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Adhesively Bonded Repair Proposal for Wood Members
Damaged by Horizontal Shear Using Carbon-Epoxy
Patches
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In this work, a repair technique with adhesively bonded carbon-epoxy patches is
proposed for wood members damaged by horizontal shear and under bending
loads. This damage is characterized by horizontal crack growth near the neutral
plane of the wood beam, normally originating from checks and shakes. The repair
consists of adhesively bonded carbon-epoxy patches on the vertical side faces of the
beam at the cracked region to block sliding between the beam arms. An experi-
mental and numerical parametric analysis was performed on the patch length.
The numerical analysis used the finite element method (FEM) and cohesive zone
models (CZMs), with an inverse modelling technique for the characterization of
the adhesive layer. Trapezoidal cohesive laws in each pure mode were used to
account for the ductility of the adhesive used. To fully reproduce the tests, horizon-
tal damage propagation within the wood beam was also simulated. A good corre-
lation with the experiments was found. Regarding the effectiveness of the repair,
for the conditions selected for this work, a full strength recovery was achieved
for the bigger value of patch length tested.
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1. INTRODUCTION

Different scenarios can trigger the requirement of a repair intervention
in large-scale wood members, such as natural defects, deterioration,
and in-service damage. Natural defects in wood, like knots, splits,
checks, wanes, or shakes, reduce its strength and durability [1-9], usu-
ally resulting from uneven drying and size variations [1,10]. These
flaws are more detrimental to the tensile strength than to the compres-
sive strength, since under tension they tend to develop into cracks. At
these regions, the benefits of eventual superficial treatments applied
to the wood members are also neutralized. Deterioration or decay is
mainly caused by bacteria, moisture, fungi, and insects, degrading the
hardness, stiffness, and strength of wood members, due to the breakage
of their internal structure [11-13]. Deterioration can be stopped by
treating the exposed surfaces of the wood with fungicides and pesticides
[14]. In-service damage of wood can occur in different ways, e.g., fatigue,
overloads, earthquakes, human intervention, or adverse environmental
conditions. The repair of damaged wood members is a viable alternative
to their replacement, for cost saving purposes, and also owing to the
increasing scarceness of large wood trunks. Recently, composite materi-
als such as carbon-fibre reinforced plastics (CFRP) and glass-fibre rein-
forced plastics (GFRP) are being tested for structural strengthening and
repair of wood members, due to their attractive characteristics [15-22].
These comprise a higher strength and lighter weight than conventional
materials, easy manufacturing by pultrusion with continuously dec-
reasing costs, immunity to corrosion and flexibility, amongst others.
The pioneering studies concerning the use of composite plates to
strengthen wood structures were related to the development of
reinforcement strategies, mainly using the adhesive-bonding techni-
que. Actually, adhesive-bonding of strengthening elements has already
proved to be structurally efficient and economically competitive with
mechanical fastening methods [23,24]. Theakston [25] addressed the
reinforcement of wood members with resin-impregnated GFRP plates
bonded with an epoxy adhesive. Experimental tests showed a 39%
increase of the bending strength. Spaun [26] chose E-glass fibre rovings
to reinforce wood beams, because of their reduced cost, and a phenol-
resorcinol adhesive to bond the reinforcement. A significant increase
of the unreinforced tensile strength was attained, in proportion to the
fibre-volume fraction of the E-glass reinforcement. Leichti et al. [27].
reported on the installation of aramid-fibre reinforced glulam members
for a pedestrian bridge in Oregon. Tingley [28] described a method of
reinforcing glulam timber using aramid-fibre and GFRP laminates.
Some works were also found on analytical models for reinforcement
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schemes. In the paper of Chen and Balaguru [29], a non-linear analyti-
cal model was formulated for the analysis of reinforced wood members
with composites. The comparative evaluation between the analytical
and experimental data showed that the model provides accurate predic-
tions. An analytical model was also developed by Plevris and Triantafil-
lou [30] to predict the creep behaviour under bending of reinforced wood
members with CFRP laminates bonded to the tension faces. The results
were in good agreement with the analytical model. Research on the
repair of wood members is still poor at the present time [9,12,31]. In
the few available works, CFRP laminates or fabrics have been exter-
nally bonded using epoxy to strengthen the damaged zones. For beams
under bending, unidirectional laminates are usually recommended in
the tension or compressive faces, with the fibres aligned along the
beam’s length for maximum effectiveness [32—-34]. Plate fastening tech-
niques [9] or insertion of spikes running the beams height [12] are the
most common methodologies to repair beams damaged by horizontal
shear and to overcome the loss of shear properties of the beams. How-
ever, these studies are typically experimental; only a few of these have
reported on comparisons with analytical predictions [33,34]. Concern-
ing some experimental studies, Alam et al. [31] compared different
repair strategies for wood beams damaged in the laboratory, to simulate
structural damage, under four-point bending (4PB). The repair was exe-
cuted by routing of grooves in the tension, compression, or both faces of
the beams along their length, and adhesive-bonding of reinforcement
rods with an epoxy adhesive. Steel and composite pultruded rods of
CFRP, GFRP, and FULCRUM (commercial designation of a glass fibre
reinforced polyurethane composite) with a rectangular section were
tested. The results were compared with the undamaged beam strength.
Regardless of the repair material, the stiffness and strength increased
from repairing in the compression face to the repair on both faces.
The steel and CFRP rods led to higher strengths than the undamaged
beam, whilst the other materials were merely sufficient to restore the
undamaged beam strength. Duarte et al. [35]. proposed a rehabilitation
technique for wood members under bending that can be also feasible for
repairing. The method consists of the removal of the decayed portions,
followed by replacement with a reinforced portion of wood, bonded to
the damaged structure with a reinforced epoxy mortar. Different rein-
forcements were tested, such as mild steel ribbed bars, stainless steel
threaded rods, and pultruded GFRP bars. The experimental pro-
gramme initiated with the test of undamaged beams up to failure. After
a tension failure, the beams were recovered and tested again. The ulti-
mate bending moment and the local and global moduli of elasticity were
the collected data. The threaded rods were particularly effective, since
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the thread enhanced friction with the epoxy mortar. The GFRP bars,
although showing high tensile strength, have a smaller modulus of
elasticity, resulting in larger deformations that are not accommodated
by the surrounding mortar. As a consequence, severe cracking at the
interface region led to a premature collapse.

In this work, an adhesively-bonded repair technique is proposed
using carbon-epoxy patches for wood members of the Pinus Pinaster
species damaged by horizontal shear and under bending loads. This
damage is characterized by horizontal cracking near the neutral plane
of the wood beam, normally originating from checks and shakes [1,13].
Wood members showing sharp changes in growth ring density or
extremely low humidity contents are particularly likely to fail by hori-
zontal shear [36]. Beyond the loss of strength, this fracture also causes
a reduction of flexural stiffness. Actually, since the aspect ratio (height
to length) of wood beams is relatively low, their flexural stiffness is
strongly related to the shear performance [12]. The repair consists of
adhesively bonded carbon-epoxy patches on the vertical side faces of
the beam at the cracked region to block sliding between the beam
arms. An experimental and numerical parametric analysis was per-
formed on the patch length (Lp). The numerical analysis used the
FEM and CZMs with trapezoidal laws for the adhesive layer fracture.
To account for the experimental failures, horizontal fracture within
the wood was also considered.

2. NUMERICAL ANALYSIS
2.1. Cohesive Zone Model

The cohesive fracture of a layer of the ductile epoxy adhesive 2015
by Araldite™ (Huntsman, Basel, Switzerland) with {4, =0.2mm and
horizontal damage propagation in the wood were simulated with a
mixed-Mode (I+II4+III) CZM. A trapezoidal law between stresses (o)
and relative displacements (3,) between homologous points of the
cohesive elements with zero thickness was considered (Fig. 1), to
account for the adhesive ductility [37-39], some modifications being
introduced to simulate the brittle fracture of wood. The formulation
allows a mixed-mode behaviour, in which damage onset is predicted
using the quadratic stress criterion

o 2 o 2 o 2
(—I) +< H) +< III) =1 if 01>0
Ou,l Ou 11 Oy 111

o 2 (ox 2
(H)+< III>:1 if o7 <0,
O II O, II1
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FIGURE 1 The trapezoidal softening law for pure-mode and mixed-mode.

where o; (i =1, II, III) represent the stresses in each mode and o,
(i =1, II, III) the corresponding local strengths. Equation (1) can be
rewritten as a function of the relative displacements

51m1>2 <5lm II>2 (51m 111)2

=) + — | + : =1 3
(51,1 o111 01111 3)
01; (=1, II, III) are the pure-mode relative displacements at damage

initiation and d1p,; (i =1, II, III) the corresponding mixed-mode ones.
Stress softening onset was predicted using a criterion similar to (2)

Jom 1) ? <52m II) ? (52m III) ?
=) + ~ | + : =1 3
(52,1 O211 Og.111 (3)
0g,; (i=1, II, III) are the relative displacements in pure-mode at stress

softening onset and dgp,,; (i=I, II, III) the corresponding mixed-
mode ones. Crack growth was simulated by the linear energetic criterion

Jr | Ju  Jm
—+—+=—=1, 4
Jie  Jue  Je @)

being J,. (=1, II, III), the fracture energy in the respective
pure-mode. When Eq. (4) is satisfied at a given integration point, dam-
age grows and stresses are released, apart from normal compressive
ones. A detailed description of this model can be found in the work
of Campilho et al. [40].
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2.2. Cohesive Laws Definition

Considerable research has been conducted in the past to determine the
correct cohesive laws for adhesive layers under different adhesive/
adherend systems [41,42]. In fact, although the precise description
of the law is always important from a fundamental perspective [43],
often an approximated parameterized shape is established for the
numerical prediction of damage growth. To model the response of a
ta=0.2mm layer of Araldite®™ 2015, which is known to endure exten-
sive plastic deformation at an approximately constant load, the trap-
ezoidal relationship of Fig. 1 was established. The formulation is,
thus, simplified by the use of linear segments for the elastic, plastic,
and decaying portions of the law [44]. In these laws, ¢,; and J;. (=1,
II, III) are considered to be the most important parameters for the out-
put of the simulations [43,45]. On the determination of these para-
meters, a consensus exists about the testing methods to be employed.
However, some issues concerning the use of these tests still subsist,
due to the existence of constraint effects that affect these variables.
In fact, the adherends’ deformation and deflection affect the stress
and strain distributions and, accordingly, the damaged region within
the adhesive layer [46,47]. Apart from this, the width and value of 5
of the adhesive layer also have an impact on the stress and strain dis-
tributions in the adhesive. For instance, a change of #5 can be the origin
of a transition from small-scale yielding conditions within the adhesive
to fully plastic conditions [48]. Because of the these issues, the cohesive
parameters of adhesive layers substantially vary with the value of ¢4
[49]. To account for these variations, in this work, the cohesive laws
of the adhesive layer in pure-Modes I and IT were estimated by double
cantilever beam (DCB) (Mode I) and end-notched flexure (ENF) (Mode
IT) tests with the same value of ¢4, using inverse modelling [50-52]. The
pure Mode III cohesive law was equated to the pure Mode II one, as an
approximation. These methods constitute the most viable option to
solve the multi-parameter dependency of physical experiments in
numerical models [43]. The adhesive layer elastic stiffness in tension
and shear (up to J1; Fig. 1) was specified from the experimentally
measured values of Young’s modulus (¥ =1850MPa) and shear
modulus (G =650 MPa) [53], as detailed in the work of Campilho et al.
[40]. Failure within the wood (Fig. 2) in the RL plane (horizontal
longitudinal plane of the beam) is also accounted for to reproduce the
experiments, the cohesive parameters of which were established from
previous works [54]. Owing to the brittle behaviour of wood in shear,
the cohesive laws in each pure-mode for an RL fracture of wood were
converted to triangular shapes (63;,=0;7; in Fig. 1), and a penalty



19: 34 21 January 2011

Downl oaded At:

Repair Proposal for Wood Members Damaged by Horizontal Shear 655

FIGURE 2 Schematic representation of the repair with (a) the characteristic
dimensions and (b) test setup.

function method was used up to g, ; (Fig. 1). Table 1 summarizes the
cohesive parameters for the adhesive and wood fractures [38,54].

2.3. Numerical Models

Fig. 2 shows the repair geometry and testing conditions. The horizon-
tal shear crack was equated at the middle of the beam height (Fig. 2a)
[9]. Repairing consists of bonding of CFRP patches on the vertical side
faces of the beam at the cracked region to block sliding between the
beam arms. The patches consist on unidirectional laminates with
the fibres aligned vertically, to maximize their shear strength in the
horizontal RL plane. Figure 2a shows the beam length (a), width (b)
and height (), crack length (L), adhesive thickness (¢4), patch thick-
ness (ty), distance between the beam and patch edges (Lpgr), patch
width (wp), and Lp (Table 2). The value of Lpgr was always kept con-
stant, while varying Lp (45, 75, and 105 mm). Figure 3 shows the mesh
of (a) the Lp =45 mm repair and (b) respective details at the patch and
(c) crack tip regions. The FEM simulations were performed in
ABAQUS™, including geometrical non-linearities, using eight-node
hexahedral solid elements. Vertical symmetry conditions were con-
sidered to model only half-width of the beam. The wood and CFRP

TABLE 1 Cohesive Parameters in Pure-Modes I and II Used to Simulate
Different Failures

Cohesive laws i Jic [N/mm] 04, [MPa] 0g,; [mm] 0y, [mm]

Adhesive layer I 0.43 23.0 0.0187 0.021
I 4.70 22.8 0.1710 0.248

Wood in the RL plane I 0.2 16 1.6*10°° 0.025

1I 1.2 16 1.6*10°° 0.150
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TABLE 2 Dimensions and Testing Parameters (in mm) of the Repairs

Dimensions
a =300 b=20 h=20 Lc=95 ta=0.2
ty=12 Lpr=105 wp=4.5 Lp=45, 75 and 105

Testing parameters

S =260 S§'=130 dc=10 e=20

patches were modelled as elastic orthotropic materials, with the
properties of wood given in Table 3 [54] and of the laminas of CFRP
shown in Table 4 [55]. The beam regions contacting the cylinders were
refined with 40 elements along a length of 2.5 mm. In addition, the
mesh was set to present a higher refinement near the crack tip, to
assure stable crack initiation and growth. The repaired region of
the beam was also more refined than the undamaged portion. Four
elements were employed to model the beams’ half-width, and eight ele-
ments to model their height. In both cases, different element sizes
were selected, using bigger elements where approximately constant
stresses are expected. The patch thickness was modelled with two

FIGURE 3 Mesh for (a) the Lp = 45 mm repair and (b) details at the patch and
(c) crack tip regions.
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TABLE 3 Elastic Orthotropic Properties of Wood Species
Pinus Pinaster

E;,=10.2GPa vir=0.342 Grr=1120 MPa
Egr=1010MPa vy =0.342 Grr=1040MPa
Er=1010 MPa vrr = 0.380 Ggrr=170MPa

TABLE 4 Elastic Orthotropic Properties of a Unidirectional
Lamina of CFRP

E,=109GPa v19=0.342 G12=4315MPa
E,=8819MPa v13=0.342 G5 =4315MPa
E;=8819MPa V93 =0.380 Gas = 3200 MPa

elements. For consistency with the fabricated specimens, a 1-mm gap
was left between the cracked beam arms (Fig. 3). A blunt region
resulted from the mesh construction at the tip of the horizontal shear
crack. This corresponds approximately to the obtained shape after cut-
ting the crack with a 1-mm thickness saw. To accurately reproduce the
specimens tested, the two nodes of the cohesive elements correspond-
ing to the two solid elements nearest to the crack tip were separated
from the beginning of the analysis, imposing in the numerical models
that 6 > d,; (Fig. 1), which, in turn, completely released normal and
shear stresses between these nodes. As a result, the original crack
was extended by 1mm. In the fabricated specimens, a sharp crack
tip was induced with a razor blade. The value of L¢, extending up to
the crack tip, corresponds in the FEM models to the initiation of the
third cohesive element. Concerning the cohesive elements loci to simu-
late damage growth, these were used for the adhesive layer and RL
propagation initiating at the tip of the horizontal shear crack. It
should be mentioned that other fracture mechanisms were found in
the experiments, such as tensile failure below the loading cylinders
or cross-grain tension failure (at a small angle to the beam’s L direc-
tion, due to minor fibre misalignment). However, since these fractures
always occurred after the maximum load of the repairs (P,,), they were
not considered as relevant.

3. EXPERIMENTAL WORK

The experimental programme involves three different repair geome-
tries and also the unrepaired (cracked) beam. Results for the
undamaged beam were obtained from a previous work [56]. A smaller
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value of wp was selected compared with 2 to avoid interferences
between the patches and the cylinders. The patches were fabricated
using CFRP prepreg (Texipreg HS 160 RM from SEAL®, Legnano,
Italy) with 0.15mm of ply thickness. The value of ¢ty was tuned
numerically as the minimum value assuring that the typical shear
strengths of the CFRP patch in the RL plane were not attained up to
the repair fracture, to avoid premature patch failures [57]. Figure 2
(b) shows the testing configuration under 4PB (Table 2). A and B
represent the supporting and loading cylinders, respectively. The axes
1, 2, 3 of Fig. 2 correspond to the fibre, transverse, and thickness direc-
tions of the unidirectional patch, respectively. The R, L, T coordinate
system pertains to the wood orientations (fibres’ longitudinal direction
(L), rings’ radial direction (R), and rings’ tangential direction (7). In
adhesively bonded repairs of full-scale elements, the preparation of
the bonding surfaces is particularly meaningful. Actually, bonding is
made difficult by the use of preservatives on the wood, which degrade
the bonding performance, by eventual splits or other flaws, and by
irregular surfaces [12]. These issues must be accounted for in the
repair’s fabrication, and proper surface activation of the wood must
be guaranteed for a strong bond [58-60]. In the fabricated specimens
these problems are less significant, since they are cut to their final
dimensions with an automated technique that yields flat bonding sur-
faces, and since specimens with defects are also discarded. Neverthe-
less, for optimal results, the wood bonding surfaces were abraded
and cleaned with compressed air [61]. The same approach was followed
for the CFRP patches bonding regions, acetone being used for cleaning.
Application of the adhesive (Araldite®™ 2015) was performed manually
in thin strips with the manufacturer’s dispensing gun and mixing
nozzle. Since the correctness of #, has a significant effect on the
adhesive mechanical properties, special attention was paid to guaran-
tee the value of 0.2 mm. To this end, nylon fishing lines were used as
stoppers near the patch edges. After curing at room temperature, the
specimens were tested in an Instron® (Norwood, MA, USA) 1125 test-
ing machine with a 100kN load cell, at room temperature, and under
displacement control (2mm/min). From the ten specimens tested for
each condition, at least seven valid results were always obtained.

4. RESULTS
4.1. Numerical

A detailed analysis of the most significant stresses in the adhesive
layer is presented, allowing an easier interpretation of the
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FIGURE 4 Stress components evaluated for the horizontal shear failure
repairs.

experimental and numerical failure mechanisms and strength tenden-
cies. Figure 4 shows the coordinate system used and the most relevant
stress components for these repairs, based on a detailed analysis of the
six stress components distributions in the repair, particularly in the
adhesive layer. o,, 7,x, and 7,, stresses will be evaluated. g, stresses
for the Lp =45 mm repair under a displacement of the loading cylin-
ders (0) of 15 mm are initially presented (Fig. 5). The two beam arms
at the cracked edge initiate contact and relative sliding before the
patch detachment. o, stresses outside the repair region follow the
expected behaviour of members under bending, varying linearly in
the A-direction with the distance to the neutral axis (compressive
stresses at the upper half and tensile ones at the lower half). In the
patch, o, stresses are approximately nil, except at its edge nearest to

+2.536e+02
+1.95%e+02
+1.383e+02
+8.067e+01
+2.305e+01
-3.458e+01
-9.221e+01
-1.498e+02

FIGURE 5 o, stresses [MPa] in the repaired beam (Lp =45 mm repair).



19: 34 21 January 2011

Downl oaded At:

660 R. D. S. G. Campilho et al.

the cracked end of the beam (from this point addressed as loaded
edge). The following figures illustrate the most significant stress
components in the adhesive layer for the Lp =45 and 105 mm repairs,
considering the repair orientation of Fig. 5, and for a value of ¢ of
0.3mm and magnification of 50x. These include o, (Fig. 6), 7,
(Fig. 7), and 1,, (Fig. 8) stresses. It should be emphasized that o,
T,x, and 1,; stresses are approximately constant in the adhesive thick-
ness direction in all the figures in this study, showing only minor var-
iations near the loaded edge of the patch. o, stresses or the Lp =45 and
75 mm repairs are nearly nil except at the loaded edge, anticipating

+2.112e+00

+6.199%e-01

-5.401e-01
—6.456e-01

(b)

FIGURE 6 o, stresses [MPa] at the repair region for the (a) Lp =45 mm and
(b) Lp =105 mm repairs.
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+1.433e+00

-1.433e+00

(b)

FIGURE 7 7, stresses [MPa] at the repair region for the (a) Lp =45 mm and
(b) Lp =105 mm repairs.

eventual peel failure at this region. For the Lp =105 mm repair, the
patch extends up to the beam edge, which resulted in a different
behaviour, with ¢, stress concentrations near the crack gap above
the supporting cylinder. t,, stresses in the adhesive layer emerge
due to the shearing tendency between the beam arms, being negligible
in most of the adhesive layer, except at the loaded edge (Lp =45 and
75 mm repairs). Conversely, for the Lp =105 mm repair, 7, stresses
peak at both sides of the crack gap, extending from the tip of the hori-
zontal shear crack to the supporting cylinder. 7, stresses, on the other
hand, appear due to the existence of the 1-mm gap between
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+7.985e-01

Z3l118e-01
5.219e-01

(b)

FIGURE 8 1, stresses [MPa] at the repair region for the (a) Lp=45mm and
(b) Lp =105 mm repairs.

the wood beam arms, which tends to close due to the loading applied,
causing vertical shear. Oppositely to 7, stresses, 7,, ones are more
concentrated towards the loaded edge of the adhesive (Lp=45 and
75 mm repairs). Following the previous results, for the Lp=105mm
repair, 1,, peak stresses at the loaded edge disappear, giving rise to
moderate 7,, stresses above the supporting cylinder. The magnitude
of 6, 7, and 1,y peak stresses diminishes from the Lp=45mm to
the Lp=105mm repair. In these repairs, damage is expected to
initiate by an adhesive layer failure (or in the wood beam near the
adhesive layer) due to sliding between the beam arms, prior to damage
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propagation at the tip of the horizontal shear crack. The stress analy-
sis conducted shows that P, (hypothetically corresponding to damage
initiation in the adhesive layer or near in the wood beam) is likely to
increase with Lp, since all three stress components evaluated diminish
progressively with this parameter. Additionally, bigger values of Lp
increase the shear resistant area of the patches. The locus of peak
stresses is the same between all stress components (at the loaded
edge), suggesting that damage initiates at this region.

The FEM fractures are equally characterized. The undamaged
beam results showed a pure tension fracture below the loading
cylinders [56]. For the unrepaired beam, P, was achieved due to an
extensive RL propagation of the horizontal shear crack (Fig. 9a).
The Lp=45mm and Lp=75mm repairs behaved similarly, with
evidence of damage prior to P,, by patch debonding at the loaded edge
(Fig. 9b; Lp =75 mm repair) due to the aforementioned stress concen-
trations (Figs. 6-8). After this, the load (P) continued to increase up to
P,.. Failure occurred due to a complete debonding between the patch

(@) (b)
(©) (d)

FIGURE 9 Numerical failures: (a) at the horizontal shear crack tip for the
unrepaired beam, (b) initiating at the adhesive layer loaded edge, (c) growing
within the adhesive layer and by RL crack propagation for the Lp=75mm
repair, and (d) after complete failure for the Lp=105mm repair. The circle
marks highlight the regions of damage.
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and the lower beam arm, simultaneously with RL crack propagation
starting at the tip of the horizontal shear crack (Fig. 9¢; Lp =75 mm
repair). This event can be confirmed by the sliding of the solid finite
elements simulating the wood beam at the transition between the dif-
ferently refined meshes (marked with a circle). This also applies to the
subsequent repair. The last repair (Lp = 105 mm) showed numerically
an abrupt cohesive failure of the adhesive layer between the patch and
the lower beam arm, growing rapidly to all of the extent of the patch.
This caused a drop of P,,, with final failure by RL propagation initiat-
ing at the horizontal shear crack (Fig. 9d).

4.2. Experimental

The experimental fracture mechanisms, which were equivalent to the
FEM results, are described. The undamaged wood beam attained
experimentally P,, by a pure tension fracture below the loading cylin-
ders [56]. For the unrepaired beam, P, is associated with extensive
crack growth, initiating at the horizontal shear crack tip (Fig. 10a),
which is more easily identified by the sliding of the vertical lines at
the crack tip, since crack propagation in wood under shear is not
clearly visible [62,63]. The Lp =45mm and Lp="75mm repairs frac-
tured identically, with a premature patch detachment prior to P,
at the loaded edge (Fig. 10b; Lp=75mm repairs). The locus of
damage initiation is related to the regions of o,, 7., and 7,, stress

FIGURE 10 Experimental failures: (a) at the horizontal shear crack tip for
the unrepaired beam, (b) initiating at the adhesive layer loaded edge, (c) grow-
ing within the adhesive layer and by RL crack propagation for the Lp =75 mm
repair, and (d) after complete failure for the Lp =105 mm repair.
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concentrations (respectively, Figs. 6-8). Following, P continued to
grow as ¢ increased, with crack propagation towards the horizontal
shear crack tip. After extensive patch damage, P,, was achieved simi-
larly to the unrepaired beam, i.e., by crack propagation starting from
the horizontal shear crack tip (Fig. 10c; Lp = 75 mm repairs). Damage
was always simultaneous at the two patches. For the Lp=105mm
repairs, P, was related to patch detachment at the upper or lower
beam arm, by a cohesive failure of the adhesive layer. This failure
occurred abruptly from the repair edge up to near the loading cylinder.
This is consistent with the stress analysis performed, showing an
identical magnitude of 7,, stresses, which are the most significant
stress components in the repair, between these two regions (Fig. 7b).
Figure 10d shows a posterior stage of damage, after extensive RL
crack propagation.

4.3. Experimental/Numerical Comparison

The unrepaired beam load-displacement (P-6) curves (Fig. 11) are
shown to be in close agreement. For both the experiments and the
simulations, P, corresponded to extensive damage growth at the tip
of the horizontal shear crack. The FEM curve of the Lp=75mm
repairs (Fig. 12) clearly reflects the premature damage at the loaded
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FIGURE 11 Experimental and numerical P-6 curves for the unrepaired
beam.
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FIGURE 12 Experimental and numerical P-6 curves for the Lp=75mm
repair.
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FIGURE 13 P, as a function of Lp. Experimental results, numerical predic-
tions, and respective tendency as a function of Lp.
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edge (at 6 ~4mm), which was related to a cohesive failure of the
adhesive layer. The predictions of P, and the corresponding experi-
mental average values and deviations are compared in Fig. 13. The
accurate predictions confirm the suitability of the FEM methodology
followed in this work. These results show an approximate 30%
reduction of Py, inducing the horizontal shear crack in the specimens,
and also that the Lp =45 and 75 mm repairs practically do not affect
the value of P,,,. This is related to the cohesive failure of the adhesive
layer and RL crack propagation occurring prematurely or near the P,
value for the unrepaired beam. Oppositely, the Lp = 105 mm repair led
to a significant improvement in P, which approached the strength of
the undamaged beam. Actually, under this configuration the patch
prevented the sliding of the beam arms and consequent failure by
RL propagation up to near the value of P,, of the undamaged beam.
The experimental scatter of these results is justified mainly by varia-
tions in wood properties [64,65].

5. CONCLUDING REMARKS

In this work, an adhesively bonded repair technique using adhesively
bonded carbon-epoxy patches was tested for wood members of the Pinus
Pinaster species damaged by horizontal shear and under bending loads.
This damage is characterized by horizontal crack growth near the neu-
tral plane of the wood beam. The repair consisted of adhesively bonded
carbon-epoxy patches on the vertical side faces of the beam at the
cracked region. An experimental and numerical parametric analysis
was performed on the patch length. The numerical analysis used the
finite element method and cohesive zone modelling, including inverse
modelling for the characterization of the adhesive as a thin layer. Trap-
ezoidal cohesive laws in pure-Modes I and IT were used to account for its
ductility. Horizontal damage propagation within the wood was also
simulated. The accurate predictions validate the numerical method-
ology, which will reduce the time and cost associated with extensive
experimentation. For the particular materials and dimensions
employed, the repair with patch length of 105 mm practically restores
the undamaged strength of the beam. Values up to 75 mm were ineffec-
tive, due to patch detachment for loads smaller than or of the same
order of magnitude as, the unrepaired beam strength.
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