are similar, for a load of 

6kN, as can be observed in Figure 16. However there are some differences that should be 
noticed. The relationship between the maximum loads with α=−1.0º and with α=0º is about 
42%. As mentioned above, this is a very important aspect because it has direct implications 
on the value to be considered for GF

II. The maximum load in the model with α=−1.0º is 
9.5kN. From this result, the fracture energy in mode II was estimated according to Equation 
(4). The obtained value was 0.26N/mm, which is about 17% of the reference value, 
considering a pure shear model. In this case, the obtained GF

II value would be even farther 
from the reference value than the value obtained considering tf=0.5mm. A new pure shear 
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model was defined adopting GF
II=0.26N/mm and the reference values: c=5.0MPa and 

ks=1500MPa/mm. The results from this model, called by α1=0, are shown in Figure 16. As 
expected, from this figure it is possible to observe a good agreement between the stress 
distribution and the maximum loads obtained from both models: with α=−1.0º and α1=0º. 
Nevertheless, this “corrected” value of the fracture energy, obtained with α=−1.0º, is 
definitely not the right one. 
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Figure 15: Shear stresses with tf=0.1mm and F=15kN 

-7.00
-6.00
-5.00
-4.00
-3.00
-2.00
-1.00
0.00
1.00
2.00
3.00
4.00
5.00
6.00
7.00

100 150 200 250 300 350 400

Interfacial 
Stresses 
(MPa) 

x (mm) 

α<0

α=0

α1=0

Figure 16: Shear stresses with tf=0.1mm and F=6kN 

5 CONCLUSIONS 
In shear tests, adopting a deviation of the load orientation with respect to the FRP fibre 

orientation (α≠0º), normal stresses are obtained in addition to the stresses tangential to the 
interface, whereas no normal stresses occur in a pure shear model. 

Considering α>0 and especially for higher thickness values, the maximum tangential stress 
tends to be higher than the cohesion along a small bond length, due to the existence of normal 
compressive stresses in the interface, in particularly for lower load levels. This small length, 
near to the beginning of the glued joint where the load is applied, tends to decrease with the 
thickness adopted.  

Except in the region where normal stresses co-exist, the shear stress distribution becomes 
similar to the one obtained in a pure shear model. 

Considering the maximum load, if α>0, its value is close to the value obtained from a pure 
shear test. However, if α<0, due to the existence of normal stresses at the interface, a 
significant reduction of the bond strength is observed, which seems to be more pronounced 
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using smaller FRP thickness. In this case, the measured fracture energy in mode-II is 
significantly different from the theoretically correct value. 

The normal stresses under α<0 are mainly peeling stresses, which occur along a small 
length. 

With regard to the quantification of the material parameters, which define the behaviour of 
the bond between concrete-FRP, it is possible that these load misalignments, in an 
experimental shear test setup, may be responsible for the large dispersion observed in several 
works [7], namely: 
i) the evaluation of fracture energy in mode-II based on these tests is very sensitive to 

the load misalignment, mainly if α<0; 
ii) the cohesion quantification from experimental tests could be accurately achieved. 

However, some attention should be paid to the possibility of obtaining shear stresses 
higher than the cohesion, along a small length, due to load misalignment;  

iii) the shear stiffness appears as the parameter with the largest range of values when 
compared to the cohesion and the fracture energy in mode-II. However, this parameter 
essentially depends on the adhesive [7] and for larger values its influence, in the 
maximum load and in the tangential stresses, could be neglected.  

It is important to stress that, if the imperfection related to the experimental test corresponds 
to α<0, the obtained maximum load value can be less than half the value obtained from a test 
with α=0 or α >0. 

As shown, the results obtained with α>0 are considerably closer to the ones resulting from 
a pure shear test than the values obtained with α<0. 

When comparing the cases where α=+1.0º and α=+0.5º no significant differences are 
registered. However, with a negative angle, a significant difference is found, since the 
maximum load varies from 35kN to 25kN when the angle varies from 0.5º to 1.0º.  

As a final remark, the material thicknesses considered in this study are typical from fibre 
carbon sheets. Thus, it is possible that the use of laminates proves to be less sensitive to the 
variation of the load direction. 
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