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Abstract
Considerable dispersion is usually found in experimental data concerning the material properties
of FRP-concrete bond connections. In pure shear models, the direction of FRP loading is assumed
to be parallel to the axis of the concrete specimen. However, in practice, it is very difficult to
prevent load misalignment. This fact can have important consequences on the derivation of
material properties from experimental data. This is why a parametric study is herein undertaken
to thoroughly identify the role of the load misalignment in the behaviour of the connection. It is
concluded that the load capacity of the connection significantly decreases in the case of a
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misaligned load pointing outwards the reinforced surface. It is also found that this effect is less
relevant for thick laminates when compared to thin FRP sheets.
Keywords: FRP-concrete bond behaviour; Fibre Reinforced Polymers (FRP); Mixed-mode
fracture; Load misalignment; Numerical modelling.

1. Introduction
The use of fibre reinforced polymers (FRP) for external strengthening of concrete structures,
particularly in the form of laminates and sheets, has become quite common. This is related to both
the competitive mechanical properties of the composite material, e.g. in the form of high strengthto-weight ratio, and the straightforward in-situ installation. However, the use of this technique
requires that local failure modes are duly accounted for. In the last few years, the scientific
community has been quite active and important experimental and analytical contributions were
given towards a better understanding and prediction of the bond behaviour between concrete and
FRP, as mentioned below.
There are still several issues that require a clarification in the quantification of the bond between
concrete and strengthening material. Various authors have adopted pure shear test models to
derive constitutive relationships for the concrete-to-FRP interface, e.g. [1-6]. In these models it is
assumed that the FRP loading: i) is applied parallel to the axis of the concrete specimen; and ii)
is perfectly aligned with the symmetry axis of the strengthened material. Unfortunately, as it will
be shown, a variety of models exist and a considerable dispersion of the parameters characterising
the bond behaviour have been reported. Furthermore, the stress distribution on pure shear test
models does not precisely match the one obtained in bending reinforcement; in the latter case,
besides tangential stress, several authors argued on the importance of the normal stresses
developing in the connection [3, 4, 7-9]. In particular, mixed-mode debonding in a peel test
configuration was modelled by De Lorenzis and Zavarise in [10].
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The stress concentration occurring at the extremity of the FRP can lead to premature collapse of
the strengthened concrete beam. This type of local failure generally occurs along a thin concrete
layer attached to the epoxy-fibre layers, the latter remaining intact. The importance of this
phenomenon is related to the energy dissipated per unit of cracked surface, which involves a
combination of both mode-I and mode-II fracture, designated by mixed mode fracture. Several
experimental and numerical tests have been carried out to study this behaviour. However, the
definition of these material parameters is still not well established and contradictory results are
found. For instance, Bazant and Pfeiffer [11] and Ozbolt, Reinhardt [12] proposed mode-II
fracture energy values circa 25 times greater than the fracture energy, whereas Täljsten [4]
proposed a ratio of approximately 10 after experimental tests submitting the specimen to both
compression and shear stresses.

2. Research significance
The above reported issues have often been neglected in the literature in spite of their importance
for the accurate prediction of the bond behaviour of FRP-concrete connections. This manuscript
aims at contributing to the present state-of-the-art by undertaking a comprehensive numerical
study to:
-

quantify the relevance of the load misalignment in pure shear test models and
corresponding errors in the interpretation of existing experimental data;

-

evaluate the importance of mixed-mode facture and mode-II fracture energies in the
analysis of existing experimental data;

-

identify the role of all above parameters in the maximum load and effective bond length
attained by a connection.

As it will be shown in the following sections, these aspects are critical for the development of
accurate models capable of predicting the bond behaviour of FRP-concrete connections and for
the interpretation of existing experimental data.
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The manuscript is organised as follows. A review is presented in Section 3 concerning existing
models, constitutive laws and corresponding material properties relevant to the behaviour of a
FRP-concrete connection. Next, in Section 4, the numerical model is defined. In Section 5, a
parametric study is undertaken to assess the role of the different parameters in the maximum load
and effective bond length of a connection. Finally, the most important conclusions are
summarised in Section 6.

3. Literature review
3.1. Bond models and constitutive law
Several authors have reported that debonding occurs mainly due to the shear failure of concrete.
Different setups have been proposed: the single shear test shown in Fig. 1 [13-15], the double
shear test [16] and the flexural test [13, 16, 17]. Unfortunately, there is still not a single predefined test and the conclusions drawn by different authors strongly depend on the selected setup
[18].
Currently, there are numerous models describing the bond behaviour, such as empirical or semiempirical formulations, closed-form analytical and numerical models. Fracture Mechanics is also
adopted by several authors, either using Linear-Elastic Fracture Mechanics, e.g. [10, 15, 19], or
Nonlinear Fracture Mechanics, e.g. [4, 20]. The debonding mechanism between composite and
substrate can be modelled using interface elements equipped with a local bond-slip law [14, 16,
17, 21-26]; conversely, in some cases, perfect bond is also assumed with good results [3, 27-30].
Other class of numerical strategies avoid the use of interface elements, by employing a smeared
crack model to predict debonding using an appropriate constitutive law for concrete [13, 31].
A linear elastic bond-slip without softening was initially used for modelling steel plates externally
bonded to concrete [32-35]. Later on, authors like Yuan, Wu [20], Lee, Boothby [36] and Täljsten
[4] have applied this formulation to FRP bonded to concrete. However, a more accurate prediction
of the bond behaviour requires the modelling of the concrete softening behaviour. In this case,
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there are different available approximations for the softening law: linear [20, 24, 37, 38]; bilinear
(non-null slope) [39, 40]; or exponential [20, 23], among others [15-17]. Several authors, namely
Ferracuti, Savoia [21], Nakaba, Kanakubo [41] and Savoia, Ferracuti [14], have applied a power
fractional law based on the work of Popovics [42] in order to describe the interfacial behaviour.
A comprehensive review on bond-slip models can be found in [22] and [16].
The bilinear and exponential bond-slip laws were initially adopted for mode-I fracture by
Petersson [43] in the simulation of concrete bending beams. These relationships are known to
represent correctly the concrete behaviour under softening. Since in most cases the debonding
process occurs within the concrete, these laws were successfully extended, with good results, to
mode-II fracture in [40, 44]. This latter approach will be further discussed in the following
sections.

3.2. Material parameters
The definition of a bond-slip law requires several parameters, namely: i) interfacial stiffness, ks;
ii) cohesion, c; and iii) mode-II fracture energy, GFII (see Fig.2). The most relevant work carried
out to quantify all these parameters is summarised in the following sections.
3.2.1. Interfacial stiffness
Lu, Jiang [31] developed a numerical model without explicit consideration of the adhesive layer
by assuming that both the elastic deformation of the adhesive layer and interfacial slip on the
failure process are insignificant. Also based on the adhesive properties, Wang [17] obtained an
elastic shear stiffness value of 153 MPa/mm for a resin adhesive layer with 2.5 mm average
thickness and 0.992 GPa Young’s modulus.
According to De Lorenzis, Miller [45], and particularly in the case of in situ cured systems, the
shear stiffness should take into account the contribution of the set of applied resins. They propose
a value of ks = 383 MPa/mm.
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Bizindavyi and Neale [6] observed that the surface preparation of the concrete also plays an
important role on the shear stiffness. Having this under consideration, Brosens [46] suggested
values of 1501 MPa/mm, 1687 MPa/mm, 1873 MPa/mm for the shear stiffness, whereas
Ferracuti, Savoia [21] proposed a value of 226.61 MPa/mm.
Ali-Ahmad, Subramaniam [47] used a different approach based on quasi-static monotonic tests
on FRP composite bonded to concrete, estimating a shear stiffness of 104.8 MPa/mm.
It is quite clear that the values proposed by the authors vary significantly. As previously
mentioned, this is due to different: i) experimental models; ii) material properties (substrate,
composite and adhesive); and iii) preparation of the concrete surface.
3.2.2. Cohesion
In most situations, failure occurs with the detachment of a thin concrete layer neighbouring the
interface. In this case, the concrete properties become much more relevant for the connection.
Several authors, like Arduini and Nanni [48], Arduini, DiTommaso [49], Brosens [46], Chajes,
Finch [5], Ebead and Neale [23], Holzenkämpfer [37] and Nakaba, Kanakubo [41], presented a
relation between concrete properties and maximum tangential stress. Brosens [46], Ebead and
Neale [23] and Holzenkämpfer [37] also considered the width of FRP and concrete. The first two
aforementioned authors additionally took into account the surface preparation of the substrate.
Later on, Pellegrino and Modena [16] proposed the following expression using experimental
results in [50]:

 max = 3.1(n f t f E f )0.32 ,

(1)

where nftf is the total thickness and Ef the elastic modulus of the FRP.
The chart depicted in Fig. 3 contains a summary of the cohesion values proposed by several
authors, shown as a function of the concrete compressive strength. From these results, it is
possible to highlight a relative dispersion, with the smaller and highest values found, respectively,
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in Brosens [46] and Pellegrino and Modena [16]. In general, the adopted cohesion lies between 5
and 7 MPa for normal concrete.
3.2.3. Mode-II fracture energy
The mode-II fracture energy, GFII , is defined as the energy dissipated per unit area of shear
interface under the absence of normal tractions. Täljsten [4] designed a set of experimental tests
for measuring GFII , where a concrete specimen was simultaneously submitted to shear and
compressive stresses. The authors proposed values in the range of 1210.7 ± 462.9 Nm/m2, for a
mean concrete tensile strength of 4.1 MPa.
Neubauer and Rostásy [38] proposed the following expression using the average value of the
concrete tensile strength, fctm:
GFII = cFII f ctm ,

(2)

where c FII is an empirical constant dependent on the experimental results, for which the authors
proposed the value of 0.204 mm.
A more comprehensive approach was followed by Brosens [46] and Holzenkämpfer [37] who
took into account both FRP and concrete section widths, as well as the surface preparation, leading
to the following relation:
GFII = kb2 kc2 cFII f ctm ,

(3)

where k b is a width factor, kc takes into account the surface preparation of the concrete surface
and c FII is a parameter taking the value of 0.40 mm.
In Lu, Teng [51] simplified models are presented to evaluate GFII , which can be calculated as:

GFII = 0.308 w2

ft ,

(4)

where ft is the concrete tensile strength and w is given by:
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w =

(2.25 − b

f

bc ) (1.25 + b f bc ) .

(5)

The previous expression includes the effect of the relation between adherent and substrate widths,
respectively bf and bc. However, the concrete surface preparation is not considered.
The values of mode-II fracture energy estimated from the studies of Ali-Ahmad, Subramaniam
[24] and Pellegrino and Modena [16], based on previous works [47, 50], are shown in Fig. 4.
According to Pellegrino and Modena [16] GFII can be estimated by:

GFII =

 max s peak
1.575

+

(s

 max


peak

)


( + 1)
− sult

(s


ult

)

+1
,
s peak − s peak

(6)

where speak is the slip at maximum bond stress and sult is the slip when bond stress decays to zero,
given by:
0.2
s peak = 0.075(n f t f E f ) ,

(7)

sult = 10.5(n f t f E f )

(8)

0.6

and  is given by:

 =

1.3162
.
(n f t f E f )0.187

(9)

The value of max is obtained by applying Eq. (1).
Savoia, Ferracuti [14] applied inverse analysis for the calibration of the bond law and to estimate
the interfacial fracture energy. Several authors, such as Ferracuti, Savoia [21], Neto, Alfaiate [40]
and Wang [17], estimated the mode-II fracture energy from the value of the ultimate load, Nu. The
most common expression is given in Eq. (10), valid if the axial stiffness ratio between concrete
and FRP is significantly above the unity:
Nu = b f

2GFII E f t f ,

(10)

where bf and tf are the width and the thickness of the FRP, respectively.
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The relevance of the mode-II fracture energy on the bond strength is shown in the last equation,
although it does not allow relating GFII directly with the properties of the materials involved.
In Fig. 4 a brief overview of GFII values presented by several authors is shown, as a function of
the concrete compressive strength. It is assumed that GFII is a material property and other material
properties eventually affecting its value are neglected. The represented results exhibit a dispersion
higher than the one found for the cohesion (see Fig. 3). For concrete commonly used in buildings,
the ratio between maximum and minimum values of GFII can reach nearly four. This is again
related to the diversity of adopted procedures, models and assumptions used in the quantification
of the bond behaviour.

4. Numerical model
4.1. Pure shear model
The numerical shear model considered in this work is based on the experimental tests performed
at Instituto Superior Técnico Travassos [52]. These tests consisted of concrete specimens in which
unidirectional carbon fibres were glued by means of resin epoxy. The specimen, a single shear
test under tension-compression (Fig. 1), was subjected to a tensile load along the direction of the
fibres, as shown in Fig. 5. The concrete specimens tested exhibited a rectangular cross-section of
200 mm by 200 mm. and were 400 mm long. In this study, taking into account the adopted
thickness, maximum lengths of 500 mm and 1000 mm are considered, in order to guarantee that
the specimen length has no influence on the analysis. The strengthening material was 80 mm wide
and 0.111 mm thick, 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 240 GPa and 15.5‰,
respectively. Mean values of 36.4 MPa, 2.8 MPa and 31.6 GPa, for the compressive strength,
tensile strength and Young’s modulus of concrete, respectively, were considered.
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4.2. Material models
Concrete is herein considered as a rigid substrate, whereas a linear elastic behaviour is assumed
for the FRP. The bond between concrete, resin and CFRP is modelled using interface elements
with zero initial thickness in the scope of a discrete crack approach. A multi-surface plasticity
model is adopted from [53-55], in which two limit surfaces are considered: a tension cut-off for
mode-I fracture given by the concrete tensile strength and a Coulomb friction envelope for modeII and mixed-mode fracture, as shown in Fig. 6. In this figure, the horizontal axis represents the
stress component normal to the interface, whereas the vertical axis represents the tangential stress
component parallel to the interface.
The Coulomb friction envelope is initially characterised by the cohesion coefficient and by the
internal friction angle ϕ, where both yield functions follow an exponential softening flow rule
(Fig. 7). The yield function associated with the normal stress is given by:

 f

f n =  n − ft exp − t w  ,
 GF 

(11)

where σn is the stress vector normal component measured at the interface and w is the opening in
the direction normal to the interface. An associated flow rule is considered. The shear yield
function reads:

 c
f s =  +  s tan  − c exp − II
 GF


s  ,


(12)

where τ is the tangential stress vector component measured at the interface and s is the relative
displacement in the direction tangential to the interface, i.e. the slip. In this case, a non-associated
flow rule is adopted with a plastic potential, gs, given by:

g s =  + n tan  − c ,

(13)

where ψ is the dilatancy angle.
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An isotropic softening criterion is adopted, meaning that both yield surfaces shrink the same
relative amount in the stress space and keep the origin.
The material parameters characterising the interface behaviour are the following: i) elastic shear
and peeling stiffness, ks and kn, respectively; ii) cohesion c; iii) tensile strength ft; and iv) fracture
energies in mode-I and mode-II, GF and GFII , respectively. These fracture energies are
represented in Fig. 7 as the areas under the curves σn-w and τ-s, respectively.

4.3. Numerical solution
Two different finite element meshes are selected for undertaking the numerical simulations: one
for pure mode-II fracture analysis and a second one for mixed-mode fracture analysis [40]. In
pure mode-II fracture models (reference models), bilinear 4-node isoparametric elements are
considered for the concrete, whereas truss elements are applied to model the strengthening
material, as shown in Fig. 8 (a). In the models used for mixed-mode fracture analysis, bilinear 4node isoparametric elements are used for both concrete and the strengthening material, as
illustrated in Fig. 8 (b). In both cases, linear zero thickness interface elements are used to model
the bond behaviour.
The specimen response is computed under displacement control, using an incremental and
iterative procedure based on both the Newton-Raphson method and the arc-length algorithm.

4.4. Adopted parameters
As mentioned above, the constitutive relationship of the interface concrete-CFRP is defined by
the following parameters: i) shear and peeling stiffness; ii) cohesion; iii) tensile strength; and iv)
fracture energies, both in mode-I and mode-II fracture. Based on a study presented in [40, 56],
the following values are adopted: ks = 1500 MPa/mm and kn = 4000 MPa/mm, respectively for
the shear and peeling stiffness; c = 5 MPa for the cohesion and GF = 0.1 N/mm for the fracture
energy in mode-I fracture. According to the literature, the ratio between mode-I and mode-II
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fracture energies can vary between 10 and 25 [4, 11, 12, 57, 58]. An intermediate value is
considered, leading to GFII = 1.5 N/mm.
Angle α is defined in Fig. 9 as the angle between applied force and longitudinal direction of the
glued surface. Different values are taken to study the effect of the load misalignment, i.e.: α =
±0.5º, α = ±1.0º, α = ±1.5º and α = ±2.0º, where α > 0º and α < 0º represent the normal component
of the applied load pointing, respectively, outwards and inwards with respect to the substrate. As
a consequence, in addition to the tangential stresses, normal stresses are also expected to develop
at the interface.
The CFRP thickness is variable, i.e.: tf = 0.1 mm, tf = 0.5 mm, tf = 1.4 mm and tf = 6.0 mm. In all
cases, the adopted bond length, lb, is higher than the effective bond length. The numerical findings
are thoroughly presented and discussed in the following section.

5. Numerical findings
This section addresses the role of the CFRP thickness and load misalignment in the behaviour of
the connection and derivation of constitutive parameters from experimental data.

5.1. CFRP thickness
The role of the CFRP thickness in the stress distribution is herein addressed. The obtained results
are shown in Fig. 10 for an intermediate load level corresponding to 65% of the maximum load,
Nmax, achieved using the pure mode-II fracture model. The x-axis is defined in Fig. 9.
For thinner strengthening solutions, no significant differences are found in the developing bond
stresses, as shown in Figs.10 (a) to (c). For the thickest strengthening solution, mixed-mode
fracture becomes important (see Fig. 10(d)), although this solution is too thick for common
practice. From Fig. 10 it can be observed that normal stresses develop in addition to the shear
stress when the CFRP is modelled using four node finite elements. These normal stresses are
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compressive, located in a small area close to the applied load, and are caused by the lever arm
developing at the CFRP thickness (see Fig. 11).

5.2. Load misalignment
In this Section, the influence of the deviation angle of the applied load with respect to the element
axis is analysed in a pure shear model. The following situations are considered concerning the
direction of the normal component of the applied load: pointing inwards the substrate and pointing
outwards the substrate.
5.2.1. Normal component pointing inwards the substrate
The interfacial stress distribution along the bond length is obtained for a composite thickness of
0.1 mm and α = −1.0º. In Fig. 12 the interfacial stresses concrete-CFRP are presented along the
bond length at about 20% and 90% of the maximum load found in that model, which is
approximately 22.5 kN.
For lower load levels, the shear stresses tend to become higher than the initial cohesion due to the
presence of normal compressive stresses, in accordance to the yield surface shown in Fig. 6. These
stresses occur only along a short length, in the vicinity of the applied load. Apart from the region
where normal stresses co-exist, the shear stress distribution becomes similar to the one obtained
in a pure shear model as shown in [40].
In Fig. 13 the interfacial stresses developing along the bond length are shown, in the case of a
composite thickness of 0.5 mm and α = −1.0º, at 20% and 90% of the maximum load registered
in the model, i.e. circa 48 kN. In this case, the normal compressive stresses span over a longer
length than the one observed with tf = 0.1 mm. Outside this region, once again the shear stress
distribution becomes similar to the one obtained in a pure shear model.
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5.2.2. Normal component pointing outwards the substrate
In this Section the effect of a positive misalignment angle, α > 0º, is analysed (see Fig. 9). In Fig.
14, the interfacial stresses along the bond length are represented for a CFRP thickness of 0.1 mm,
when applied loads are close to 20% and 90% of the maximum load (approximately 9.5kN).
Except for the region where normal stresses develop, the shear stress distribution becomes similar
to the one obtained in the pure shear model [40]. Also in this case, normal/peeling stresses develop
in the interface in a small length near the applied load.
In Fig. 15 the results obtained in the case of a CFRP with 0.5 mm thickness are shown, also for
20% and 90% of the maximum load, which is approximately 25 kN. The conclusions are similar
to the ones found for the thinnest CFRP.
5.2.3. Comparative discussion
For tf = 0.1 mm and α = +1.0º the maximum load is circa 42% of the maximum load obtained for
α = −1.0º. Since the experimental assessment of the mode-II fracture energy strongly depends on
the ultimate load (see Eq. (10)), unreliable values can result for this parameter. This issue will be
further discussed below.
Results obtained with α ≠ 0º and with α = 0º are shown in Fig. 16 for a load level of 65% of the
maximum load reached with α = −1.0º and α = +1.0º, i.e., respectively 15 kN and 6 kN. Both
maximum load and shear stress distributions are quite similar for α = −1.0º and α = 0º, except in
a short length near the location of the applied load, as shown in Fig. 16(a). Therefore, in this case,
a satisfactory quantification of the material parameters can be achieved from experimental data,
namely: ks, c and GFII .
When α = +1.0º and α = 0º (Fig. 16(b)), the maximum load attained in both models is significantly
different, with the misalignment model achieving only 42% of the maximum load of the reference
model. Since the shear stress distribution can be dangerously similar for both cases, significant
errors can be introduced in the experimental assessment of GFII . For instance, if the maximum
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load of the model with α = +1.0º (9.5 kN) is used in Eq. (10), the fracture energy in mode-II is
calculated as 0.26 N/mm, which is about 17% of the reference value in the pure shear model.
If the wrong fracture energy is now introduced in the pure shear model, i.e. GFII = 0.26 N/mm, c
= 5.0 MPa and ks = 1500 MPa/mm, the curve corresponding to α1 = 0 shown in Fig. 16(b) is
obtained. It should be highlighted that, if the wrong GFII value were adopted, a good agreement
would still be achieved between numerical and experimental results, concerning both stress
distributions and maximum load. Nevertheless, the GFII value (0.26 N/mm) is quite smaller than
the correct one (1.5 N/mm). This similarity of the shear stress distributions, except on a small
region near the load edge, points out to a risk of misinterpretation of experimental results.
Detecting the load misalignment in experimental tests can pose difficulties. Only careful
monitoring of the CFRP axial strain in the shorter region near the load edge allows for an accurate
interpretation of the experimental data. Thus, an incorrect definition of the material parameters is
highly probable when the normal component is pointing outwards the substrate. In this case, a

GFII value smaller than the real value would be obtained, leading to the underestimation of the
load carrying capacity of the bonded connection.
In the case of tf = 0.5 mm, the relationship between maximum load with α = +1.0º and α = 0º
increases to approximately 52%. Thus, the effect of maximum load decreasing with α > 0º is more
important for less thick CFRPs. Results are shown in Fig. 17, for a load level of 65%, leading to
31 kN and 16 kN, respectively for α = −1.0º and α = +1.0º. It is again concluded that the material
parameters can be adequately computed in the case of α = −1.0º, whereas significant errors can
be introduced in the opposite case. Indeed for α = +1.0º, the maximum load attained is about 52%
smaller than the reference one. If Eq. (10) is again used to compute the fracture energy in modeII, a value of 0.41 N/mm is obtained, which is 27% of the reference value in a pure shear model.
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In summary, the load misalignment is particularly important when the normal component of the
load is pointing outwards and leads to significant changes in the bond behaviour relatively to a
pure shear test without misalignment.

5.3. Maximum load and mode-II fracture energy
In this section the variation of the maximum load and the mode-II fracture energy is addressed.
For this purpose, new composite thicknesses of 1.4 mm and 6.0 mm are considered in addition to
0.1 mm and 0.5 mm. Furthermore, angle α is now considered to take the following values: 0.5º,
1.0º, 1.5º and 2.0º.
In Fig. 18(a) is shown the loading factor Nmax/Nu versus CFRP thickness, where Nmax is the
maximum load attained and Nu is the reference maximum load in a pure shear model, obtained
without misalignment. From this figure, it is clear that the Nmax/Nu ratio decreases with increasing
misalignment, in some cases attaining a 50% loss in the connection capacity. This effect is even
more pronounced for lower thicknesses due to the lever arm, in addition to the peeling stresses.
Eq. (10) can now be used to compute the mode-II fracture energy. In Fig. 18(b) the ratio GFII,eq /

GFII versus CFRP thickness is shown, where GFII,eq and GFII are, respectively, the mode-II fracture
energy with and without misalignment. The conclusions are similar to the loading factor, although
a steeper decrease is observed in this case.
In several works, the fracture energy proposed for mode-II can reach 1/3 of the value adopted in
this study, see for example [10, 14, 24]. Therefore, the models are now rerun with GFII = 0.5
N/mm and the corresponding results summarised in Fig. 19. Comparison between Figs. 18 and
19, reveals a similar behaviour, although the load decrease is less steep due to the smaller fracture
energy.
Regarding the maximum load value for the connection, a comparison can be established with the
following analytical expression proposed by De Lorenzis and Zavarise [10]:
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which leads to the results shown in Figs. 20(a) and (b), respectively for GFII = 1.5 N/mm and GFII
= 0.5 N/mm. In this case, although both numerical and analytical models behave similarly, the
load ratio seems to decrease faster in the latter approach.

5.4. Effective bond length
The accurate definition of bond length varies among different authors. For instance, Nakaba,
Kanakubo [41] define the effective bond length as the distance between two points of the shear
stress diagram which corresponds to 10% of the cohesion. On the other hand, Brosens [46] and
Yuan, Wu [20] define this length such that it corresponds to 97% of the maximum load, whereas
this ratio increases to 99% in [51]. In this Section, the effective bond length is defined as the
distance between two points of the shear stress diagram corresponding to 1% of the cohesion,
obtained for 97% of the maximum load.
In Fig. 21 the variation of the effective bond length ratio lbeff,α/lbeff with respect to the CFRP
thickness is shown, where lbeff,α is the effective bond length in the model with load misalignment
and lbeff is the effective bond length for α = 0. This ratio decreases for higher values of α and
smaller thicknesses.

6. Conclusions
The simulation of CFRP to concrete bond connection requires the definition of several material
properties, namely: i) shear and peeling stiffness; ii) cohesion; iii) tensile strength; and iv) fracture
energies, both under mode-I and mode-II fracture. In the literature, significant variations for the
definition of these parameters can be found. The contribution to these variations of mixed-mode
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fracture behaviour due to: i) the CFRP thickness and ii) load misalignment, was herein analysed.
The main objective was to quantify the relevance of the load misalignment in pure shear test
models and corresponding errors in the interpretation of existing experimental data. It was also
intended to evaluate the importance of the mixed-mode and mode-II fracture energies in the
analysis of existing experimental data, including the identification of the role of all parameters in
the maximum load and effective bond length attained by the connection.
The relevance of the load misalignment in the interpretation of experimental tests was assessed
by means of a parametric study. In all cases, the misalignment angle was limited to 2º, since this
value corresponds to an error that can be easily introduced in experimental set-ups. If, as a result
of the misalignment angle, the load points inwards the substrate, the maximum load and stress
distribution is only modified within a short neighbourhood from the applied load. However, in
the case of a positive misalignment, important differences were found in the connection strength.
In this situation, the load carrying capacity decreases significantly and in some cases it can reach
half of the reference strength. A similar trend was identified for the effective bond length due to
a more premature failure. This decrease in load carrying capacity can lead to important deviations
in the evaluation of mode-II fracture energy. This can be the reason why this latter parameter
exhibits an important dispersion in the literature. Therefore, all available experimental data has to
be carefully interpreted.
The quantification of cohesion from experimental tests was also achieved. In this case, if
compressive stresses are introduced by the load misalignment, shear stresses higher than the
cohesion are obtained along a small length.
The shear stiffness appears to be the parameter with the widest range of values when compared
to cohesion and mode-II fracture energy. This parameter depends mainly on the adhesive [36, 45]
and, for larger values, its impact on the maximum load and tangential stresses could be neglected.
In the assessment of the bond behaviour due to a load misalignment, the influence of the CFRP
thickness was also taken into account. This allows for the consideration of the adherent bending
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stiffness in the numerical analysis, as well as the lever arm developed in the composite thickness.
This lever arm by itself leads to normal compressive stresses in the interface, which increase with
the thickness of the CFRP. These compressive stresses have a favourable contribution to the load
carrying capacity of the glued connection. Therefore it is possible to conclude that the bond
strength reduction mentioned above is smaller for higher thicknesses, due to:
i) compressive stress, as a result of the lever arm developed along the CFRP thickness;
ii) composite bending stiffness leading to a larger length where the peeling stresses are distributed,
consequently decreasing the tensile stress level supported by the interface.
Finally, it should be mentioned that due to the bending stiffness this effect tends to be less
important for increasing thicknesses of the strengthening material, for instance when switching
from CFRP sheets to CFRP laminates.
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Fig. 1: Single Shear Test under tension-compression.

a)

b)

Fig. 2: Interface bond-slip laws adopted in previous works [40, 56] with: (a) a bilinear; and (b) an
exponential softening branch.

Fig. 3: Cohesion vs. concrete compressive strength.
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Fig. 4: Fracture energy in mode-II vs. concrete compressive strength.

Fig. 5: Shear model on concrete joint externally strengthened with CFRP [52].

Fig. 6: Yield surfaces adopted for the interface.
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a)

b)

Fig. 7: Constitutive relations for the interface: (a) normal; and (b) tangential components

a)

b)

Fig. 8: Schematic representation of the meshes adopted in the fracture models for: (a) pure mode-II; and
(b) mixed mode.

Fig. 9: Definition of the load slope angle, α.
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a)

b)

c)

d)

Fig. 10: Interfacial stresses for 65% of the maximum load: (a) tf = 0.1 mm (N = 15 kN); (b) tf = 0.5 mm (N
= 31 kN); (c) tf = 1.4 mm (N = 52 kN); and (d) tf = 6.0 mm (N = 106 kN).

Fig. 11: Lever arm developing in the CFRP thickness.
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a)
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Fig.12: Interfacial stresses with tf = 0.1 mm and α = −1.0º for: (a) 20% of the maximum load (F = 5 kN);
and (b) 90% of the maximum load (F = 20 kN).

a)

b)

Fig. 13: Interfacial stresses with tf = 0.5 mm and α = −1.0º for: (a) 20% of the maximum load (N = 10 kN);
and (b) 90% of the maximum load (N = 43 kN).
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a)

b)

Fig. 14: Interfacial stresses with tf = 0.1 mm and α = 1.0º for: (a) 20% of the maximum load (N = 2 kN);
and (b) 90% of the maximum load (N = 8.5 kN).

a)

b)

Fig. 15: Interfacial stresses with tf = 0.5 mm and α = 1.0º for: (a) 20% of the maximum load (N = 5 kN);
and (b) 90% of the maximum load (N = 22.5 kN).

a)

b)

Fig. 16: Shear stresses with tf = 0.1 mm for 65% of the maximum load obtained with: (a) α = -1.0º and (b)
α = 1.0º.
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a)
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Fig. 17: Shear stresses with tf = 0.5 mm for 65% of the maximum load: (a) α = -1.0º; and (b) α = 1.0º.

a)

b)
II

Fig. 18: Effect of the load misalignment with GF = 1.5 N/mm on the: (a) maximum load; and (b) fracture
energy, for different thicknesses.

a)

b)
II

Fig. 19: Effect of the load misalignment with GF = 0.5 N/mm on the: (a) maximum load; and (b) fracture
energy, for different thicknesses.
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II

Fig. 20: Effect of the load misalignment on the maximum load, for different thicknesses, with: (a) GF =
II

1.5 N/mm; and (b) GF = 0.5 N/mm.

a)

b)

Fig. 21: Effect of the load misalignment on the effective bond length, for different thicknesses, with: (a)

GFII = 1.5 N/mm and (b) GFII = 0.5 N/mm.
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