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3CITAB/UTAD, Departamento de Engenharias,
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Wood and wood products are amongst the most important construction materials.
Wood is generally used in frames, buildings, truss roof structures in buildings,
bridges, towers, railroad infrastructures, and many more applications. Damage
and failure behaviour of wood members in tensile, compressive, or shear loading
are extremely important to account for in wooden structures subjected to high
working stresses. Wood exhibits its greatest strength in tension in the grain direc-
tion. A few applications load a wood member in pure tension, such as trusses in the
most varied applications. For a safe design, predictive methods and models for
the simulation of the structural behaviour of these elements are required. One of the
possible approaches is the finite element method. In this work, the tensile strength
of adhesively bonded repairs with carbon-fibre reinforced plastic patches on wood
members in pure tension is addressed experimentally and numerically. A para-
metric analysis was carried out on the overlap length (Lo) between the composite
reinforcement and the undamaged region of the beam. The numerical analysis
used the finite element method and cohesive zone models to simulate damage
initiation and propagation in different materials such as the adhesive or wood
in different propagation planes. The comparative analysis of the test results and
the simulations showed a good correlation between both and provided design
principles for these structures. An optimization technique to reduce stress concen-
trations and eventually increase the repair’s strength was also tested numerically,
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consisting of adhesive filleting at the patch edges. Results showed that this
technique can be used to increase the strength of the repairs.

Keywords: Cohesive Zone Models; Composite; Finite Element Analysis; Repair; Wood

1. INTRODUCTION

Wood trusses are engineered components widely used in residential,
institutional, agricultural, and commercial construction. Although
trusses are slender elements, they are very strong when placed in
the vertical position because they make use of the most efficient
geometric shape we know of—the triangle. But if racked or bent in
the lateral direction, they can be easily damaged or broken. This dam-
age or failure in tensile, compressive, or shear loading can occur at the
joints (connector plates) or within the lumber members and is
extremely important to account for in wooden structures subjected
to high working stresses. In order to spread loads, wood or metal
members are placed between trusses and joints in an angled position.
Wood exhibits its greatest strength in tension parallel to the grain,
but in reality there are only a few applications where pure tension
loading conditions prevail. But this material is generally weak in
tension perpendicular to the grain. So, it is imperative to study the
behaviour of wood to give structural designers some insurance in the
various applications in which this material can be applied.

Wood has been recognised as an orthotropic material [1]. It is one of
the oldest materials used in construction and presents many
advantages, such as that it is a natural and renewable resource and
relatively inexpensive. However, its biological origin gives wood a vari-
able and heterogeneous behaviour and its mechanical properties are
affected by the presence of knots, checks, shakes, splits, slope of grain,
reaction wood and decay, etc. [2]. Reinforcement is one of the ways of
improving mechanical behaviour of wood. There is a considerable
number of studies using metallic reinforcement [3-11]. The first time
carbon fiber-reinforced plastic (CFRP) was used as tension reinforce-
ment of wood was in 1992 [12]. The cost of CFRP is relatively high,
so prestressing the FRP sheets before applying them through external
bonding on the tension zones of wood surface was considered a justi-
fied measure [13]. Repairing techniques are also used for large-scale
wood structures, but only a few studies have been published using
the adhesive-bonding technique [14—-20]. This technique is identified
as the most efficient method of stress transfer between FRP and wood,
as it avoids the stress concentrations due to mechanical fasteners [21].
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Moreover, assembly costs are lower and involve just a few finishing
operations. Fiorelli and Dias [22] studied the application of glass
and carbon fibers in the reinforcement and recovery of timber beams.
The authors came to the conclusion that it is a viable option not only
because it is easy to do but also that it confers the greater strength and
stiffness of reinforced structural elements and reduces the possibility
of tensile failure caused by defects. Humphreys and Francey [15] stud-
ied the use of carbon fibre composite materials to rehabilitate timber
structures and reported that the failure of the test specimens occurred
due to delamination of the carbon fibre laminates. The authors also
concluded that further investigation into the ability of the carbon fibre
strips to bond to the timber is required. Campilho et al. [23] presented
an experimental and numerical study concerning the fracture of scaled
specimens of wood beams repaired with a carbon-epoxy patch under
four-point bending. The technique consisted of removing a semi-
circular shape of the damaged wood material that existed at the
compression region of an intermediate section and placing an a
adhesively-bonded carbon-epoxy patch.

In this work, the tensile strength of adhesively-bonded repairs with
CFRP patches on wood members of the Pinus Pinaster species was
addressed experimentally and numerically. A wood beam such as a
truss element under tension is supposed to have suffered any kind
of damage, such as tensile failure induced by overloads, natural decay,
or human intervention. The repair consists of the replacement of the
damaged wood undamaged portion with an insert of the same mate-
rial, adhesively-bonded between the undamaged wood portions, and
reinforcement with CFRP patches bonded at two opposite faces. A
parametric analysis was carried out on the value of Lo (the length
between the composite reinforcement and the undamaged part of the
beam). The numerical analysis used the finite element method
(FEM) and cohesive zone models (CZMs) to simulate damage initiation
and propagation in different materials. An epoxy adhesive particularly
suited to bond CFRP and wood was selected for the repairs (Araldite®™
2015 from Huntsman, Basel, Switzerland). This adhesive, as most
structural adhesives used nowadays, is characterized by extensive
plasticization in tension and shear following its elastic region. Thus,
trapezoidal cohesive laws [24] in each pure mode were used for a
faithful simulation of its ductility. To account for the experimental
failures, damage propagation in the wood beam was also simulated
along two different planes. Following the parametric study on Lo,
an optimization technique to reduce stress concentrations was tested
numerically in an attempt to increase the strength of the repairs. This
method consisted of adhesive filleting at the patch edges.
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2. COHESIVE ZONE MODEL (CzZzM)
2.1. Model Description

A mixed-mode (I+1I) CZM implemented within cohesive elements
was used to simulate an adhesive layer of Araldite 2015 with thickness
(ta) of 0.2mm. A trapezoidal law between stresses (6¢) and relative dis-
placements (8,) between homologous points of the cohesive elements
with zero thickness was considered (Fig. 1) to account for the adhesive
ductility [24-26]. This law was also used with some modifications to
simulate the wood fractures. The formulation allows a mixed-mode
behaviour, in which damage onset is predicted using the quadratic

stress criterion
o1 2 g 2
— ] + =1 ifor>0
<Gul> (Uu,II) y (1)

Ol = Oyl if o1 <0

where o; (i =1, II) represent the stresses in each mode and ¢,,; ¢ =1, II)
the corresponding local strength. Taking into account that stresses, a;,
and relative displacements, J;, are related by means of the interface
stiffness, d;, i.e., 0;=d;d;, Eq. (1) can be rewritten as a function of
the relative displacements considering that

O1m 1) ? (51m.n> ?
ki + u frng 1. 2
< 011 0111 @)

o Pure-mode model

/ Jie ==L 11
Oy,i |

i Ji

Mixed-mode

.
e model

7 \ oy T@‘; dui 5

5Im.i 61,1' dxm,i

FIGURE 1 The trapezoidal softening law for pure-mode and mixed-mode.
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01; (i=I, II) are the pure-mode relative displacements at damage
initiation and d1y,; (=1, II) the corresponding mixed-mode ones
(Fig. 1). Stress softening onset was predicted using a criterion similar

to Eq. (2):
52m1)2 <5zm 11)2
=~ + : =1 3
(52.1 0211 )
0g; (=1, II) are the relative displacements in pure-mode at stress
softening onset and dgon; (=1, II) the corresponding mixed-mode

ones (Fig. 1). Crack growth was simulated by the linear energetic
criterion [24]:

Jr  Ju
— 4 —
Jie  Jre

1. (4)

J;. =1, II) is the fracture energy in the respective pure mode and
corresponds to the area of the bigger trapezoid in Fig. 1. J; (i=1, II)
represents the energy dissipated in each mode and is given by the area
of the small trapezoid in Fig. 1. When Eq. (4) is satisfied at a given
integration point damage grows and stresses are released, with the
exception of normal compressive ones. A detailed description of this
model can be found in the work of Campilho et al. [27].

2.2. Fracture Simulation

To model a cohesive crack propagation in a {4 =0.2mm layer of the
ductile adhesive Araldite 2015, a trapezoidal relationship was estab-
lished (Fig. 1). In these cohesive laws, the quantities ¢,; and J;
(=1, II) are the most important parameters for the accuracy of the
results from the simulations [28]. The mechanical properties of adhe-
sive layers vary markedly with the value of 5, being also different
from the adhesive bulk properties [29,30]. This variation can be
ascribed to the influence of the surrounding adherends on the height
and extension of the fracture process zone (FPZ) [29,31,32]. In this
work, for a faithful characterization of the adhesive layer, its cohesive
laws in pure-Modes I and II were estimated by double cantilever beam
(Mode I) and end-notched flexure (Mode II) tests with the same value
of #5 used in the repairs. An inverse modelling technique was
employed for the extraction of the values of o,; and dq;, after J;
was estimated by appropriate data reduction schemes [33,34]. The
adhesive layer elastic stiffness in tension and shear (up to ¢, ;, Fig. 1)
was specified from the experimentally measured values of Young’s
modulus (£ =1850MPa) and shear modulus (G =650MPa) [35]. A
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TABLE 1 Cohesive Parameters in Pure Modes I and II Used to Simulate
Different Failures

~.

Cohesive laws Jic IN/mm]  o,; [MPa]  Jy; [mm] 0y, [mm]

Adhesive layer [33,34] I 0.43 23.0 0.0187 0.021
II 4.70 22.8 0.1710 0.248

Wood in the RL plane [36] I 0.2 16 1.6x107° 0.025
II 1.2 16 1.6x10°° 0.150

Wood in the LR plane I 25 65 6.5x107° 0.77
II 1.2 16 1.6x10°° 0.15

detailed description of this procedure is given in the work of Campilho
et al. [27]. Apart from the adhesive layer, damage growth within the
wood beam was also considered, horizontally as an RL propagation
(in the horizontal longitudinal plane of the beam) and transversely
as an LR propagation (cross-sectional fracture of the beam). It should
be noted that crack propagation systems in wood are identified by a
pair of letters: the first one gives the direction of the normal to the
crack plane and the second indicates the direction of crack propa-
gation. For the crack growth modelling of these propagations using
cohesive elements, some adjustments to the trapezoidal laws were
made to simulate the brittle fracture of wood. These included the con-
version to a triangular shape (making dg; =97 ; in Fig. 1) and using a
penalty function method up to g, (Fig. 1). The cohesive parameters
for this species of wood were obtained from a previous work of the
authors [36]. A summary of all cohesive parameters is presented in
Table 1.

3. EXPERIMENTAL WORK

Figure 2 shows the repair geometry and characteristic dimensions. A
wood beam under tension (e.g., a truss element) is supposed to have
suffered any kind of damage, such as tensile failure induced by over-
loads, natural decay, or human intervention. The repair initially con-
sists of the removal of the damaged wood portion by cutting of a small
portion of the member transversely to its length. An insert of the same
wood species is then adhesively-bonded between the two broken seg-
ments of the truss, in order to preserve the length of the beam before
repair. To achieve the restitution of the initial strength, this solution is
clearly ineffective since the properties of epoxy adhesives in tension
are much lower than the strength of wood in the fibres’ length direc-
tion (L-direction). Thus, reinforcement of the beam is accomplished
by adhesively bonding thin CFRP patches at opposite faces of the wood
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FIGURE 2 Schematic representation of the repair with the characteristic
dimensions.

member. In the experiments, the undamaged beam strength was also
evaluated to allow the definition of the value of L that fully restores
the beam’s strength. The axes 1,2,3 of Fig. 2 correspond to the fibre,
transverse, and thickness directions of the CFRP patch, respectively.
The R,L,T coordinate system pertains to the wood orientations [fibres
longitudinal direction (L), rings radial direction (R), and rings tangen-
tial direction (7)]. The repair dimensions were chosen in order to
represent typical specimens used for wood characterization. They
are (in mm): the beam’s width (b =20), thickness (A =10), and length
(a =200), the removed portion length (e =20), the patch thickness
(t;g =0.6), the adhesive thickness (to=0.2), and Lo (5, 10, and 15).
The value of a relates to the spacing between the testing machine
grips. To avoid crushing and slipping of the specimens, tabs of a
harder wood species were bonded at the edges of the specimens, com-
prising an attachment length of 50 mm. Under the proposed testing
conditions, the patch will be mainly under uniaxial tension. For an
optimization of the repair and minimization of costs, the patch con-
sisted of a unidirectional lay-up with the fibres aligned in the load
direction [37]. Additionally, the optimal value of ¢y was defined
numerically before the experiments, using the previously determined
properties for the different fractures [37]. The patches were fabricated
using four plies of CFRP prepreg (Texipreg HS 160 RM from SEAL®,
Legnano, Italy) with 0.15mm of ply thickness. Preparation of the
bonding surfaces included abrasion and cleaning with compressed
air (wood) or acetone (CFRP patch). The ductile adhesive Araldite
2015 was employed for all bonds. The repairs were fabricated in three
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FIGURE 3 Experimental setup in the testing machine (Lo =5 mm repair).

stages: bonding of the wood insert and bonding of the two patches
separately. To assure the correct value of £5, 0.2 mm diameter nylon
fishing lines were used between the elements to be bonded. These lines
were placed at the central overlap region, where it was observed
numerically that the transmitted load is very low, in order to minimize
the consequences of stress concentrations induced by the presence of
the lines. The specimens were cured at room temperature. The tests
were carried out in an Instron® 1125 (Norwood, MA, USA) testing
machine with a 100kN load cell, at room temperature and under dis-
placement control (1 mm/min). Figure 3 shows the experimental setup
for a Lo =5 mm repair, using two linear variable differential transfor-
mers (LVDTs), providing the measurement of displacements for a
length of approximately 170 mm. The average displacement between
the two LVDTs was used to build the load-displacement (P-5) curves.
Six specimens were tested for each condition, guaranteeing at least
four valid results.

4. NUMERICAL ANALYSIS

The FEM simulations were performed in ABAQUS", considering two-
dimensional models and geometrical non-linearities. Figure 4 repre-
sents the numerical idealization of the repair geometry described in
Fig. 1 and loci of cohesive elements to simulate different fractures.
Only one quarter of the repair was considered due to horizontal
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= Adhesive layer properties
--------- ‘Wood in the RL plane
== == Wood in the LR plane

Wood beam

FIGURE 4 Numerical idealization and placement of the cohesive elements
with different cohesive laws.

symmetry at the mid-thickness of the repair (line A-A) and vertical
symmetry at their mid-length (line B-B). Figure 4 shows the place-
ment of the elements representing the adhesive layer (between the
patch and the wood components, and between the undamaged portions
of the beam and the wood insert). Within the wood beam and insert,
crack growth was considered in the RL and LR propagation planes.
The fracture planes for both wood fractures were established based
on experimental evidence from the test results and stress analysis
on the potential critical regions. The possibility of horizontal RL pro-
pagations was included along the entire length of the repair near
the patch bonding region (at 0.15 and 0.3 mm to the wood/adhesive
interface). These boundary values were chosen as an approximation
of the experimentally measured fracture loci on the tested specimens.
Despite the fact that two planes were considered, if a numerical frac-
ture within the wood should occur rather than in the adhesive layer,
due to lower cohesive properties, it will most probably take place at
the fracture plane nearest to the adhesive layer. This is due to the
typical reduction of peel and shear stresses from the bond towards
the inner regions of the repaired structure [38]. Vertical LR failures
were considered within the wood structure and cohesive elements
were inserted near the vertical bond, at similar distances to the bond
interfaces, i.e., 0.15 and 0.3 mm. However, in this region, the repair

TABLE 2 Elastic Properties of Wood and CFRP

Wood EL (GPa) ER:ET (GPa) VILR=VLT VRT GLR (GPa) GLT (GPa) GRT (GPa)
[36,39] 10.2 1.01 0.342 0.38 11 1.1 0.17
CFRP El (GPa) E2:E3 (GPa) V19=V13 V93 GIZ (GPa) G13 (GPa) G23 (GPa)

[40] 109 8.82 0.342 0.38 4.32 4.32 3.2
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FIGURE 5 Mesh at the repaired region for the Lo =5 mm repair.

will be expected to fail in the adhesive bond, which is significantly
weaker in peel than this species of wood in the L-direction [23]. A
possible cross-sectional failure of the wood member was also included
near the patch edge. Other locations farther from the repair region
were not included in the models since it was observed numerically that
tensile stresses, responsible for a possible cross-sectional fracture of
the wood member, peak slightly near the patch edge. Consequently,
any cross-sectional failure would always occur near the repaired
region. The mesh was built so that a modification of the failure path
is possible between any crossing between failure paths (horizontal
with vertical) to account for all possibilities. The wood and CFRP
patches were modelled as elastic orthotropic materials, whose elastic
properties are presented in Table 2. Figure 5 illustrates the mesh at
the repaired region for the Lo =5 mm repair (the fracture planes are
represented by the small crosses). Plane-stress eight-node rectangular
solid elements were used to model the wood and the patch. In the L-
direction, the mesh was more refined along Lo, with 60 elements, since
this is expected to be the region of highest stress gradients. A coarser
mesh was considered for the wood insert. Outside the repaired region,
bias effects were used towards the patch edge, due to slight stress con-
centrations expected at that region [41,42]. Twelve solid elements
were used in the R-direction (thickness direction in Fig. 5), with an
increasing refinement towards the horizontal fracture planes near
the bond. The patch was modelled with four solid elements through
thickness.

5. RESULTS
5.1. Numerical

The numerical failure modes for the repaired beams are described,
aiming comparison with the experimental fractures. The behaviour
of the Lo=5, 10, and 15mm repairs appeared to be equivalent.
Figure 6 shows an example of this fracture for the (a) Lo=5mm
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FIGURE 6 Numerical fractures for the (a) Lo=5mm and (b) Lo=15mm
repairs.

and (b) Lo = 10 mm repairs. Notwithstanding the value of Lo, fracture
was simultaneous horizontally along Lo in the wood beam at 0.15 mm
of the wood/adhesive interface and vertically between the wood mem-
ber and the insert as a cohesive failure of the adhesive layer. The hori-
zontal fracture along Lo was triggered by a vertical crack (LR plane)
near the patch edge, which then propagated horizontally. This failure
could be anticipated from the knowledge of the typical stress behav-
iour of bonded assemblies, which experience a decreasing level of peel
and shear stresses from the bond between repair constituents towards
the inner regions of materials [38], explaining the horizontal fracture
at 0.15mm of the wood/adhesive interface instead of at 0.3 mm. The
vertical failure at the bond between the wood member and the insert
testifies to the lower strength of the adhesive in peel than the wood
strength in the L-direction. This failure implies that the undamaged
strength of the beams is not achieved for the values of Lo selected
for the analysis, which would roughly correspond to a cross-sectional
failure outside the repaired region. Thus, a numerical study was per-
formed to evaluate the value of Ly that prompted a modification of
the failure mechanism for a transverse cross-sectional failure near the
patch edge. This modification implies that the repaired region becomes
stronger than the parent material and that the repair approaches the
undamaged strength of the wood member. Slightly smaller values
are expected, though, because of the stress concentrations in the
wood beam near the patch edge [41]. This fracture was attained for
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FIGURE 7 Numerical fracture for a repair with Lo =20.80 mm.

Lo=20.80mm (Fig. 7), this being the value recommended on account
of the maximization of the strength of the repair.

5.2. Experimental

The experimental fractures were revealed to be in good agreement
with the simulations. Most of the undamaged wood beams fractured
by a cross-sectional tensile failure (Fig. 8a). A few of the specimens
failed near the grips due to stress concentrations at those regions,
but these results were discarded. Similarly to the FEM results, failure
was identical for the three values of Lo considered. In fact, all speci-
mens fractured abruptly, without evidence of damage prior to failure.
Figures 8b, ¢, and d show examples of fractured specimens for the
Lo=5, 10, and 15 mm repairs, respectively. In these repairs, fracture
occurred concurrently as an RL propagation along Lo in the wood
beam near the wood/adhesive interface and cohesively in the adhesive
layer between the wood member and the insert. The horizontal RL

(d)

FIGURE 8 Example of experimental fractures for (a) the undamaged beam,
and (b) Lo=5mm, (¢) 10 mm, and (d) 15 mm repairs.
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fracture was prompted by a vertical LR fracture near the patch edge,
the same as the simulations.

5.3. Numerical/Experimental Comparison

A comparison between the numerical and experimental P-6 curves is
initially shown in Fig. 9 (Lo =5mm repair) and Fig. 10 (Lo =10mm
repair). The Lo =5 mm repairs showed a practically linear behaviour
up to failure, which was not the case for the Lo = 10 mm repairs where
some non-linear behaviour is observed near the peak load. This is
probably explained by non-linear behaviour of the wood occurring
for Lo=10mm repairs, owing to the higher loads attained relative
to Lo =5 mm case. This aspect is not captured by the numerical simu-
lations since wood was simulated as an elastic material. The initial
stiffness also presents some scatter which can be considered normal
in wood (natural material), since the elastic properties can vary dras-
tically from specimen to specimen. Despite that, the numerical predic-
tions were accurate in terms of maximum load. These figures also
show a relatively small variation of this variable between specimens
of the same repair configuration, which will be quantified. Figure 11
summarizes the results of maximum load (P,,), including the numeri-
cal predictions and the experimental average values and deviation.
The numerical trend tends to replicate the overall tendency of P, with
Lo, assuming a linear variation between consecutive values of Lg. The

5000

4500 4
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3500 4
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P [N]

2000 -
1500 4
1000

500

0 0.1 0.2 03 04 0.5 0.6
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— Experimental ===Numerical

FIGURE 9 Experimental and numerical P-o curves for the Lo =5 mm repair.
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FIGURE 10 Experimental and numerical P-6 curves for the Lo=10mm
repair.

predictions of P, were found to be slightly above the average experi-
mental values. However, apart from the Lo =5 mm repair, these were
always within the range of the experiments. The approximate differ-
ence of 11% between the numerical prediction and the average

12000

10000

8000

e
i

Z 6000

Pm
e

4000

2000

5 10 15 Undamaged
Lo [mm]

= Experimental A Numerical - Numerical trend

FIGURE 11 P, as a function of Lp. Experimental results, numerical predic-
tions, and respective tendency as a function of Lo.
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experimental value for the Lo =5 mm repair is not negligible and can
be due to several issues, such as a higher influence of small deviations
of the patch length on the strength of the repair or be caused by a big-
ger susceptibility to small misalignments or variations of ¢, [43]. The
experimental results for the undamaged beam showed a significantly
larger deviation than for the repaired beams. This is understandable,
since in the repaired beams P, is also ruled by the adhesive proper-
ties, smearing the large variability of the wood properties on the global
strength characteristics of the beams. Overall, the accurate numerical
predictions prove the suitability of the FEM and CZMs for the
strength prediction of the adhesively bonded repairs.

6. REPAIR OPTIMIZATION STUDY

Following the parametric study on Lg, an optimization technique con-
sisting of adhesive filleting at the patch edges was tested in an attempt
to increase the strength of the repairs. It is known that the stress sin-
gularities at square-edges may lead to adhesion failures and, conse-
quently, to premature damage initiation [44,45]. The proposed
solution aims at the reduction of through-thickness peel and shear
peak stresses at those regions [46-51] and, as a result, to increase the
strength of the repair. In terms of fabrication of the filleted repairs,
some difficulties in the curing process can be expected, especially for
low viscosity adhesives or if access is limited [52]. In this study, the fil-
lets include all the patch thickness, minimizing through-thickness
peel and shear peak stresses at the patch edges [53]. Bogdanovich
and Kizhakkethara [54] performed a two-dimensional FEM study on
double-strap joints with CFRP adherends under a tensile load, analys-
ing the effect of straight and curved fillets on through-thickness peel
and shear stresses in the adhesive layer. The numerical models used
plane-strain elements and a sub-modelling technique was employed
to extract stresses at the critical regions. The fillet was found to dim-
inish significantly both peak stresses at the overlap edge near the fil-
let. Tsai and Morton [55] addressed the same issue experimentally and
numerically using graphite-epoxy single-lap joints under tension. The
Moiré interferometry method was used to extract shear strains near
the fillet. It was concluded that a fillet effectively reduces shear
strains and through-thickness peel and shear peak stresses near the
fillet, subsequently increasing the joint strength. In this work, a
straight 45° fillet angle was tested, being regarded as a near optimal
configuration for bonded assemblies under tensile loads [40,56-58].
This geometric modification was tested for the three values of Lg
evaluated (5, 10, and 15mm). The numerical analysis followed the
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FIGURE 12 Loci of additional cohesive elements for the repairs with a fillet.

guidelines of Section 4. The adhesive fillet was modelled as a plastic
isotropic material, with the respective properties obtained from a pre-
vious study [35]. Figure 12 illustrates the fillet geometry and loci of
additional cohesive elements to simulate the fractures most likely to
occur under tension [38,59]. Different locations were considered for
these elements, with two possible damage initiation locations (1 and
2 in Fig. 12) and growth planes (vertically between the adhesive fillet
and the patch and horizontally between the fillet and the wood beam).
The failure mode was identical between all values of Lo. Figure 13
shows a mesh detail and fracture mode for the Lo =5 mm repair. Frac-
ture was identical to the repairs without a fillet (horizontally along Lq
in the wood beam at 0.15 mm of the wood/adhesive interface and ver-
tically in the adhesive layer between the wood member and the insert),
concurrently with horizontal failure at path 1 between the fillet and
the wood beam (Fig. 12). Compared with the repairs without a fillet,
the Lo =5, 10, and 15 mm repairs showed 3.9, 2.7, and 1.8% strength
improvements, respectively. The relatively small improvements with
the use of a fillet are due to the reduced value of ¢y, which leads to
a diminished shear area between the fillet and the wood beam [40].
Bigger values of ¢ (relatively to Lo) can give improvements up to near

FIGURE 13 Numerical fracture for the Lo =5 mm repair with a 45° straight
fillet.
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20% [60]. It should be emphasized that results for smaller fillet angles
are not presented here, since, although they would provide a larger
shear area, the numerical simulations showed a failure modification
from initiation at path 1 to a premature failure at path 2 in Fig. 12 (ver-
tically between the fillet and the patch) due to the increase of the fillet
stiffness [38], preventing a strength improvement. Similar tendencies
were found in the work of Belingardi et al. [57]. The reduction of the
percentile strength improvement with Lo can be accounted for on the
identical level of shear reinforcement provided by the adhesive fillet,
since the fillet angle and value of ¢ty were kept constant. Future work
will analyse the effect of filleting considering thicker patches and also
will include the possibility of failure through the fillet which was
demonstrated by Adams and Peppiatt [61] to be noticeably valuable.

7. CONCLUDING REMARKS

In this work, the tensile strength of adhesively bonded repairs with
carbon-epoxy patches on wood members was addressed experimentally
and numerically. The repair technique proposed consists of the replace-
ment of the damaged wood portion with a wood insert and reinforcement
with carbon-epoxy plates bonded at two opposite faces. A parametric
analysis was carried out on the overlap length between the composite
reinforcement and the undamaged portions of the beam. For the con-
sidered overlaps it was verified that failure loads increase linearly with
overlap length. The numerical analysis used the finite element method
and cohesive zone modelling to simulate damage initiation and propa-
gation in different materials. To account for the experimental failures,
damage propagation in the wood beam along two propagation planes
was also simulated. The comparative analysis of the test results and
the simulations showed a good correlation between both. Concerning
the failure modes, even though several failure paths were introduced
in the numerical models, these managed to reproduce the experimental
failure mode accurately for all the conditions tested.

The validated numerical model was also used to verify the effect of
filleting on these repairs. It was concluded that owing to the small
patch thickness the strength improvement is negligible, does not
increase with fillet angle reduction, and its percentile gain decreases
with the increase of the overlap length.
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