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ORIGINAL ARTICLE

Multi-side Digital Image Correlation (DIC) evaluation of CFRP bonded to poplar
timber

Francisco J. Rescalvoa , Cristian Timbolmasb , Rafael Bravob , Mar�ıa Portelac , and Jose Lorenzanac

aDepartment of Building Construction, University of Granada, Granada, Spain; bDepartment of Structural Mechanics, University of Granada,
Granada, Spain; cPEMADE, University of Santiago de Compostela – Campus Lugo, Lugo, Spain

ABSTRACT
Digital Image Correlation (DIC) is a technique that permits full analysis of the strain field distribu-
tion upon the surface of solids. The nonlinear bonding interaction between poplar timber and
CFRP (Carbon Fiber Reinforced Polymers) reinforcement under mixed mode I&II is analyzed. The
test setup inserts an eccentric axial load and a corresponding bending moment. The experiments
show strain distributions composed of two lateral transfer zones in which bonding mode II pre-
dominates and, a central zone of constant strain in which bonding mode I is dominant. The max-
imum load capacity increases with the bond length until the effective bond length.
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1. Introduction

Timber structures are prone to degradation, especially when
not carefully or properly maintained. Therefore, rehabilita-
tion and strengthening operations are needed for them to
withstand the serviceability loads [1]. Over the past decades,
rehabilitation involving externally bonded Carbon Fiber
Reinforced Polymer (CFRP) plates or sheets has been suc-
cessfully applied to existing reinforced concrete structures
[2]. The bonding between CFRP and concrete has attracted
progressive research interest because of its reduced weight,
high mechanical properties, corrosion resistance, and rela-
tively easy installation process [3]. In general, the CFRP
strips are bonded to base material by means of epoxy resin,
which transfers the forces to the concrete substrate. Studies
of the RC (Reinforced Concrete) members externally rein-
forced with CFRP are not only focused on the demanding
parameter of flexural strengthening. Bonacci [4] investigated
the interrelationships between strength, failure modes and
deflection capacity on concrete beams. The growing trend of
strengthening by means of FRP materials has led to the
development of extensive and comprehensive experimental
and analytical works. The main aspects investigated are the
bond-slip models, effective bond length, maximum critical
loads, and failure mechanisms for FRP-to-concrete bonding
subjected to single/double shear tests [5–10]. The testing
method was established following the previous works.
Nowadays, finite element methods are a powerful aid to
demonstrate the experimental behavior and analytical mod-
els. Comprehensive numerical studies have been undertaken
to understand the complex phenomenon of debonding and

degradation of the bonded interface, along with the constitu-
tive interface parameters [11–14].

Such retrofitting or strengthening of existing timber
structures is a relatively new endeavor. In areas where the
plantation of poplar is quite common, as around Granada
(Spain), many constructions are made of poplar, even histor-
ical heritage built over 100 years ago. Poplar affords low
mechanical properties and durability, meaning it is necessary
to retrofit and strengthen the structures over time.

Some research efforts have focused on the retrofitting of
the old timber beams from historical buildings using differ-
ent CFRP plates and layouts [15–19]. In addition, the
authors investigated improvements in terms of bending
strength and ductility owing to the application of CFRP to
glulam beams, by using low-quality timber (poplar) as the
base material for different reinforcement layouts across the
cross-section of the beam [20]. The improved reinforcement
was quantified analytically by means of the transformed sec-
tion technique (parallel axis theorem), in this case, applied
for multi-layered glulam beams made of poplar of different
strength classes [21, 22].

Generally, in conventional testing campaigns used for
FRP (Fiber Reinforced Polymers) bonded to concrete or
timber, the bond load-slip response and strain distribution
can be analyzed through a single/double shear test employ-
ing closely spaced strain gauges along the FRP centerline
[23–27]. A noticeable shortcoming of this method is related
to the difficulties in applying many strain gauges for short
bond length to collect sufficient data from the specimen.
The debonding process and the strain distribution through
the specimens can moreover be challenging to capture with
just a few strain gauges. For this reason, comprehensive
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research has employed Digital Image Correlation (DIC)
[27], to determine the effective bond length, strain distribu-
tion, and force-slip response for concrete and timber models
[28–30]. The main advantage of the DIC method is that—
being an optical measurement technique—the entire surface
of the specimens can be analyzed in terms of strain and dis-
placement fields. Consequently, the DIC permits complete
strain evaluation from different perspectives, frontal and
side views [31]. The main drawbacks are the need for high
resolution in the sampled area to accurately capture edge
behavior and a high frame-per-second ratio to sample the
debonding.

This paper brings the novelty of the application of the
DIC technique to analyze the frontal and lateral bonding
behavior of CFRP to poplar timber specimens subjected to
mixed mode I and II tests. To the best knowledge of the
authors, there are no previous studies that analyze the com-
bined influence of the axial load and moment in the bond-
ing of CFRP with timber with DIC in frontal and lateral
views. The experimental shear set-up presented in Section 2
consisted of four batches having different bonding lengths,
from 50 to 200mm reinforced with laminates or fabrics.
The specimen is clamped on one side and on the opposite
the axial load is applied to the CFRP. Due to the eccentric
configuration of the load, a bending moment is produced in
the specimen.

This study highlights in Section 3 the performance of dif-
ferent CFRP arrangements (carbon fabric or laminate)
bonded to poplar timber in terms of: (a) longitudinal strain
distributions in CFRP (frontal view) and within the timber
layer close to the bond line (side view), (b) force-slip rela-
tions, and (c) maximum-force-bonding length. An analysis
of the influence of the axial load and bending moment and
the differences of the performance of the bonding between
specimens is discussed in a comparative way.

The analysis presented in this paper helps to understand
the performance of the bonding between CFRP and timber
under mixed mode. The validation of the model, helps to
extrapolate to other and more complicated situations that,
for some reason, were not experimentally tested yet.

2. Materials and methods

2.1. Experimental materials description

Certified poplar cultivar I-214 (Populus x Euroamericana
[Dode] Guinier) from a local plantation timber was used in
this study. The average values of MoE (Modulus of elasti-
city), density, and Poisson coefficient of the timber was of
7.1GPa, 353 kg/m3 and 0.4, respectively. More detailed
information is provided in [32]. To bond the CFRP to tim-
ber and to increase the adherence between them, a primer

layer was applied using the resin Mapewood Primer 100VR .
Afterwards, for the bonding of the CFRP-timber interface,
the bi-component MapeWrap 21VR epoxy resin was used.
Both were supplied by the company MAPEI S.A.U.

In this work, two commercial CFRPs were used, unidirec-
tional carbon fiber fabric (MapeWarp C Uni-AX 300) and
pultruded carbon fiber plate (Carboplate E-170), both pro-
vided by the company MAPEI S.A.U. The mechanical
parameters of the CFRP materials are depicted in Table 1.
Two layers of fabric was applied to some specimens.

2.2. Specimen description

Testing involved 60 specimens, divided into four batches
defined by the bond length (50, 100, 150, or 200mm), the
type of carbon reinforcement, and the acquisition location
of the DIC (side or frontal views). For each group having
the same bond length (Lbond), three different types of speci-
mens (CF, CF2, CL) were studied, characterized by different
axial stiffness (ECFRP � tCFRP) of the CFRP, as summarized
in Table 2. The first column of Table 2 contains the nomen-
clature for each batch, denoting three terms: (1) type of
reinforcement (CF: fabric-one layer, CF2 fabric-two layers
and CL for pultruded laminate sheet); (2) bonding length
(Lbond); (3) the type of DIC analysis carried out for each
particular case (F for frontal view and S for side view).

In all cases, the cross-section of the poplar lamella was
50� 28mm, with a total length of 240mm (Figure 1). The
bonded width was 50mm. To avoid undesirable edge effects
at the beginning of the timber sample, an unbonded length
of 20mm was established for all the specimens.

To analyze the behavior of the specimen in a situation
similar to working conditions subjected to axial load and
bending moment (mixed mode I&II) and thus take into
account the influence of the deformation of the timber in
bending (CFRP-timber interaction), the specimen was only
restricted at the clamping areas.

2.3. Test set-up and DIC equipment

All specimens were tested in a multi-testing machine,
manufactured ad hoc by means of an electrical actuator with
a maximum capacity of 200 kN (accuracy of 0.01 kN)

Table 1. Mechanical properties of the CFRP materials [33].

CFRP (Technical name)

Total
thickness
[mm]

Tensile
strength
[MPa]

Maximum
elongation

[%]

Young’s
modulus
[GPa]

MapeWarp C Uni-AX 300 0.164 4830 2.0 230
Carboplate E 170 1.4 3100 2.0 170

Table 2. Experimental sample description and corresponding CFRP axial
stiffness.

Specimen name
Number of
samples

Bond length
(mm) Lbond

Axial stiffness
(kN/mm) ECFRP � tCFRP

CF-200-F/CF-200-S 2/3 200 37.7
CF2-200-F/CF2-200-S 2/3 200 75.4
CL-200-F/CL-200-S 2/3 200 238.0
CF-150-F/CF-150-S 2/3 150 37.7
CF2-150-F/CF2-150-S 2/3 150 75.4
CL-150-F/CL-150-S 2/3 150 238.0
CF-100-F/CF-100-S 2/3 100 37.7
CF2-100-F/CF2-100-S 2/3 100 75.4
CL-100-F/CL-100-S 2/3 100 238.0
CF-50-F/CF-50-S 2/3 50 37.7
CF2-50-F/CF2-50-S 2/3 50 75.4
CL-50-F/CL-50-S 2/3 50 238.0

CF: Fabric.
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(Figure 2). An axial load with a constant rate of 0.5mm/s
was applied until failure occurred, ensuring a clamping
length of 90mm. Additionally, according to the test setup
shown in Figure 1, the load is applied with 25mm of eccen-
tricity, introducing a bending moment that produces the
bonding mixed mode. In order to avoid wood failure due to
the clamps, preliminary tests were carried out to determine
the cross-section of the timber.

In addition, during the uniaxial tensile test, a 3-D optical
system was used for the strain measurements, Aramis 3DVR

[34]. The system applies the principles of digital image cor-
relation (DIC) to obtain full-field measurements, and is
widely used in all engineering fields [35]. It is a non-intru-
sive technique that only requires basic sample preparation,
serving for the evaluation of surface displacements and
strains by means of a stochastic pattern applied to the sur-
face. In this case, the speckled pattern was performed by

applying a thin coat of white opaque aerosol spray paint
onto two specimen faces, followed by a spot distribution of
black opaque paint. The DIC system was calibrated using
the specific Aramis 3D calibration protocol; among the
instructions for CP20/MV350x280 calibration, it includes
camera positions and lens distortion parameters. A stereovi-
sion angle of 25� was set between the two cameras before
calibration. The base distance between cameras was set to
172mm, which corresponded to a measuring distance of
455mm. With this calibration information, the system
ensures measurement accuracy.

The images were recorded before and after deformation by
the optical module, composed of two 12 Mpx industrial cam-
eras (24mm lens, 4096� 3072 pixels) aligned to the specimen
surface. In order to have an accurate resolution for the compu-
tation of the strains and displacements in the sampled areas, a
facet size of 8 pixels � 5 pixels was chosen as the region of
interest for the size and the quality of the pattern.

2.4. Experimental data-analysis methods

The behavior of the specimen was analyzed from two differ-
ent perspectives using DIC. In frontal view, the strains are
analyzed on the CFRP. In side view, the longitudinal strain
field in the timber is studied (see Figure 3). Thus, it is pos-
sible to analyze the strain interactions under the same set-
up and load conditions [31]. The selected points were
defined within mid-width of the CFRP (frontal view) and
along the bond line surface (side view), equally spaced from
25mm to 25mm (Figure 3).

The first point corresponding to the bonded area (i.e.,
P2) and the last point located on the timber surface (i.e.,
P10) were chosen to compute the relative displacement, cal-
culated directly by the software. Because the composite
material (CFRP) has a significantly reduced thickness com-
pared to the timber section, the DIC technique allows for
obtaining information only from the lateral timber surface.
To obtain the information influenced by the CFRP, the lon-
gitudinal strains were acquired from a set of points located
close to the bond line (Figure 3, right).

3. Results and discussion

3.1. DIC results

The Figure 4 shows the DIC longitudinal strain fields for
each representative specimen of CF, CF2, and CL at frontal

Figure 1. Schematic representation of the CFRP-timber sample, the boundary conditions and the deformed shape of the specimen expected during testing.

Figure 2. Experimental test set-up and DIC equipment.

MECHANICS OF ADVANCED MATERIALS AND STRUCTURES 3



and side views prior to failure, as well as for the different
bonding lengths. In all cases, a clear correlation between
strain and the different stiffness of the reinforcing material
is seen. In this section, an analysis of the strain distributions
at the CFRP and timber, force-slip relations, stiffness at the
interface and maximum force is carried out taking into
account the bonding modes I and II. We denote for mode I
the stress/strain distribution in CFRP produced by the bend-
ing moment, while mode II is the distribution due to the
axial load.

Under the experimental set-up (see Figure 1), the starting
bonded end of the timber block is free to move along the ver-
tical direction, which induces an additional constant bending
moment along the specimen and, consequently, the mixed
mode I&II is produced. This moment forces the transfer of a
constant tensile stress/strain (mode I) to the already stretched
fiber of the specimen due to axial loading. “The position of the
neutral axis can be identified in side view of the figure, shifted
down at approximately h/6¼ 5mm from the midline of the
section due to the contribution of the axial load.”

The concentration of strains shown in side view in
Figure 4 at the final bonded end are due to stiffness differen-
ces between the reinforced and unreinforced sections which
lead to high strains for CL and, consequently, a quick debond-
ing toward the opposite side. Countering this behavior are
the CF and CF2 specimens, where the onset of debonding is at

the beginning of the bonded area, see the CFRP debonded
in the side views. This is caused by the low axial stiffness of
the CFRP and the adjustment of the fabric layer to the
deformed shape of the timber block due to bending, small
influence of mode I. Therefore, a low stiffness means a low-
range strain transmission, generating a strain concentration at
the initial part of the bonded length due to the axial load
(mode II). Clearly, the debonding process for all three speci-
mens is explained by the shear stress (in-plane stress) devel-
oped at different locations (bottom end for CF and CF-2, top
end for CL), as a consequence of the respective stiffness of the
CFRP. This different behavior is clearly identified at both sides
of the strain distributions of the sample depicted in Figure 5
for one representative specimen of each layout, bonding length,
and different load levels.

In Figure 5, the left part (starting bonded end) of the
horizontal axis (10mm) represents the limit between bonded
and unbonded areas. The right part represents the opposite
side (210, 160, 110, and 60mm), that is, the final bonded
end of the CFRP. The grey shaded area represents the
bonded length. At the starting bonded end (left side) pure
axial strains are produced. High strains are visible for the
fabrics (frontal view) due to the unbonded region, reaching
maximum strains of 0.8%, 0.45%, 0.8%, and 0.65% for the
200, 150, 100, and 50mm bonding lengths, respectively.
These strains are high for CF and CF-2 due to the low axial

Figure 3. Longitudinal strain distribution in frontal view (left) and in side view (right) in GOM Correlate software [34].
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stiffness of the fabrics. However, in the case of the CL con-
figuration, a maximum strain of around 0.1% was obtained
in the unbounded area due to its high axial stiffness.

The strain distribution at the beginning of the bonded
area is due to the action of the axial load and bending
moment (mixed bonding mode I&II) and differs between
fabric and laminate. For the CF specimens, it can be seen in
the front view that mode II predominates over mode I, as
there is a sudden decrease in strains, because the shear
stresses induced by the axial load are being transferred to
timber. This behavior is similar to pure mode II experi-
ments, see [26]. Subsequently, the strains reach an approxi-
mate plateau with a maximum strain value of about 0.3% at
50mm for the CF and all bond lengths. This decrease is less
steep for the CF2 samples, characterized by a smoother
descending part, from 0.5% to a plateau of 0.3% in 70mm
for all bonding lengths. These results imply that shear
stresses require more transmission length (mode II) as the
thickness of reinforcement increases. The steep decrease of
strains and transmission length is due to the low the ratio
between the axial stiffness of CFRP and timber
(ECFRP� tCFRP)/(Etimber� ttimber) (0.19 for CF and 0.38
for CF2). Therefore, high ratio implies a low range of trans-
mission. For CL specimens, the descend is almost not
observed due to: (a) small strain at the left side and (b) the
high ratio of axial stiffness (around 1.20) that makes the
transmission to timber negligible, see the maximum values
of strain for timber are 0.05%. As the load level is close to
the peak, between 80 and 100% of maximum load, it is
observed that the left side of the strain distributions show

an initial plateau that moves to the right due to the initi-
ation of the debonding.

After the descend of strains, a plateau appears in some
specimens in the front and side views produced by the bending
moment and mode I predominates since the shear strains have
been already transmitted in mode II. In experiments under
pure mode I, although the strains are constant, the shear stress
transmission is zero since according to the formulation pre-
sented in reference in [26] a constant strain in CFRP means a
null shear stress. The maximum strain in this area is 0.3% for
CF and 0.2% for CF-2, while for CL is smaller than 0.1%. It is
important to remark that the plateaus are well defined for
specimens with bonding lengths greater than 150mm, which
implies the shear stresses are transmitted from CFRP to timber
by mode II along the decrease of strains and, consequently, the
effective bonding length is in reached. However, there is no
plateau for bonding lengths shorter than the effective (50 and
100mm) since the shear stresses are transmitted to the timber
by mode II along the whole bonding length. After the plateau,
there is a short and sudden decrease of strains due to the tim-
ber to CFRP strain transmission caused by the reaction axial
force in the clamped end and bending moment (notice that
the CFRP is pulled from both sides). This phenomenon is
opposite to the mixed mode I&II CFRP-timber transmission
shown in the left side of the figures, where now timber is pull-
ing the CFRP. The total lengths of these two descending
branches constitutes the effective bonding length since in these
areas the shear stresses are transmitted by mode II. Finally, it
can be observed a sudden increase of strains in the right side
due to the low stiffness of the pure timber section.

Figure 4. Longitudinal strain field from frontal (left) and side (right) views for the specimens with (a) 200mm, (b) 150mm, (c) 100mm, and (d) 50mm bond length.
Position of the neutral axis: vertical black dashed line.
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Regarding the side view in Figure 5, the strain distribu-
tions in timber followed a trend complementing the ones of
frontal view analysis. A significant increase of the longitu-
dinal strains at the beginning of the bonded length is fol-
lowed by a constant strain range for the fabric layouts. Yet
for the CL specimens, a smoother stepwise increase is seen,
with an increase at the final bonded area. This is a clear
indicator of a better transition of strains between the two
materials. For specimens with 50mm bonding length, the
effect is also completely linear.

The analysis of the interface behavior complements the
descriptions given in the previous paragraph and in Figure 5,
permits the description of the brittle/ductile behavior of the
interface and the computation of the effective bonding length.

The behavior is characterized in terms of the load-slip relations
depicted in Figure 6, where a reference point in timber and
other in the CFRP were taken to compute the displacement,
see points in subsection Test set-up and DIC equipment. The
results from frontal and side views are presented within the
same plot. The relations show a clear linear and elastic part,
followed by sudden brittle or ductile failure. For the elastic
part, the highest stiffness, computed as the slope of this part, is
observed for the CL specimens. As expected, it is higher when
reducing the bonding length for all the types of reinforcement.
For each bonding length, the one-layer fabric samples CF
obtained the lowest stiffness. Overall, the CF-2 samples provide
stiffness values within the range of CF and CL specimens but
exhibit a behavior closer to the CL specimens.

Figure 5. Evolution of the longitudinal strains of one representative sample for different bond lengths at different load levels. (a) 200mm, (b) 150mm, (c) 100mm,
(d) 50mm. F: frontal view. S: side view. The shaded area represents the limits of the bond length.
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After the elastic part, one of the two following behaviors
can be observed: brittle or ductile. The brittle behavior is
characterized by a sudden detachment of the CFRP. It corre-
sponds to specimens with bonding lengths smaller than the
effective bond length (around 150mm), see specimens with
bonding lengths 50 and 100mm in Figure 6. The whole
bonding length of these specimens is working under mixed
mode and their strain distributions from Figure 5 do not
show the plateau at the center. For bonding lengths closer
or higher than the effective bonding length, the behavior is
ductile due to the progressive debonding of the CFRP along
the specimen. The ductile behavior can be identified in the
figures by a plateau, especially in CL-220, CL-150, CF2-200,
and CF-150, with a mean ductility of 1.3.

Table 3 summarizes the mean maximum longitudinal
strain, applied force and interface stiffness from the experi-
ments. As seen in the plots as well, the specimens with the
laminate CL reached the maximum applied force, being 15%
and 5% higher than the maximum for the CF and CF2

layouts. CL specimens had the lowest values in terms of lon-
gitudinal strains due to their higher stiffness.

For 200mm bonding length, the CF-200 specimens
achieved the highest longitudinal strain, with a mean value
around 0.45%, twice that of CF2-200 and CL-200 specimens,
in accordance with the slip achieved. Regarding the interface
stiffness, the CL layout achieved 34% and 114% more than
CF2 and CF, respectively. As for the 150mm bond length,
the lowest stiffness (as expected) is for the CF-150 speci-
mens, followed by CF2-150 and CL-150: 33% and 109%
higher, respectively. Regarding the 100mm bond length, the
highest interface stiffness is observed for the specimens hav-
ing the highest axial CFRP stiffness, CL-100, followed by
CF2-100 and CF-100, with respective differences of 38% and
91%. For the 50mm length, the interface stiffness for layouts
CF2 and CL was nearly the same. As expected, the max-
imum applied force was achieved by the CL-200 specimens.
For all specimens, the maximum applied force is smaller
than that predicted by in [27] due to the action of axial load
and bending moment (mixed bonding mode).

Figure 7 complements the information given in Table 3
related to maximum applied force and interface stiffness. It
shows the maximum applied force and interface stiffness as a
function of the bond length. It is important to remark that the
maximum applied load corresponds to the debonding failure.

Similar behavior for the CF2 and CL specimens is
observed in terms of maximum applied force. As antici-
pated, the maximum applied force increased with the greater
bonded length until the effective bonding length is reached.
This is observed in Figure 7 (left) where a plateau around
15 kN is reached for the maximum applied force at 150mm
bonding length. In Figure 5 the effective bonding length can
also be identified due to the presence of a plateau (mode I)
at center of some distributions. Notice in the same figure
that, for bonding lengths smaller than 150mm the two

Figure 6. Force-slip relations for the specimens with (a) 200, (b) 150, (c) 100, and (d) 50mm bond length.

Table 3. Maximum longitudinal strain, applied force, interface stiffness, and
mean value based on load-slip relations.

Specimen name
Max. longitudinal

strain (%)
Max. applied
force (kN)

Interface
stiffness (kN/mm)

CF-200 0.45 14.0 27.9
CF2-200 0.23 15.3 44.6
CL-200 0.21 16.1 59.9
CF-150 0.30 13.9 36.2
CF2-150 0.38 15.7 48.2
CL-150 0.12 15.7 75.8
CF-100 0.55 12.5 40.2
CF2-100 0.22 12.0 55.5
CL-100 0.48 12.0 76.9
CF-50 0.34 11.9 65.4
CF2-50 0.27 11.8 91.6
CL-50 0.15 10.2 91.3

MECHANICS OF ADVANCED MATERIALS AND STRUCTURES 7



descending branches are connected. This is especially clear
for the 100 and 50mm bonding lengths. For shortest bond-
ing length the mean maximum applied force is higher for
specimen CF, underlining the lack of bonding length. The
corresponding bending moment can be calculated taking
into account the maximum load and that the mechanical
arm is approximately 14mm.

In terms of interface stiffness, see Figure 7 (right), the stiff-
ness decreases as the bonding length increases. Therefore, there
is a clear correlation between a greater length and more flexibil-
ity of the specimen, something desirable for bending purposes.

3.2. General behavior and trends

The Figure 8 (left) shows a general longitudinal strain distri-
bution pattern prior debonding along the mid-width of the
CFRP for the frontal view analysis. The Figure 8 (right)

depicts the evolution of the strains. The main aspect to ana-
lyze is the bonding behavior of the CFRP considering the
interactions with timber. The Figure 8 (left) depicts the
important areas from the frontal view, where the left part
corresponds to the called unbonded area that only works
under axial strain. After the unbonded area, the CFRP is
bonded to the timber surface; hence, the CFRP and timber
work together under axial load and bending moment
(modes I&II). Consequently, there is an increase in the stiff-
ness of the composite section (CFRPþ timber). Mode II pre-
dominates in this area and the shear stresses are transferred
from CFRP to timber through the transfer length shown in
Figure 8 (left).

A plateau, constant strains area in the figure, appears
after the transfer length and strains due to bending predom-
inate (mode I) since mode II has already transferred the
shear stresses from CFRP to timber. The existence of the

Figure 7. Mean maximum applied force and mean interface stiffness.

Figure 8. Longitudinal stain distribution within CFRP, frontal view analysis (left). Longitudinal strain evolution under loading conditions (right).

Figure 9. Longitudinal stain distribution within timber, side view analysis (left). Longitudinal strain evolution under loading conditions (right).
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plateau (predominance of mode I) means that the bonding
length is greater than the effective bonding length. However,
there is no plateau if the bonding length is smaller than the
effective since the mode II needs the whole length of the
bonding. After the plateau, there is a second transfer length
at the right side due to the action of the reaction force at
the clamp and moment mixed mode, which means that the
CFRP is pulled from both sides. Strains decrease along this
zone as the timber transmits shear stresses to the CFRP
(predominance of mode II) similar to that described for the
left transfer length. The total length of both transfer lengths
is the effective bonding length since in these areas the shear
stress is completely transmitted. Finally, there is a sudden
increase of the strains in the FRP-timber transition due to
the reduced stiffness in the pure timber section.

Figure 8 (right) shows the general longitudinal strain evo-
lution during the experiment for different load levels until
initiation of the debonding. For low and medium load levels,
up to a 40% of the maximum applied force Fmax, the longi-
tudinal strains constantly increase, showing the pattern
described in the left figure. Once the load rate surpasses
50% of Fmax, the decrease of strains both transfer lengths
due to modes I&II is noticeable and the widths of these
areas increase. This trend continues until the last step before
failure (95–100% of Fmax) where the distribution at the
beginning of left side defines a short plateau with a high
strain value, which indicates that the debonding of the
CFRP is initiated and progresses to the right. In this situ-
ation, the strains are undergone only by the CFRP under
axial load. If the bonding length is greater than the effective
bonding length, the width of the constant strain area
decreases due to the progression of the transfer length.
Consequently, the bonding behavior of the specimen is duc-
tile. However, in case of absence of constant strain area, the
behavior is brittle with a subsequent sudden detachment of
the CFRP.

Figure 9 shows the general strain distribution (left) and
evolution (right) during the experiment until the start of the
debonding for the side view. The distribution is complemen-
tary from that shown in the previous figure.

4. Conclusions

In this work, a shear test was applied with boundary condi-
tions permitting the specimens to bend and deform axially,
in similar fashion to the members subjected to service work-
ing loads. Due to the cantilever effect, a complex mixed
mode CFRP-timber bonding behavior could be observed.

The DIC analysis shows that the bonding behavior of the
interface is closely related to the bonding length and type of
CFRP reinforcement. The strain distributions show a com-
mon pattern composed of two transfer lengths located on
the sides of the CFRP where mode II predominates and a
central zone of constant strain area where mode I prevails.
The central zone only appears in case that the bonding
length is greater than effective one, where the effective
bonding length is the total size of the two transfer lengths.
In case that both transfer lengths intersect, the bonding

length is smaller than the effective. The strain distributions
at the side view are complementary to the frontal ones.

The force-slip behavior of the interface shows an initial
elastic part followed by a ductile or brittle relation. In case
that the bonding length is greater than the effective, the
behavior is ductile due to the progressive debonding. In the
opposite case the behavior is brittle and a sudden debonding
is produced. The slope of the elastic part of the relation
defines the stiffness of the interface, that increases with the
thickness and decreases with the bonding length.

The maximum load that a specimen can withstand also
depends on the type of reinforcement and the bonding
length. The load increases with bonding length until the
effective bonding length is reached, as shown by the strain
distributions and load-slip relations.

The results obtained in this work can be complemented
and extended in the future by means of nonlinear finite
element simulations that adequately model the interface
behavior.
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