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A B S T R A C T

The amount of research on the external bonding of Carbon Fiber Reinforced Polymers (CFRP) to degraded
structures has increased recently. The adhesive is the weakest element of the joint and the bonding of the
adherends is critical for the efficiency of the joint. Therefore, the influence of multiple debonding defects on
CFRP-to-steel joints has still not been correctly quantified nor fully understood. For this reason, the current work
proposes a new numerical strategy that allows for studying the influence of multiple debonding defects when a
brittle and ductile adhesive is used. A new nonlinear bond-slip relationship is used and four different ratios
between the debonded and the bonded area (η) are assumed: 0%, 25%, 50%, and 75%. The proposed model is
based on the Finite Difference Method (FDM) and validation is carried out with a commercial Finite Element
Method (FEM) package. The load-slip curves allowed for observing that the proposed FDM and the FEM are
consistent and both revealed degradation of the load capacity of the joints with the increase of η. Moreover, by
adopting a displacement control at the CFRP-free end, a snap-through and snap-back phenomenon are observed
in the specimens with a localized debonding defect.

1. Introduction

The use of Carbon Fiber Reinforced Polymers (CFRP) to strengthen
existing damaged structures has become a common technique mainly
due to the recent increase in knowledge about the bond behaviour of
CFRP-to-substrate joints. However, some main drawbacks of these
bonding systems are well-known in the literature [1–8]. One of them
that concerns researchers around the world is the premature debonding
of the CFRP from the substrate, which means that the debonding occurs
at a CFRP strain value lower than the rupture value. To mitigate or even
avoid this issue several authors have experimentally [9–11] and/or
numerically [12–14] studied different anchorage systems. However, the
bond behaviour of a CFRP-to-substrate joint can be influenced by several
factors that are described in the literature thoroughly, e.g. [7,15–17]. All
these factors are based the hypothesis that the bond between adherends
(CFRP and substrate) is perfect. Still, several defects that may affect the
interfacial behaviour between the FRP composite and the substrate are
associated with adhesively bonded structures such as kissing bonds,
disbonds, delamination, cracks, air voids, porosity, poor cure, insuffi-
cient filling, adherend defects, irregular fillet geometry, and variation in

bond line thickness [18]. All these defect types are hard to quantify
either in terms of their position, shape or size, which causes high vari-
ability in the mechanical performance of FRP-to-steel joints. In addition,
the construction process or the joint type can also make it difficult to
identify imperfect interfaces. Thus, tubular [19–22], curved bonded
joints [23–26] or, despite flat, stepped-lap bonded joints [27–29] are
some examples of those cases that have bond areas with difficult access
or, due to their inherent geometry, where it is difficult to fully control
the bonding process of the adherends, e.g. keeping the adhesive thick-
ness constant in the joint.

Although air voids can be controlled by careful design and/or
application, the primary sources of porosity in adhesives are volatiles,
entrapped air, and chemically originated due to reactions in their curing
process [18]. Usually, adhesives are bi-component materials with Part A
and Part B (resin and hardener, respectively) and poor mixing can cause
air to be trapped in the adhesive. A careful bonding process of the
adherends is also important since, for instance, if the setup is moved
before the complete cure of the adhesive, air voids can be created in the
adhesive [18]. The curing condition of adhesives is another aspect to
take into account. Thus, different adhesives need to follow a particular
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curing condition such as controlled temperature, pressure or light to
achieve a good final cure. Otherwise, the curing process might not be
carried out uniformly, which results in partially cured adhesives with a
reduced final strength. These partially cured adhesives are more prone
to crack and/or induce adhesive failures, which directly influences the
bond performance of adhesively bonded structures negatively.

Therefore, when the CFRP composite is inadequately bonded onto
the substrate, the bond performance of the CFRP-to-substrate joint will
be affected. Under such circumstances, the issue that needs to be
addressed urgently is that of quantifying the load degradation of the
joint due to poor bonding, i.e. in the presence of multiple debonding
defects. In such cases, two situations may be distinguished. The first
corresponds to a defect where, for instance, air voids or superficial
cracks are perfectly localized and concentrated within a region or re-
gions throughout the bonded length whereas the second corresponds to
a defect where the air voids are dispersed throughout the bonded area.
To the best of our knowledge, although the same debonded area defect
can be initially considered, the identification of the worst scenario, i.e.
localized or dispersed, is not clarified yet and this doubt requires clari-
fication. In this regard, Li et al. [30] carried out an experimental work on
CFRP sheets externally bonded to concrete. The layouts considered by Li
et al. [30] covered either localized or dispersed debonding defects and
the specimens were tested under the pull–push single-lap direct shear
test configuration. Different localizations and debonded areas were also
considered. The results showed that an initial debonded area of 5 % of
the total area led to marginal load degradations of the CFRP-to-concrete
joints. The authors [30] also observed that the localized debonding
defect led to higher load degradations than those obtained from the
equivalent specimens (i.e. with the same initial debonded area) with a
dispersed debonding pattern.

In another experimental study carried out by Wan et al. [31], also
focusing on CFRP-to-concrete bonded joints, the debonding defects were
created by carving grooves into the concrete surface. To avoid the
bonding between the adhesive and the CFRP composite, the grooves
were filled with soft sealant and Teflon. The results showed that crack
widths larger than 3 mm in the concrete were prejudicial for the bond
strength and fracture energy of the structure since both decreased as the
debonding defects increased. However, under the presence of small
defects, i.e. with groove widths lower than 1 mm, the CFRP-to-concrete
interface increases its load capacity due to a redistribution of the bond
stresses within the interface.

To mitigate all these aspects and even improve the bond between
adherends, additional strategies are usually implemented. For instance,
the surface preparation of the adherends is a popular topic of discussion
among researchers [32–35]; the aim is to create irregular surfaces and
slightly increase the bonded area. Therefore, friction forces can develop
and small regions under compression can be created in the adhesive
even when subjected to a pure shear load. Consequently, the final bond
behaviour of the joint can be improved by increasing the maximum bond
stresses developed within the interface between adherends.

Another topic that requires investigation is the type of adhesives
used. Using brittle or ductile adhesives may affect the CFRP-to-substrate
interface with more or less severity. Since in both cases the local bond
behaviour shows different shapes, this also has a direct influence on the
bond performance of the joint. In the case of a brittle adhesive, the
CFRP-to-steel bonded joints are characterized by triangular bond-slip
relationships [36–38], whereas trapezoidal bond-slip relationships are
known to be a better representation of the local bond behaviour of CFRP-
to-steel joints built with a ductile adhesive [39–41]. Compared with the
triangular shape, the trapezoidal bond-slip relationship has a higher
final slip (sf), i.e. a slip beyond which no further bond stresses can be
transferred between adherends and no more contact between them is
ensured. Consequently, the effective bond length (Leff) of these CFRP-to-
steel joints, i.e., the minimum bonded length needed to fully establish
the bond stress transfer mechanism, tends to be higher than those with
triangular bond-slip relationship [42].

To answer these and other questions, the present work introduces a
new numerical approach based on the Finite Difference Method (FDM),
which considers multiple debonding defects throughout the bonded
area. To facilitate the study with brittle and ductile adhesives a new
nonlinear and single-function bond-slip relationship is proposed. This
bond-slip relationship can locally represent different bonded joints
under pure fracture mechanics Mode II condition and it can easily be
adapted to the case of a residual bond stress in the presence of friction or
peeling stresses. The proposed FDM is also validated by the Finite
Element Method (FEM) and as a reference, the full bonding of the CFRP-
to-steel joints, i.e. free of any initial debonding defects, is considered. To
understand the influence of the multiple debonding defects on the
bonded area and their various impacts on the effective bond length of
the CFRP-to-steel joints, four different bonded lengths were also
considered as well as localized and dispersed air voids throughout the
bonded length. The results revealed that the specimens with the shortest
bonded lengths are less sensitive to the type of debonding defect,
whether localized or dispersed. However, for CFRP-to-steel joints with
longer bonded lengths, less sensitivity to localized debonding defect was
observed and the load degradation of these joints was almost kept un-
changed. On the other hand, the specimens with dispersed debonding
defects reached a maximum load degradation of approximately 24 %
when compared with the corresponding reference specimens indepen-
dently of the adhesive type.

2. Theoretical model

To facilitate the comprehension of the bond performance of FRP-to-
substrate single-lap shear tests with multiple defects, this section pre-
sents the theoretical derivations and numerical strategy followed in this
work. The single-lap shear test subjected to a monotonic load is repro-
duced and the initial assumptions considered in this work are provided.

2.1. Initial basic assumptions

The full debonding process between adherends such as an FRP
composite and a substrate with multiple bond defects is based on some
main initial assumptions that allow for deriving several equations and
implementing a numerical strategy. So, along with the proposed theo-
retical modelling, the following six main bullet points should be kept in
mind:

(i) Independently of the load transmitted to the reinforcement, an
FRP composite with a linear elastic behaviour until failure is
herein considered. Its initial thickness and width will remain
constant during the full debonding process of the joint;

(ii) Normal deformations of the interface, i.e., those perpendicular to
the bonded area, responsible for originating peeling stresses can
be ignored when compared with the shear deformations, i.e.,
within the plane of the bonded area. Therefore, only the de-
formations consistent with Mode II are considered, which means
that the bonded joint is under a pure fracture mechanics Mode II
condition.

(iii) Each single point of the bonded area has the same local bond
behaviour, which combines the bond stresses and the relative
displacements between adherends (i.e. FRP composite and steel
substrate), usually designated in the literature as a bond-slip
relationship, e.g. [43–49]. As will be seen later, a novel and
nonlinear single-function bond-slip relationship that can locally
represent the bond behaviour of several bonded joints under
different conditions is considered;

(iv) Across the width of the reinforcement a constant bond stress
distribution is assumed. However, it should be noted that in the
regions where the reinforcement has a debonding defect, no bond
stresses are considered at that region and consequently, a bond
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stress discontinuity will occur at the transitions between those
bonded and debonded defect regions;

(v) Except for the finite elements with a fully debonding defect across
the reinforcement width, a smeared debonding defect is associ-
ated with the finite element across the reinforcement width;

(vi) The yielding of the steel is not considered. Although the yielding
strain of the steel can be controlled in the proposed FDM, this
value was never reached. Otherwise, the yielding of the steel
would be predicted during the debonding process of the CFRP-to-
steel joints instead of the complete debonding of the FRP com-
posite from the steel substrate.

2.2. Equilibrium conditions

To define the bond behaviour between a reinforcement such as an
FRP composite externally bonded to a substrate subjected to a single-lap
shear test, the finite segment dx shown in Fig. 1 is considered. Thus
isolating the reinforcement from the substrate, the equilibrium of the
horizontal forces leads to:

dσr

dx
−

τb⋅ba
tr⋅br

= 0 (1)

whereas the following equation can be derived when only the substrate
is considered:

dσs

dx
+

τb⋅ba
ts⋅bs

= 0 (2)

where σr and σs are the axial stress in the reinforcement and substrate,
respectively; tr and ts are the thicknesses of the reinforcement and sub-
strate, respectively; br and bs are the widths of the reinforcement and
substrate, respectively; ba is the width of the reinforcement effectively
bonded to the substrate; and τb is the bond stress locally developed
within the bonded interface.

In addition, the sums of the forces acting in the reinforcement and
the substrate are zero, i.e.:

σr⋅Ar + σs⋅As = 0 (3)

where Ar and As are, respectively, the cross-sectional areas of the rein-
forcement and the substrate.

2.3. Governing equation

To obtain the governing equation of the debonding problem, firstly,
the slip is defined as the relative displacement between adherends,
reinforcement and substrate, i.e.:

s = ur − us (4)

where ur and us are, respectively, the displacements of the reinforcement
and the substrate. Assuming an elastic behaviour, the second derivative
with respect to x of Eq. (4) allows us to write the following equations:

dσr

dx
= Er⋅

(
d2s
dx2

+
d2us
dx2

)

(5)

and

dσs

dx
= Es⋅

(
d2ur
dx2

−
d2s
dx2

)

(6)

where Er and Es are the elastic modulus of the reinforcement and sub-
strate, respectively. Combining Eq. (5) with Eq. (1) and Eq. (6) with Eq.
(2) leads to:

d2s
dx2

+
d2us
dx2

−
τb⋅ba
Er⋅Ar

= 0 (7)

and

d2s
dx2

−
d2ur
dx2

+
τb⋅ba
Es⋅As

= 0 (8)

From the second derivative of Eq. (4) with respect to x , Eq. (8) can be
rewritten as:

d2us
dx2

−
τb⋅ba
Es⋅As

= 0 (9)

Fig. 1. Setup considered to derive the equilibrium conditions of an FRP composite externally bonded onto a substrate: (a) top view; and (b) side view.
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By introducing Eq. (9) into Eq. (7), the following 2nd-order differential
equation is obtained:

d2s
dx2

− λ⋅τb = 0 (10)

where

λ = ba⋅
(

1
Er⋅Ar

+
1

Es⋅As

)

(11)

The result obtained in Eq. (11) is directly dependent on the width of the
reinforcement effectively bonded to the substrate (ba) and if this width is
considered fully bonded to the substrate, then ba= br and Eq. (11) can be
rewritten as:

λ =
1

Er⋅tr
+

br
Es⋅As

(12)

which is a well-known parameter used to describe the debonding pro-
cess of an FRP composite from a substrate [50–55].

2.4. Local bond behaviour

To describe the local bond behaviour of an FRP externally bonded
onto a substrate, it is usually mentioned in the literature that the type of
substrate (e.g. concrete, timber, or steel) [56], the type of adhesive (e.g.
brittle or ductile) [36–41], or the influence of external forces (e.g. due to
a mechanical anchorage system) [57], may change the shape of the
bond-slip relationship. Therefore, to accommodate all these aspects into
a single-function bond-slip relationship, the following formula is
proposed:

τb(s)
β⋅τbmax

=
(
1 − e− b⋅s)⋅

α
β + e− a⋅(s− st )

1+ e− a⋅(s− st )
(13)

where a and b are parameters that should be determined by best fitting
experimental data; st is the slip corresponding to the midpoint of the
transition between the maximum (τbmax) and the residual friction (τbf)
stresses; β is a dimensionless parameter that is used to ensure that the
maximum bond stress is reached and it can be obtained by a simple trial
and error process; and α is the ratio between the residual and the

maximum bond stresses defined as:

α =
τbf

τbmax
(14)

The versatility of this bond-slip relationship is shown in Fig. 2 in which
several local bond behaviours of different bonded interfaces are repre-
sented. In all these, a certain number of stages can be seen. For instance,
in the cases shown in Fig. 2a, 2c, and 2d, the following stages can be
identified: (i) Elastic (E); (ii) Softening (S); Debonding (D), whereas in
the cases shown in Fig. 2b and 2f the D stage is replaced by a Friction (F)
stage. Only in the bond-slip relationship shown in Fig. 2e a Constant (C)
stage between the E and the S stages can be observed.

All bond-slip relationships have an initial E stage, which is charac-
terized by an increase in the bond stresses with the increase of the slips
and it is denoted as the Elastic (E) stage. The E stage is assumed to end
when the maximum bond stress (τbmax) is reached. Based on the
experimental data, the E stage has a smooth trend and for simplification,
several authors have approximated it to a single power function [58–60]
or a linear followed by a power function [61–63]. In this second case, the
initial stiffness of the first branch tends to decrease in the second branch
with the slip increase.

After the end of the E stage, two possibles paths can develop: the S or
the C stage. The C stage is associated with ductile adhesives and is
characterized by the same bond stresses with the increase of the slips.
This stage ends when the bond stresses begin to decrease with the slips, i.
e. when the S stage begins. Hence, the S stage is characterized by the
development of bond stresses that decrease with the increase of the slips.
In the absence of friction between adherends, the S stage ends at zero
bond stress. From hereafter, no further bond stresses are being trans-
ferred and the D stage is reached. However, in the presence of
compressive stresses originating, for instance, from compression forces
applied by a mechanical anchorage, the S stage does not end with zero
bond stress. Otherwise, the F stage, which is characterized by constant
bond stress, appears mainly due to dry friction developed between the
adherends and denoted as a frictional (or residual) stress (τbf). The value
of τbf is as high as the friction between adherends, which can be justified
by Coulomb’s friction law, as discussed by some authors in the litera-
ture, e.g. [57,64,65].

Introducing Eq. (13) into Eq. (10), the following 2nd-order

Fig. 2. Comparisons between the bond-slip relationship for different bonded interfaces: (a) CFRP-to-steel [56]; (b) CFRP-to-timber [56]; (c) CFRP-to-concrete [56];
(d) CFRP-to-steel with a brittle adhesive [66]; (e) CFRP-to-steel with a ductile adhesive [67]; (f) FRP-to-concrete with the influence of an external force with different
magnitudes [68].
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differential equation is obtained:

d2s
dx2

− λ⋅β⋅τbmax⋅
(
1 − e− b⋅s)⋅

α
β + e− a⋅(s− st )

1+ e− a⋅(s− st )
= 0 (15)

For a constant value of λ, the analytical solution of Eq. (15) is not yet
known. In addition, in this study, the parameter λ may vary with x ,

depending on the defects of the bonded interface, in the direction of the
bonded length of the joint. For these reasons, a numerical strategy based
on the Finite Difference Method (FDM) was implemented to obtain an
approximated solution of Eq. (15). In the following subsection, the nu-
merical strategy followed in the current work is explained in detail.

2.5. Proposed numerical strategy

As mentioned, the solution of Eq. (15) is obtained by implementing
the FDM. Thus, the length of the reinforcement externally bonded to the
substrate is discretized into equidistant n points and a regular step (h) is
defined as:

h =
Lb
n

(16)

where Lb is the bonded length of the reinforcement (see Fig. 3). The
following approximations are used:

ds(xi)
dx

≈
si+1 − si− 1

2h
for i = 0, 1,2,…, n (17)

and

d2s(xi)
d2x

≈
si+1 − 2si + si− 1

h2
for i = 0, 1,2,…, n (18)

Due to the nonlinearity of the generated system of equations, the
solution is found by implementing the Newton-Raphson iterative tech-
nique defined as:

{si}j+1 = {si}j − [J(si) ]− 1⋅{fi(si) } (19)

where {fi(si)} is the left-hand side of Eq. (15) at point i; {si}j+1 and
{si}j are the slips at each discretized point of the bonded length in the j+
1-th and j-th iterations, respectively; and [J(si)]-1 is the inverse of the
Jacobian matrix defined as follows:

The single-lap shear test is simulated by a displacement control that
can be applied to either x = n or x = 0 of the discretized bonded length
(see Fig. 3). The main reason for choosing one of these two displacement
control points lies in the need to capture the post-peak behaviour of the
bonded interface. In other words, if the increment control s0 (i.e. at x =

0) is adopted, then the snap-back phenomenon can be captured.
Nevertheless, it should be kept in mind that the snap-back phenomenon
can occur only when the bonded length is sufficiently long [69,70]. So, if
the bonded length is short, i.e. shorter than the effective bond length, the
full debonding process of the joint can be obtained by a monotonic slip
control at x = L (sn). Thus, for the former case, Eq. (20) must be adjusted
to the boundary condition of slip control increment at x = 0. Never-
theless, in both situations, the strains (εr) developed at the free end of the
reinforcement is null and for this reason, the second boundary condition
of the debonding problem is:

ds(x = 0)
dx

= 0 (21)

which leads to s1 = s-1 when Eq. (17) is used. Independently of the
number of iterations needed to solve the problem stated in Eq. (19), the
solution is found when:

{si}j+1 − {si}j ≈ 0 (22)

2.6. Definition of the strains

After finding the slips developed throughout the bonded interface,
the strains in the reinforcement and the substrate can be determined as
well. To that end, the first derivative with respect to x of Eq. (4) is

Fig. 3. Adopted discretization for the FRP-to-substrate bonded interface under the pull–push single-lap direct shear test.

[J(si) ] =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

∂f0(s0, s1)
∂s0

∂f0(s0, s1)
∂s1

∂f0(s0, s1)
∂s2

⋅⋅⋅
∂f0(s0, s1)

∂sn− 1
∂f1(s0, s1, s2)

∂s0
∂f1(s0, s1, s2)

∂s1
∂f1(s0, s1, s2)

∂s2
⋅⋅⋅

∂f1(s0, s1, s2)
∂sn− 1

∂f2(s1, s2, s3)
∂s0

∂f2(s1, s2, s3)
∂s1

∂f2(s1, s2, s3)
∂s2

⋅⋅⋅
∂f2(s1, s2, s3)

∂sn− 1
⋅ ⋅ ⋅ ⋅. ⋅

∂fn− 1(sn− 1, sn− 2)
∂s0

∂fn− 1(sn− 1, sn− 2)
∂s1

∂fn− 1(sn− 1, sn− 2)
∂s2

⋅⋅⋅
∂fn− 1(sn− 1, sn− 2)

∂sn− 1

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(20)
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considered, i.e.:

ds
dx

=
dur
dx

−
dus
dx

(23)

where dur/dx and dus/dx represent the strains developed in the rein-
forcement and substrate, respectively. Since the adherends have an
elastic behaviour, Eq. (23) can be rewritten as:

ds
dx

=
σr

Er
−

σs

Es
(24)

By introducing Eq. (3) into Eq. (24) the strains developed in the rein-
forcement can be calculated according to:

εr =
dur
dx

=
1

1+ r
⋅
ds
dx

(25)

where r is the axial stiffness ratio of the bonded joint defined as follows:

r =
Er⋅Ar

Es⋅As
(26)

Following an analogous procedure, the strains developed in the sub-
strate can be determined as:

εs =
dus
dx

= −
1

1+ 1
r
⋅
ds
dx

(27)

where ds/dx can be approximated by using Eq. (17).

3. SINGLE-LAP SHEAR TESTS

3.1. Experimental setup

The test setup was designed to test the CFRP-to-steel bonded joints
free of any debonding defect. Fig. 4 shows the pull–push configuration
test setup used to test the CFRP-to-steel single-lap bonded joints. To
carry out the tests, the CFRP-to-steel joints (key number 7 in Fig. 4) were
placed on the steel support indicated with no. 8 in Fig. 4. The CFRP

laminate (no. 9 in Fig. 4) was placed inside the steel frame (no. 1 in
Fig. 4) and went through the hydraulic jack (no. 5 in Fig. 4) and load cell
(no. 2 in Fig. 4). It should be noted that the hydraulic jack is placed on a
tubular support (no. 13 in Fig. 4) inside the steel frame. The loaded end
of the CFRP laminate is mechanically anchored by steel wedges (no. 10
in Fig. 4). The steel substrate of the bonded joints is then constrained by
a reaction steel plate (no. 6 in Fig. 4). The steel frame joint and the
specimens are held by a metal profile (no. 12 in Fig. 4) against the lab
strong floor (no.15 in Fig. 4) using four Dywidag rods (no. 3 in Fig. 4).
Tests were performed in load control at an approximate rate of 150 N/
min by using an hydraulic pump (no. 16 in Fig. 4). During the test,
strains measured by strain gauges (no. 14 in Fig. 4) bonded onto the
CFRP laminate and the load transmitted to the CFRP laminate were
collected by a data logger (no. 18 in Fig. 4) and saved on a desktop
computer (no. 17 in Fig. 4).

3.2. Mechanical properties of the materials and geometry of the specimens

The single-lap shear tests were performed on CFRP-to-steel bonded
joints using a pull–push configuration. Two types of adhesives were
considered: an epoxy resin S&P220 and Araldite® 2015. However, it
should be noted that in this experimental work only the first resin was
used. The S&P220 is a bi-component resin which consists of two
different components, part A and part B, the resin and the hardener. The
mechanical tests on 3 samples carried out in another work developed by
the authors [71] concluded that the resin had an average elastic
modulus of 0.79 GPa, an average tensile strength of 29.0 MPa, an
average rupture strain of 3.65 %, and that it has an approximated linear
elastic and brittle behaviour.

The unidirectional CFRP composite used in the experiments is 10mm
wide and 1.4 mm thick and its mechanical properties were obtained
from five tensile tests carried out on a universal tensile machine with a
load capacity of 50 kN. Within the direction of the carbon fibers, the
tests showed a linear stress–strain relationship with a brittle rupture
with an average elastic modulus of 159 GPa, an average strain rupture of
1.03 % and an average tensile strength of 1565 MPa. As a substrate, a
hollow rectangular 3 mm-thick steel section was used in the single-lap

Fig. 4. Test setup. Key: 1 – Steel frame; 2 – Pressure cell; 3 – Dywidas steel rebar; 4 – Steel hex nut; 5 – hydraulic jack; 6 – Reaction steel profile; 7 – Steel substrate; 8
– Support steel profile; 9 –CFRP strip; 10 – Anchorage of the CFRP pulled end; 11 – Steel profile; 12 – Steel beam; 13 – Tubular frame; 14 – Strain gauges; 15 – Strong
floor; 16 – Hydraulic pump; 17 – Desktop computer; 18 – Data logger.
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shear tests. To preserve the geometry of the steel profiles, no experi-
mental tests were carried out to determine the mechanical properties of
the steel. Thus, an elastic modulus of the steel of 210 GPa was assumed.
The steel unlikely would yield during the single-lap shear tests since it is
much stronger than the CFRP-to-steel interface.

On the other hand, for the ductile adhesive, the work carried out by
Wang et al. [67] is considered, in which structural Araldite® 2015 was
used to bond an unidirectional CFRP strip to a steel plate. In this case
[67], the CFRP was 50 mm wide and 1.4 mm thick. The mechanical
properties of this CFRP composite were experimentally tested by Wang
et al. [67], who determined the following average results in the carbon
fiber direction: elastic modulus of 164 GPa, tensile strength of 2760
MPa, rupture strain of 1.68 %, and Poisson’s ratio of 0.28. The adhesive
used by Wang et al. [67] is strongly nonlinear and ductile and it has a
high toughness. The tests of the resin flat coupons led to the following
average mechanical properties: adhesive tensile strength of 15.1 MPa,
elastic modulus of 1.75 GPa, rupture strain of 1.74 % and Poisson’s ratio
of 0.35 [67]. The steel had a tensile strength of 414 MPa, an elastic
modulus of 198 GPa, yielding stress of 258 MPa, rupture strain of 29.4
%, and Poisson’s ratio of 0.3, according to Wang et al. [67]. Further-
more, the CFRP composite was externally bonded onto a steel plate
which was 20 mm thick, 138 mm wide and 380 mm long. The tests were
monotonically carried out by pulling out the CFRP from the steel sub-
strate mainly under Mode II conditions.

In these two cases, the single-lap shear tests reported here led to
bond-slip relationships with similar maximum bond stresses. Thus, for
this reason, the work developed by Wang et al. [67] was chosen to be
replicated here by the proposed FDM, which allowed for making com-
parisons between both cases, i.e., with the CFRP-to-steel single-lap shear
tests with a brittle and ductile adhesive, or, analogously, with a trian-
gular and a trapezoidal bond-slip relationship, respectively. From all the
experiments carried out by Wang et al. [67], the bond-slip relationship
obtained from specimen A350-1.0–1 is considered. In this particular
specimen, the maximum bond stress experimentally obtained under
pure Mode II was τbmax= 13.70 MPa, which is achieved when s1= 0.053
mm and begins to decay with a slip of s2 = 0.439 mm, and it has a final
slip of sf = 0.882 mm [67]. This trapezoidal bond-slip relationship was
reproduced by the nonlinear and single-function proposed in Eq. (13)
and its accuracy in reproducing the experimental data can be seen in
Fig. 2e.

3.3. Test results

The results obtained from the tests are briefly summarized in Table 1.
For this study, four single-lap shear tests were considered among which,
two different bonded lengths, a short and a long one of 50 mm and 200
mm were used, respectively. For each bonded length, the test was
repeated two times with the same conditions. The strains developed in
the CFRP laminate were measured by three and five strain gauges placed
at equal distances of 25 mm and 50 mm on the specimens with Lb = 50
mm and Lb = 200 mm, respectively. It should be noted that during the
test repetition of the specimen with Lb = 200 mm no data was collected

due to an unexpected data logger error and therefore, only the data of
the first test was considered (see Table 1).

The maximum loads obtained from the experiments are similar,
which may indicate that the CFRP-to-steel joint may have a short
effective bond length. The definition of the local bond behaviour of the
CFRP-to-steel joints is carried out by calculating the bond stresses
developed within the interface between the CFRP composite and the
steel substrate. Hence, the following well-known expression, e.g.
[72–75], is used:

τ(x) = Ertr⋅
dεr
dx

(28)

which is obtained from the equilibrium of a finite section of the bonded
length [76]. Its numerical solution can be approximated to:

τ

⎛

⎜
⎝x

i+1 /2

⎞

⎟
⎠ = Ertr⋅

εr,i+1 − εr,i
xi+1 − xi

(29)

where the difference xi+1 – xi is the distance between two consecutive
strain gauges; and εr,i+1 and εr,i are the strains developed in the CFRP (i.
e. the reinforcement) at the discretized points i + 1 and i, respectively.

To calculate the slips, Eq. (24) can be rearranged as follows:

ds =
(

σr

Er
−

σs

Es

)

dx = (εr − εs)dx (30)

and then integrated with respect to x and solved by approximation as:

s(xi) =
∫xi+1

xi

(εr − εs)dx+ s(xi+1)

≈
(εr,i+1 − εs,i+1

2
−

εs,i − εr,i
2

)
⋅(xi+1 − xi)+ s(xi+1) (31)

where s(xi+1) is the slip at point xi+1; εs,i+1 and εs,i are the strains in the
steel (i.e. the substrate) at points xi+1 and xi, respectively; and εr,i+1 and
εr,i+1 are the strains in the CFRP (or reinforcement) at points xi+1 and xi,
respectively. It should be noted also that if the stiffness of the substrate is
much higher than that of the reinforcement, then Eq. (31) can be
simplified and rewritten as:

s(xi) =
∫xi+1

xi

εrdx+ s(xi+1) ≈
εr,i+1 + εr,i

2
⋅(xi+1 − xi)+ s(xi+1) (32)

However, the bond stresses calculated in Eq. (29) correspond to the bond
stresses at the centre of two consecutive strain gauges and the slips
calculated in Eq. (31) or (32) correspond to the points where the strain
gauges were mounted. Hence, to calculate the slips between consecutive
points the average value was determined according to:

Table 1
Summary of the main results of the experimental tests.

Specimen Test
repetition

η = Ad/Ab × 100
(%)

Maximum load, Fmax
(kN)

Maximum bond stress, τbmax
(MPa)

Slip at maximum bond stress, s1
(mm)

Final slip, sf
(mm)

CS50-W10-Br-Ref-
1

1 0 8.4 20.1 0.053 0.080

CS50-W10-Br-Ref-
2

2 7.6 25.4 0.049 0.110

CS200-W10-Br-
Ref-1

1 0 8.0 n/a n/a n/a

CS200-W10-Br-
Ref-2

2 7.2 15.5 0.085 0.550

n/a – data not available.
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s

⎛

⎜
⎝x

i+1 /2

⎞

⎟
⎠ =

s(xi+1) + s(xi)
2

(33)

Accordingly, the single-lap shear tests showed that the local bond
behaviour had a triangular shape with maximum bond stress of τbmax =
13.27 MPa, a corresponding slip of s1 = 0.096 mm, and a final slip of
approximately sf = 0.256 mm. Despite these results being based on a
triangular bond-slip relationship, they were used to approximate the
nonlinear single-function bond-slip relationship proposed in Eq. (13) to
a triangular shape as shown in Fig. 2a.

From the work carried out by Wang et al. [67], the shortest and
longest specimens were considered as well, i.e., specimens A70-1.0–1
and A350-1.0–1 were considered for comparison purposes. Specimens
A70-1.0–1 and A350-1.0–1 have a bonded length of 70mm and 350mm,
respectively. In both specimens, the same thickness of 1.0 mm was
adopted for the adhesive. However, it should be noted that only the
results obtained from specimen A350-1.0–1 were reported in detail and,
therefore, the data to simulate specimen A70-1.0–1 were based on the
local bond behaviour obtained from the former specimen. Considering
all these factors, and covering a wider range of situations (including
short and long bonded lengths), Table 2 identifies all specimens assumed
in this work. Specimens in Table 2 were identified (ID) as: adherends
(CFRP and Steel substrate), bonded length (Lb), Width of the CFRP
composite (W), type of adhesive, i.e. brittle (Br) or ductile (Du), and the
type of debonding defect, i.e. localized (L), dispersed (D) or reference
(Ref) with no debonding defects, followed by the ratio between the
multiple debonding defects and the total bonded area (herein denoted as
η) as a percentage. Thus, as an example, the specimen denoted as CS200-
W10-Br-L50means that the adherends are a CFRP (C) and steel (S) with a
bonded length of 200 mm, where a 10 mm wide CFRP composite is
bonded to the steel substrate with a brittle adhesive in which a localized
debonding defect with η = 50 % is assumed.

3.4. Identification and characterization of the adopted multiple debonding
defects

In this subsection, the characteristics of the multiple debonding de-
fects considered in this work are described. Fig. 5 shows all the condi-
tions for the four different bonded lengths and ratios between the
multiple debonding defects and the total bonded area (η).

In addition, Fig. 6 shows the variation of parameter λ in its
normalized form, i.e.:

λ*i =
λi
λ0

(34)

where parameters λi and λ0 are, respectively, the values of parameter λ
calculated according to Eq. (11) at point i and the corresponding
reference value, i.e. considering full bonding of the FRP composite
across its width. The results are plotted also considering the normalized
bonded length of the joints defined as:

L*b =
Li
Lb

(35)

where Li is the distance of point i from the FRP free end and Lb is the
bonded length of the CFRP-to-steel joint. To allow for a fair comparison
between specimens, the same distribution of the localized and dispersed
debonding defects was kept the same independently of the bonded
lengths of the CFRP-to-steel joints. As can be seen on the left-hand side of
Figs. 5 and 6, the localized debonding defect was located at the centre of
the CFRP-to-steel joints, whereas the dispersed debonding defect was
randomly created so it could be obtained η = 25 %, 50 % and 75 %
regardless of the bonded length of the joints (see Fig. 6).

4. Validation of the proposed FDM

4.1. Adopted strategy

To validate the proposed FDM, another numerical tool based on the
Finite Element Method (FEM) was considered and all specimens iden-
tified in Table 2 were modelled. More details on the FEM used in this
work are explained later. Bearing in mind that the present work aims to
analyze the influence of multiple debonding defects on the FRP-to-
substrate interface, two types of bonding defects were considered: (i)
localized; and (ii) dispersed (or generalized). As mentioned before, the
first case considers, for the sake of simplicity, one large debonded area
that crosses the width of the FRP composite (see the left-hand side of
Fig. 5), whereas the second case considers several small debonded areas
that were randomly considered (see the right-hand side of Fig. 5). The
corresponding single-lap shear tests were carried out with a CFRP
externally bonded to a steel substrate and the results obtained in the
experimental tests as well as those obtained by Wang et al. [67] were
considered. Thus, for each bonded length, two different bond-slip re-
lationships were considered and four ratios between the debonding
defects and the total area (η) were assumed. It should be noted that the
aim of assuming different bonded lengths was to capture the snap-back
phenomenon identified in the literature, e.g. [77–79], in debonding
problems and whose studies neglect the presence of multiple debonding
defects. Hence, for the validation of the proposed FDM, a total of 112
different cases were modelled: 56 with the proposed FDM and the same
number of specimens with the FEM.

4.2. Numerical modelling

Although other commercial software have been used in different
studies [12,13,28,80–83] to simulate the contact between materials, the
finite element commercial software ATENA package [84] was used in
this work since it has proven its ability to estimate the bond behaviour
between two adherends subjected either to pull-pull or pull–push tests,
e.g. [57,68,85,86]. This software [84] has two versions, a 2D and a 3D
version, but the 2D version was chosen since the number of unknowns
and nonlinear equations to be solved by the Newton-Raphson method
could be reduced significantly and both numerical simulations (FDM
and FEM) could be compared. Another reason for choosing the 2D
version of this software [84] is the computing time that is saved with no
loss of precision in the simulations, as shown in the literature dealing
with the debonding of CFRP composites from a substrate considered
either rigid or deformable [85,86].

To simulate the contact between materials, ATENA software [84]
uses a coupled cohesive model that is based on the Mohr-Coulomb cri-
terion. Thus, when, for instance, peeling stresses develop within the
contact between adherends, i.e., in the presence of Mode I, the stresses
associated with Mode II (i.e. the shear stresses) are affected according to
the Mohr-Coulomb criterion. Therefore, the friction angle (ϕ) adopted
for the interface is of utmost importance for the correct simulation of the
contact since it significantly controls the influence of Mode I on Mode II
[57,68]. For instance, in a triangular bond-slip relationship, the friction
angle value tends to increase the shear stresses in the presence of
compression stresses (perpendicular to the bonded area). Also, under
compressive stress, the interface develops a new F stage after the S stage
of the predefined bond-slip relationship [57,68] that reflects the friction
between adherends. However, if the interface is under tension, i.e.,
perpendicularly oriented in the opposite direction of the interface, only
the bond stresses are affected by reducing their initial shear stress values
at pure Mode II. It should be noted also that depending, for instance, on a
misalignment of the load transmitted to the FRP composite, all these
situations may affect any single point of the interface, which implies that
at any point of the interface and under the presence of compression or
tension stresses, different bond-slip relationships can be obtained
throughout the bonded length. Therefore, the debonding phenomenon
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Table 2
ID of the studied specimens subjected to the single-lap shear test simulations.

ID Bonded length, Lb
(mm)

Width of the CFRP composite, br
(mm)

Adhesive
type

Multiple debonding
defects

η = Ad/Ab × 100
(%)

Experimentally
replicated

CS50-W10-Br
− Ref

50 10 Brittle Reference 0 Yes

CS50-W10-Br-L25 Localized 25 No
CS50-W10-Br-L50 50 No
CS50-W-10-Br-
L75

75 No

CS50-W10-Br-
D25

Dispersed 25 No

CS50-W-10-Br-
D50

50 No

CS50-W10-Br-
D75

75 No

CS50-W10-Du-Ref Ductile Reference 0 No
CS50-W10-Du-
L25

Localized 25 No

CS50-W10-Du-
L50

50 No

CS50-W10-Du-
L75

75 No

CS50-W10-Du-
D25

Dispersed 25 No

CS50-W10-Du-
D50

50 No

CS50-W10-Du-
D75

75 No

CS70-W50-Br-Ref 70 50 Brittle Reference 0 No
CS70-W50-Br-L25 Localized 25 No
CS70-W50-Br-L50 50 No
CS70-W50-Br-L75 75 No
CS70-W50-Br-
D25

Dispersed 25 No

CS70-W50-Br-
D50

50 No

CS70-W50-Br-
D75

75 No

CS70-W50-Du-Ref Ductile Reference 0 Yes(1)

CS70-W50-Du-
L25

25 No

CS70-W50-Du-
L50

50 No

CS70-W50-Du-
L75

75 No

CS70-W50-Du-
D25

25 No

CS70-W50-Du-
D50

50 No

CS70-W50-Du-
D75

75 No

CS200-W10-Br-
Ref

200 10 Brittle Reference 0 Yes

CS200-W10-Br-
L25

Localized 25 No

CS200-W10-Br-
L50

50 No

CS200-W10-Br-
L75

75 No

CS200-W10-Br-
D25

Dispersed 25 No

CS200-W10-Br-
D50

50 No

CS200-W10-Br-
D75

75 No

CS200-W10-Du-
Ref

Ductile Reference 0 No

CS200-W10-Du-
L25

Localized 25 No

CS200-W10-Du-
L50

50 No

CS200-W10-Du-
L75

75 No

CS200-W10-Du-
D25

Dispersed 25 No

(continued on next page)
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between adherends can be simulated as close as possible to reality.
Fig. 7 shows two different numerical models typically considered in

this work. Thus, as an example, Fig. 7a shows the numerical model of the
specimen with a localized debonding defect area of η = 25 % and a
bonded length of 200 mm (i.e. CS200-W10-Br-L25 or CS200-W10-Du-
L25), whilst Fig. 7b shows model A350-1.0–1 tested by Wang et al. [67]
and numerically simulated by Wang et al. [87], which has a bonded
length of 350 mm (i.e. specimens CS350-W50-Br-L25 or CS350-W50-Du-
L25). The loads transmitted to the CFRP-to-steel joints versus the slip at
the loaded end (or for simplicity load-slip curves) are all analyzed,
allowing to highlight differences obtained from specimens with multiple
debonding defects and their corresponding results obtained from the
reference models.

Since the Integral Absolute Error (IAE) is a parameter sensitive to the
deviation of a theoretical result from an experimental data, at the same
time, it is often used for model assessment, e.g. [88–90], this parameter
was chosen to assess the accuracy of the load-slip curves obtained by the
proposed FDM when compared with the results obtained by the FEM. It
was calculated according to the following expression:

IAE =
∑n

s=1

⃒
⃒fFDM − fFEM

⃒
⃒

∑n

s=1
fFEM

(36)

where fFDM and fFEM correspond to the loads obtained from the
proposed FDM and those calculated from the FEM at the same slip at the
CFRP loaded end, respectively, for the same interfacial slip s; and n
corresponds to the number of measurements carried out during the
simulations.

The models simulated in ATENA software [84] were all discretized
through a mesh with 0.4 to 0.5 mm quadrilateral finite elements (with
smooth element shapes), near the contact between materials as shown in
Fig. 7. Moreover, to avoid an excessive increase in the number of finite

elements, the specimens with a bonded length of 350 mm had larger
quadrilateral finite elements (5 mm) at the bottom of the model (see
detail in Fig. 7b). Due to the different heights of the steel substrate and
bonded lengths of the CFRP-to-steel joints, the number of finite elements
used in each one was different. So, in the case of the model with the
fewest finite elements, i.e., with Lb = 50 mm, a total of 1306 finite el-
ements were used, whereas the models with the highest number of finite
elements, i.e., specimens with Lb = 350 mm, had a total of 9518 finite
elements.

The loads applied to the CFRP composite were simulated by
imposing a monotonic displacement with a rate of 0.002 mm per step at
the right hand side of the model as can be seen in Fig. 7. At the reaction
steel plate, there was another monitoring point whose results were used
for comparison with the loads transmitted to the CFRP material (i.e.
redundant data to control the evolution and feasibility of the numerical
simulations). To avoid the rotation of the specimen a horizontal roller
support was placed at the left-hand side of the models (see Fig. 7). To
ensure complete debonding of each simulated specimen, the number of
steps considered in each model varied so failure could be achieved.

Eight single-lap shear tests with no initial debonding defects were
simulated first with ATENA software [84] and the results were used as
reference values. The main results obtained for each specimen modelled
in this work are summarized in Table 3.

4.3. Bond behaviour of CFRP-to-steel joints with no debonding defects

All load-slip curves obtained for the reference specimens, i.e., free of
any debonding defects, are shown in Fig. 8. However, it should be noted
that only the tested specimens with a brittle adhesive and bonded
lengths of 50 mm and 200 mm (see Fig. 8a) are shown, as well as the
specimen with a ductile adhesive and bonded length of 350 mm tested
by Wang et al. [67] (specimen A350-1.0–1) (see Fig. 8d).

Table 2 (continued )

ID Bonded length, Lb
(mm)

Width of the CFRP composite, br
(mm)

Adhesive
type

Multiple debonding
defects

η = Ad/Ab × 100
(%)

Experimentally
replicated

CS200-W10-Du-
D50

50 No

CS200-W10-Du-
D75

75 No

CS350-W50-Br-
Ref

350 50 Brittle Reference 0 No

CS350-W50-Br-
L25

Localized 25 No

CS350-W50-Br-
L50

50 No

CS350-W50-Br-
L75

75 No

CS350-W50-Br-
D25

Dispersed 25 No

CS350-W50-Br-
D50

50 No

CS350-W50-Br-
D75

75 No

CS350-W50-Du-
Ref

Ductile Reference 0 Yes(2)

CS350-W50-Du-
L25

Localized 25 No

CS350-W50-Du-
L50

50 No

CS350-W50-Du-
L75

75 No

CS350-W50-Du-
D25

Dispersed 25 No

CS350-W50-Du-
D50

50 No

CS350-W50-Du-
D75

75 No

(1) Denoted as A70-1.0–1 by Wang et al. [67] but no load-slip curve or bond-slip relationship was reported;
(2) Denoted as A350-1.0–1 by Wang et al. [67].
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The experimental data show a higher initial stiffness when compared
with the proposed FDM and FEM and only the experimental data ob-
tained from the specimen CS200-W10-Br-Ref-2 (see Table 1) had a
maximum load lower than that obtained from both numerical methods.
The maximum load predicted by the proposed FDM and by the FEM for
specimen CS200-W10-Br-Ref reached 9.19 kN and 8.82 kN, respectively,
which are approximately 27.6 % and 22.5 % higher than the experi-
mentally determined values (7.20 kN as shown in Table 3). The
maximum loads experimentally reached by specimens CS50-W10-Br-
Ref-1 and CS50-W10-Br-Ref-2 had an average value approximately 22.8
% higher (8.00 kN as shown in Table 3) than that obtained by the FDM
or FEM (6.19 kN and 6.17 kN in specimen CS50-W10-Br-Ref shown in

Table 3). Also, Wang et al. [67] reported that specimen A350-1.0–1
reached a maximum load value of 108.5 kN, which is approximated
11.4 % higher than that obtained by both numerical simulations, which
reached approximately 97.4 kN.

Nevertheless, the numerical simulations carried out by the proposed
FDM are consistent with those obtained from the FEM and coincident
with the load-slip curves obtained in other studies available in the
literature, e.g. [69,77,78]. For instance, both models have predicted
very well all the reference specimens in all branches of the load-slip
curves. For instance, in all specimens, the ascending branches are
quite similar. Unlike the specimen with a brittle adhesive with Lb = 200
m, the specimen with Lb = 50 mm does not show a plateau at maximum

Fig. 5. Characterization of the multiple debonding defects of all specimens considered in this work.
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load and a peak load is reached instead before the load begins to
decrease smoothly until the complete debonding between adherends.

In the case of the specimens with a ductile adhesive, a plateau can be
observed in all specimens independently of the bonded length. In these
cases, the plateau at maximum load shown in the specimens with Lb =
50 mm and Lb = 70 mm develops due to the C stage of the bond-slip
relationship (see Fig. 2e). However, as the bonded length increases up
to 200 mm or 350 mm, the maximum load increases and the post-peak
behaviour predicted by the FDM shows the snap-back phenomenon,
which means that this bonded length is sufficiently long. Note that the
specimen with Lb= 350 mm has a CFRP five times the width of the other
specimen with Lb = 200 mm and since the maximum load is the only
parameter that is directly proportional to the width of the FRP com-
posite [1,39,42,53,91], this means that the maximum load would also
increase of approximately five times. So, the maximum load of 18.78 kN
was reached in specimen CS200-W10-Du-Ref, whereas in specimen
A350-1.0–1 a maximum load of 97.44 kN was determined, which is
approximately 5.2 times the load of the specimen with Lb= 200 mm and

width 10 mm.
Except for specimen CS50-W10-Ref-Br in which the corresponding

IAE value reached approximately 12.0 %, all the other IAE values never
exceeded 10 %. Therefore, these results show that the proposed FDM led
to accurate results. Furthermore, in the specimens with a ductile adhe-
sive (see Fig. 8c and 8d), the maximum IAE values are all lower than 3.5
%. It should also be noted that since the snap-back behaviour observed
in the specimens with the longest bonded lengths cannot be predicted by
the FEM by using the Newton-Raphson method, the IAE values were
calculated up to the reverse of the slips was reached in the load-slip
curves.

4.4. Bond behaviour of CFRP-to-steel joints with a brittle adhesive

The load-slip curves obtained for the different CFRP-to-steel joints
with a brittle adhesive are shown in Fig. 9. Based on these results, it is
possible to observe that when the bonded length is short (e.g., 50 mm
and 70 mm), the shape of the corresponding reference load-slip curve

Fig. 6. Variation of the normalized parameter λ with the normalized bonded length of the joints (Lb*) with: (a) a localized debonding defect; and (b) a dispersed
debonding defect.

Fig. 7. Examples of the finite element meshes of the CFRP-to-steel single-lap shear test of specimens CS50-W10-Br-L25 (or Du) and CS350-W50-Br-L25 (or Du) with a
localized debonding defect of η = 25 % with: (a) Lb = 50 mm; and (b) Lb = 350 mm.

H.C. Biscaia et al.



Composite Structures 345 (2024) 118406

13

does not change with multiple debonding defects, whether localized or
dispersed. However, looking at specimens with the longest bonded
lengths, the shape of the load-slip curves is different depending of the
debonding defect type considered. In these specimens, the loads increase
first with an approximately linear trend with the slips at the loaded end.
Before reaching maximum load, a nonlinear behaviour is observed due
to the development of the S stage close to the CFRP-loaded end. For the
reference specimens, a plateau at maximum load can be observed in
Fig. 9e and 9 g. The post-peak behaviour is captured by the proposed
FDM since the slip control adopted for the debonding process was
located at the CFRP-free end and, therefore, the well-known snap-back
phenomenon could be captured. It should also be kept in mind that since

the slip control carried out in the FEM is located at the CFRP loaded end,
the post-peak behaviour of these models cannot be captured when the
Newton-Raphson method is used and, therefore, no comparisons be-
tween the proposed FDM and the FEM can be made there.

Moreover, the results obtained from these specimens with a localized
debonding defect show two peak loads. After the first peak load, a
decrease of the load is observed and then the load begins to increase
again. Such behaviour can be explained by the fully bonded length
localized near the CFRP-free end contributing to the second load in-
crease. Although not observed in all specimens, it can be asseverated
that if the localized debonding defect was placed closer to the CFRP-
loaded end, a snap-through phenomenon would be possible to observe

Table 3
Summary of the main results and comparisons between the proposed FDM with ATENA software [84].

Specimen Multiple debonding defect type η = Ad/Ab × 100 (%) Maximum load, Fmax (kN) Load degradation (− )

Proposed FDM ATENA [84] Deviation (%)

CS50-W10-Br-Ref Reference 0 6.19 (8.00)* 6.17 0.32 1
CS50-W10-Du-Ref 6.73 6.80 − 1.03 1
CS50-W10-Br-L25 Localized 25 5.03 5.15 − 2.33 0,813
CS50-W10-Du-L25 5.40 5.58 − 3.23 0,802
CS50-W10-Br-L50 50 4.19 4.32 − 3.01 0,677
CS-50-W10-Du-L50 4.47 4.63 − 3.46 0,664
CS50-W10-Br-L75 75 3.60 3.72 − 3.23 0,582
CS50-W10-Du-L75 3.80 3.95 − 3.80 0,565
CS50-W10-Br-D25 Disperse 25 5.07 5.05 0.40 0,819
CS50-W10-Du-D25 5.41 5.44 − 0.55 0,804
CS50-W10-Br-D50 50 4.25 4.29 − 0.93 0,687
CS50-W10-Du-D50 4.48 4.56 − 1.75 0,666
CS50-W10-Br-D75 75 3.65 3.66 − 0.27 0,590
CS50-W10-Du-D75 3.82 3.86 − 1.04 0,568
CS70-W50-Br-Ref Reference 0 39.31 38.45 2.24 1
CS70-W50-Du-Ref 47.10 47.61 − 1.07 1
CS70-W50-Br-L25 Localized 25 32.45 32.31 0.43 0,826
CS70-W50-Du-D25 37.78 38.09 − 0.81 0,802
CS70-W50-Br-L50 50 27.57 27.64 − 0.25 0,701
CS70-W50-Du-D50 31.25 31.62 − 1.17 0,664
CS70-W50-Br-L75 75 23.62 23.64 − 0.09 0,601
CS70-W50-Du-L75 26.59 26.95 − 1.34 0,565
CS70-W50-Br-L25 Disperse 25 33.00 32.31 2.14 0,840
CS70-W50-Du-L25 37.87 38.19 − 0.84 0,804
CS70-W50-Br-L50 50 28.13 27.79 1.22 0,716
CS70-W50-Du-L50 31.35 31.62 − 0.85 0,666
CS70-W50-Br-L75 75 24.48 24.22 1.07 0,623
CS70-W50-Du-L75 26.75 26.95 − 0.74 0,568
CS200-W10-Br-Ref Reference 0 9.19 (7.60)* 8.82 4.20 1
CS200-W10-Du-Ref 18.78 18.67 0.59 1
CS200-W10-Br-L25 Localized 25 8.72 8.42 3.56 0,949
CS200-W10-Du-L25 16.43 16.27 0.98 0,875
CS200-W10-Br-L50 50 8.29 8.00 3.63 0,902
CS200-W10-Du-L50 14.74 14.56 1.24 0,785
CS200-W10-Br-L75 75 7.88 7.61 3.55 0,857
CS200-W10-Du-L75 13.43 13.28 1.13 0,715
CS200-W10-Br-D25 Disperse 25 8.20 7.87 4.19 0,892
CS200-W10-Du-D25 16.74 16.65 0.54 0,891
CS200-W10-Br-D50 50 7.41 7.15 3.64 0,806
CS200-W10-Du-D50 15.06 15.12 − 0.40 0,802
CS200-W10-Br-D75 75 6.84 6.59 3.79 0,744
CS200-W10-Du-D75 13.65 13.69 − 0.29 0,727
CS350-W50-Br-Ref Reference 0 47.82 45.88 4.22 1
CS350-W50-Du-Ref 97.44 (108.5)* 97.37 0.07 1
CS350-W50-Br-L25 Localized 25 47.49 45.57 4.21 0,993
CS350-W50-Du-L25 94.45 93.36 1.17 0,969
CS350-W50-Br-L50 50 47.33 45.33 4.41 0,990
CS350-W50-Du-L50 92.22 90.79 1.58 0,950
CS350-W50-Br-L75 75 46.90 45.00 4.22 0,981
CS350-W50-Du-L75 87.22 85.35 2.19 0,895
CS350-W50-Br − D25 Disperse 25 43.08 41.30 4.31 0,901
CS350-W50-Du-D25 87.77 87.20 0.65 0,901
CS350-W50-Br-D50 50 39.03 37.50 4.08 0,816
CS350-W50-Du-D50 79.58 79.07 0.64 0,817
CS350-W50-Br-D75 75 36.54 35.13 4.01 0,764
CS350-W50-Du-D75 73.64 73.66 − 0.03 0,756

* Experimental average value between parentheses.
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more easily. Nevertheless, such a snap-through phenomenon can be
observed, e.g., in specimen CS350-W50-Br-L25 (see Fig. 9g). In addition,
the load-slip curve, in such cases, would also be characterized by a snap-
back phenomenon, independently of the bonded length or debonding
defect type.

If the multiple debonding defect is dispersed, the shape of the load-
slip curve only slightly changes with the ratio between the debonding
defects and the bonding area (η). Thus, in the presence of a dispersed
debonding defect, the load capacity of the specimens decreases but the
shape of the load-slip curve shows almost no change from the reference
results. However, the extend of the plateau at maximum load tends to
decrease with the increase of η, which means that the ductility of the
joint also decreases.

The IAE values herein determined never reached 15 % and for the
specimens with the longer bonded lengths, the value never exceeded 5
%, which shows how close the proposed FDM is to the data obtained
from the FEM. The higher IAE values are associated with the specimens

with the lowest load capacities, i.e. the specimens with the shortest
bonded lengths. In general, the IAE values also tended to increase
slightly with the increase of η. The results obtained show taht the pro-
posed FDM is validated for the CFRP-to-steel joints with a brittle ad-
hesive, independently of the multiple debonding defects of the joint, i.e.
whether the pattern is localized or dispersed.

4.5. Bond behaviour of CFRP-to-steel joints with a ductile adhesive

Considering a ductile adhesive with the local bond behaviour rep-
resented in Fig. 2e, Fig. 10 shows the load-slip curves obtained from all
specimens, either from the proposed FDM or from the FEM. The results
are, once again, compared with the reference specimens with η = 0 %.
Similar to the joints with a brittle adhesive, the shape of the load-slip
curves of the CFRP-to-steel joints with the shortest bonded lengths (e.
g., 50 mm and 70 mm), did not change with the localized or dispersed
debonding defect type. Moreover, regarding the two debonding defect

Fig. 8. Comparison between the load vs. slip at the loaded end curves obtained from the proposed FDM and from the FEM based on the: (a) present experimental
work (with a brittle adhesive); (b) work carried out by Wang et al. [67] with the brittle adhesive used in the present work; (c) present work with the ductile adhesive
obtained by Wang et al. [67]; (d) work carried out by Wang et al. [67].
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Fig. 9. Precision of the proposed FDM in the determination of the load vs. slip at the loaded end curves of the tests with a CFRP composite with a brittle adhesive and:
(a)-(b) Lb = 50 mm; (c)-(d) Lb = 70 mm; (e)-(f) Lb = 200 mm; and (g)-(h) Lb = 350 mm.

Fig. 10. Precision of the proposed FDM in the determination of the load vs. slip at the loaded end curves of the tests with a CFRP composite with a ductile adhesive
and: (a)-(b) Lb = 50 mm; (c)-(d) Lb = 70 mm; (e)-(f) Lb = 200 mm; and (g)-(h) Lb = 350 mm.
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types, the degradation of the load capacities did not change significantly
with the increase of η.

However, analyzing at the load-slip curves obtained from the joints
with the longest bonded lengths (200 mm and 350 mm), some differ-
ences can be observed. For instance, in the case of Lb = 200 mm, the
specimens with localized debonding defect show a tendency of the joint
to reach another, although quite short, plateau stage after its post-peak
behaviour. This can be explained by the transition of the loads from the
first bonded area to the second one. However, since the bond-slip rela-
tionship of the ductile adhesive can accommodate higher slips, a higher
effective bond length of these joints is expected [42]. Thus, after the
specimens have reached their load peak, no increase in the loads is
observed in these joints (see Fig. 10e and 10f). Unlike the localized
debonding defect case, the loads transmitted to the CFRP composite in
the specimens with a dispersed debonding defect decrease with no
tendency to increase again. Nevertheless, the specimens with Lb = 350
mm and with a localized debonding defect had a sufficient bonded
length to show another load increase after the load capacity of the joints
was reached (see Fig. 10g). The specimens with a dispersed debonding
defect show a similar plateau at maximum load to that which is observed
in the reference specimen and only a slight influence is noted with the
increase of η (see Fig. 10h). However, a general tendency of joints with a
debonding defect to decrease their ductility can be observed.

Unlike some results obtained from adopting a brittle adhesive in
joints with the shortest bonded lengths, where the IAE values ranged
between 10 % and 15 %, the IAE values obtained by using a ductile
adhesive barely exceeded 5 %. These differences might be explained by
the definition of both bond-slip relationships in the FEMwhose data was

based on small and linear intervals that could be sufficient to numeri-
cally describe the local adherence of these joints. Nevertheless, in both
cases of brittle and ductile adhesive, about 50 intervals of 0.01 mm each
were assumed. Thus, it would be expected that the increase in the
number of intervals would decrease the IAE values obtained for the
specimens with the shortest bonded lengths with a brittle adhesive, since
the nonlinearities of the corresponding bond-slip relationship may be
even more refined. Yet, and based on the present results, the validation
of the proposed FDM can be considered as having been achieved
successfully.

4.6. Degradation of the load capacity of the joints

The influence of the debonding defects on the load capacity of the
CFRP-to-steel bonded joints is analyzed in this section. The degradation
of the loads (DL) with parameter η is shown in Fig. 11, in which their
values were determined as:

DL =
Fmax,η − Fmax,0

Fmax,0
× 100% (37)

where Fmax, η and Fmax,0 are, respectively, the maximum load reached
by the specimens with a debonding defect whose values are within the
interval of 0 % < η < 100 % and the maximum load reached by the
corresponding reference specimens, i.e. with no debonding defects (η =

0 %).
The results show that the CFRP-to-steel joints with the shortest

bonded lengths were marginally influenced either by the debonding
defect type or by the adhesive type (see Fig. 11a and 11b). However, a

Fig. 11. Influence of the adhesive type on the load capacity of the CFRP-to-steel joints with: (a) Lb = 50 mm; (b) Lb = 70 mm; (c) Lb = 200 mm; and (d) Lb = 350 mm.
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maximum load degradation of approximately 40 % was determined in
all cases with η = 75 %. As longer bonded lengths are considered, the
brittle adhesive begins to show a different load degradation path be-
tween the localized and the dispersed debonding defects (see Fig. 11c).
In this case, the multiple dispersed debonding defects lead to the highest
load degradations for any values of η herein considered.

Contrary to this, the localized debonding defect leads to a lower load
degradation of the specimens with the longest bonded lengths, which
means that this debonding defect has a low influence on the load ca-
pacity of the joint (see Fig. 11d). For instance, in the case of specimen
CS350-W50-Br-L75, a degradation of approximately 2.0 % was
measured, whilst specimen CS350-W50-Br-D75 had a load degradation
of approximately 23.6 % (see left-hand side of Fig. 11d). From the
analogous specimens with a ductile adhesive (see right-hand side of
Fig. 11d), load degradations of approximately 10.5 % and 24.4 % were
calculated for the specimens with the localized and dispersed debonding
defects, respectively.

5. Comparisons with other work available in the literature [87]

The results of the tests carried out by Wang et al. [87] are compared
with the results obtained from the proposed FDM in this section. It
should be noted that no other studies were found in the literature that
could cover the influence of multiple debonding defects within the
CFRP-to-steel interface, and for this reason no other studies were
considered in this work.

In the work developed by Wang et al. [87], a strip-model numerical
strategy based on the explicit 4th-order Runge-Kutta technique was
proposed and a trapezoidal bond-slip relationship was used to model the
local bond behaviour between the CFRP composite and the steel sub-
strate. The mechanical properties of the CFRP composite and the steel
plate were based on another work carried out by Wang et al. [67].
Therefore, the definition of the trapezoidal bond-slip relationship is the
same as the one mentioned earlier at the end of Subsection 3.1 and fitted
by a single-function bond-slip relationship as shown in Fig. 2e. Similarly,
the geometry and dimensions of the specimens are the same as those
briefly described in Subsection 3.1. The models herein reproduced were
originally designated as A180-AD and A200-AD [67], which means that
a bonded length of, respectively, 180 mm and 200 mm was considered.
However, the geometry of the debonding defects in the two specimens is
different, as shown in Fig. 12. Overall, both their debonding defects are
described as localized. Specimen A180-AD has one localized debonding
defect at the centre of the joint with a corresponding η value of
approximately 28 %, whilst specimen A200-AD has two localized
debonding defects with η ≈ 37 %. To facilitate the identification and
evaluation of how damaged the interface between the adherends is,
Fig. 13 shows the variation of λi* with Lb* according to Eq. (34) and Eq.
(35), respectively.

Fig. 14 shows the precision of the proposed FDM on the prediction of
the specimens by Wang et al. [87]. The maximum load of specimen
A180-AD predicted by the proposed FDM was 82.18 kN, whilst Wang
et al. [87] reported a value of 83.02 kN that corresponds to a deviation
of approximately − 1.0 %. On the other hand, the proposed FDM pre-
dicted a maximum load of 79.52 kN for specimen A200-AD, whilst Wang
et al. [86] reported a value of 85.09 kN that represents a deviation of
approximately − 6.5 %.

Furthermore, the proposed FDM was shown to be able to follow the
full data provided by Wang et al. [87], which means that all stages (i.e.
Elastic, Constant, Softening, and Debonding) defined by the bond-slip
relationship as well as the influence of the multiple debonding defects
were well predicted. In both specimens, the loads show an initial in-
crease with a stiffness that tends to decrease due to the influence of the
localized debonding defects. Afterwards, an approximately linear in-
crease of the loads can be observed, which means that the E stage is still
predominant within the CFRP-to-steel interface. However, before the
maximum load is reached, a nonlinear behaviour can be seen, which
means that the interface is now developing the C and/or S stages within
a bonded area close to the CFRP-loaded end. Although specimen A200-
AD has a higher η value than specimen A180-AD, the former developed a
short plateau at the maximum value. The post-peak behaviour is also
well predicted by the proposed FDM. However, it should be noted that
the differences observed during the post-peak behaviour are due to the
bond-slip relationship adopted in both works. If the bond-slip relation-
ship has a finite final slip (often denoted as sf in the literature, e.g.
[39,92–95]) the complete debonding of the CFRP-to-steel joint, i.e. with
no load transmitted to the CFRP composite, will occur at that value.
Otherwise, the loads will increase once again to infinite slip and zero
load transmitted to the CFRP composite as previously documented in the
literature by the authors [69].

The IAE values calculated according to Eq. (36) also confirm the
accuracy of the proposed FDM. Thus, in both specimens, the calculated
IAE values were similar and approximately equal to 3.5 % until the
occurrence of the snap-back. However, considering the full debonding
process, IAE values of approximately 6.5 % and 6.1 % in specimens
A180-AD and A200-AD were calculated, respectively. These results
confirm, therefore, the FDM high level of accuracy in predicting the
influence of multiple debonding defects on CFRP-to-steel single-lap
tests.

Fig. 12. Geometry of the debonding defects the specimens tested by Wang et al. [87] with a bonded length of: (a) 180 mm – A180-AD; (b) 200 mm – A200-AD.

Fig. 13. Variation of the normalized parameter λ with the normalized bonded
length of the specimens tested by Wang et al. [87].
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6. Conclusions

This work aimed to propose a new numerical strategy that could
facilitate the comprehension and interpretation of the influence of
multiple debonding defects on CFRP-to-steel bonded joints. To that end,
the FDM was implemented and to give a wider perspective of such in-
fluence on CFRP-to-steel joints, brittle and ductile adhesives were
considered. Moreover, a new single-function bond-slip relationship was
proposed and implemented in the FDM, which allowed for describing
the local bond behaviour of the joints with a brittle or ductile adhesive
through the same local adherence model. A total of 56 different speci-
mens (a total of 112 different models), were simulated by the proposed
FDM and the results were compared either with the FEM or with another
study available in the literature [87]. Thus, based on the results obtained
in the present work, the main conclusions are pointed out as follows:

• Since the calibration of the bond-slip relationships are not affected
by the localized or dispersed debonding defects, the CFRP-to-steel
joints with short bonded lengths did not change the shape of the
local adhesion. Thus, for the approximation carried out in this work,
the specimens with a brittle adhesive continued to reproduce an
almost triangular shape characterized by an ascending branch and
followed by another descending branch until full debonding of the
specimens. On the other hand, the specimens with a ductile adhesive
continued to show a quasi-trapezoidal shape characterized by four
different branches: an initial and ascending, a constant, a descending
and a debonding branch;

• Regarding the influence of localized or dispersed debonding defects
on specimens with a short bonded length, it can be concluded that no
significant influences can be obtained on the maximum loads
reached. However, when compared with the reference specimens,
the load degradations did not exceed 40 % at the highest η value of
75 % considered for these specimens;

• Depending on whether a brittle or ductile adhesive was used, the
specimens with the longest bonded lengths have different load-slip
curves. The specimens with a brittle adhesive showed a snap-
through phenomenon, which is explained by the stress transfer be-
tween the first bonded region and the second one through the
localized debonded region. Hence, unlike the reference specimens
that have a plateau at maximum load, these joints show a load
decrease followed by another load increase. After that, as the loads

decreased once again, a snap-back phenomenon was observed. The
snap-through phenomenon is barely observed in the specimens with
the dispersed debonding, regardless of using a brittle or a ductile
adhesive;

• Unlike the dispersed debonding defects, which had a major impact
on the load capacity of joints with the longest bonded lengths, the
localized debonding defect has much less impact on the maximum
loads of the bonded joints, independently of the η value;

• Regardless of the debonding defect type, the ductility of the speci-
mens, mainly in those with the longest bonded lengths, decreases
with the increase of η. Despite being outside the scope of this work,
debonding defects may have a severe impact on the bond behaviour
when subject to cyclic loading and this requires therefore, further
investigation in the future;

• The IAE parameter was chosen to assess the precision of the proposed
FDM model when compared with the FEM. Thus, the highest IAE
values were obtained in the specimens with the shortest bonded
length with a brittle adhesive, where values between 10 and 15 %
were obtained. Nevertheless, IAE values lower than 10 % were al-
ways obtained in the other cases, which shows the high accuracy
obtained by the proposed FDM;

• The proposed FDM was also able to accurately replicate the bond
behaviour of other specimens available in the literature [86]. In such
cases, IAE values lower than 3.5 % were determined, which also
shows the versatility of the proposed FDM.

Finally, it should be recognized that many other debonding defects
could be generated as well as other definitions of the bond-slip re-
lationships, different materials and/or geometries. However, for
simplicity, the debonding defects and the CFRP-to-steel bonded joints
were randomly selected and, therefore, it would be expected that the
proposed FDM could reach similar levels of accuracy in other situations
not reported in this study. Still, the proposed FDM has proven to have
great potential for predicting the influence of multiple debonding de-
fects in adhesively bonded structures subjected to a monotonic load.
Therefore, the current work has contributed to the very first steps to-
wards the comprehension of the influence of multiple debonding defects
on CFRP-to-steel joints. A few research directions ahead can include the
study of the bond performance of mechanically anchorage CFRP-to-steel
joints or other bonded joints with other geometries (e.g. stepped joints,
double strap joints, etc.) or subjected to other test conditions (e.g.

Fig. 14. Precision of the proposed FDM in the determination of the load vs. slip at the loaded end curves of the specimens by Wang et al. [87] with: (a) Lb = 180 mm
and η ≈ 28.0 %; and (b) Lb = 200 mm and η ≈ 37.2 %.

H.C. Biscaia et al.



Composite Structures 345 (2024) 118406

19

temperature variations or test setup configuration), and also the devel-
opment of 3D models such that the proposed FDM could be compared
with.
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