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ABSTRACT

This paper explores the behavior of wooden beams tested to bending up to fracture, and later repaired with
bidirectional carbon fiber fabric of two grammage types, placed in one or two layers. In addition, beams
reinforced with the same fabrics were tested to flexural strength until fracture in order to compare the
results. For this purpose, 21 beams were tested to bending at 3 and 4 points; 13 of these beams did not have
any reinforcement, 8 of them were repaired with carbon fiber reinforced polymer (CFRP) and later tested,
and the other 8 beams were reinforced but were not submitted to any previous test. Results show that when
the appropriate fabric strength, the repaired beams —previously collapsed— support higher loads than those

that initially caused them to fracture.

1. Introduction

Wood is a unidirectional fibrous material, with a radial growth
direction. Fibers provide the material with tensile and compressive
strength and they are joined by binder elements such as hemicel-
lulose and lignin, lacking any resistance.

Wood is the main construction material for structural elements
working to compression and bending in numerous buildings.
Deterioration of these structures has brought up, as a consequence,
the development of different repair techniques. The most common
techniques are the use of reinforcements by means of metallic el-
ements (beams, roofs, etc.) or the replacement of wooden pieces by
others in a proper state. In many cases, a large intervention cannot
be considered or performed, as buildings cannot remain disused for
the long periods required for repair, or there is not enough space to
repair them, or the structure has some kind of protection that
prevents its replacement. In these situations, composite materials
acquire great interest due to their adaptability, speed of execution
and high resistance. These three reasons, together with their low
weight, have contributed to the widespread use of composites
within the industrial sector, in aeronautics, or even in the sports
industry In the construction industry, they are increasingly

getting used, as evidenced by the large number of publications
related to the topi as well as the development of standards
and regulations in various construction related areas, such as
concrete structures.

It must consider the durability of the FRP strengthening struc-

tures. Environmental agents such as alkaline environments, mois-
ture, extreme temperatures, thermal cycles and ultraviolet
radiation. may desrade the mechanical properties of the FRP sys-
tems and Glass transition temperature (Tg) is a very
important parameter of the epoxy resin used on FRP reinforcement,
as it establishes the conditions of service to use this material.
Usually, the Tg of the epoxy resin can be placed above G0 °C
although it depends on the manufacturer’s characteristic:
In most implementations, the epoxy is used below of its 1g tem-
perature (i.e, in a glassy state). Generally, when the material is
exposed to a hygrothermal environment, the Tg decreases and as a
result the service temperature of the material changes. These Tg
changes reflect the plastification level of the resin and of water-
resin interactions within the material This should be taken
into account in the case of reinforcemeint veams, because of their
hygrothermal properties. For example, an excessive stiffness of the
epoxy, with its subsequent inability to sustain the timber strains,
especially due to hygrometric variations, can seriouslv increase the
existing cracking state, and even provoke new crack:

Studies of wooden structures reinforced with fibers or polyester
(FRP) have mainly focused on the analysis of flexural behavior and
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Results obtained in the flexural strength tests performed in beams without reinforcement.

4 points bending test

BEAM Strength class Max. bending strength (MPa) Max. displacement. (mm) Type of fracture Commentary
BO1 Rejected 16.4 17.2 Bending Presence of knot
BOS C-22 49.7 54.0 Shear
BO7 C-22 354 223 Shear
BOS C-22 48.2 232 Shear
B11 C-22 329 234 Shear
B13 Rejected 6.8 238 Bending Presence of knot
B14 C-22 39.0 352 Shear
B15 C-22 40.8 295 Bending
B17 Rejected 19.8 146 Bending Presence of knot
Mean results in 4 points bending test
Accepted C-22 41.0 313 Shear
Rejected 14.3 185 Bending Presence of knot
3 points bending test
B0O2 Rejected 30.1 18.2 Bending Presence of knot
BO5 C-22 38.5 124 Bend/shear Presence of knot
B10 C-22 26.4 18.7 Shear Presence of split
B20 Rejected 14.6 438 Bend/shear Presence of knot
Mean results in 3 points bending test
Accepted C-22 324 156 Shear
Rejected 224 115 Bending Presence of knot
Mean values of all beams tested in bending
307 229
20 suffers bending failure at the center of the span. Both tests show
| a greater displacement, although this does not imply a total bearing
» load loss.
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Fig. 6. Stress—displacement of the beams reinforced and repaired with CFRP of 160 gr/
m? tested in 4 point bending.

and rigidity values than reference unreinforced beams, due to the
increase of the elasticity module caused by carbon fiber placement.
Beam BO8R210-1 suffers shear failure, and the fiber reinforcement
is detached from the lateral side of the beam. Beam B21R210-1

2 beams reach far greater strength values than those marked by the
reference beams. Their displacement ability also increases signifi-
cantly. BO3R210-2 beam fractures at the span center, and B22R210-
2 beam suffers numerous shear failures until the final fracture oc-
curs likewise.

4.6. Joint analysis of the beams repaired with CFRP

The analysis of the results obtained allows us to prove that
beams repaired with a single layer of carbon fiber of 210 gr/m?, or 2

Fig. 7. Beam B0O7 and BO7F160-1 during the flexural test at 4 points.
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Fig. 8. Stress —displacement of the beams reinforced and repaired with 2 layers of
CFRP of 160 gr/m? tested in 3 and 4 point bending.

layers of 160 grim?, achieve strength values close to the mean
resistance values of unreinforced beams 8.7 MPa higher than the
one established in the standard for class C-22 . When
reinforced with 2 layers of 210 gr/m?, results show a 34.6% higher
mean resistance than those of the wood tested. Displacements
obtained in all cases exceed the average values of unreinforced
beams, increasing in some cases up to 57.6%, which involves more
ductile beams. This does not occur in unreinforced beams subject to
bending. These results are particularly interesting considering that
all the beams tested in this group had no load bearing capacity, as
they had earlier been tested up to fracture, and therefore, tensile
stresses were entirely absorbed by carbon fiber. For all these rea-
sons, it is worth noting the adaptability of carbon fiber, as well as its
suitability to use it with beams that already collapsed and cannot be
replaced by new ones. CFRP fractured, in all cases, following the
pattern marked by the previous tests of unreinforced beams. This
was because, at that point, fiber and wood are not bonded, creating
a weak point, and therefore, carbon fiber absorbs all the stresses. In
cases in which fracture occurred by shear failure, marking a flush
cutting plane between the wood fibers, the beam behaved as two
sliding parts, one above the other, breaking carbon fiber on that
plane.

4.7. Test analysis of reinforced beams without prior fracture

Strength of reinforced beams depends on the amount of rein-
forcement placed shows a comparison between the mean
resistance values ana tne displacements at the maximum load
moment reached by (previously collapsed) repaired and reinforced
beams. We can observe that the resistance of reinforced beams is in
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Fig. 9. Stress—displacement of beams reinforcement and repaired with one CFRP layer
of 210 grim? tested in 4 point bending.
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Fig. 10. Stress —displacement of the beams reinforced and repaired with 2 layers of
CFRP of 210 gr/m? tested in 3 and 4 point bending.

every case higher than that of repaired beams, and that the
displacement of reinforced beams is always lower than that of
repaired beams. Reinforcements with one layer of 160 gr/m? did
not reach the mean resistance values of unreinforced beams.
However, with a 2-layer reinforcement of 160 gr/m?, strength
values begin to exceed the average, obtaining a resistance increase
between 14.7% and 84.1%, as grammage and reinforcement layers
increase. An increase is observed in beams rigidity due to the dif-
ference in the elasticity modules —much higher in carbon fiber. The
CFRP have caused a regularization of the failures in reinforced
heam< increasing the fracture mode by bending failure by 38%
It is worth noting that failures produced by bending
without reinforcement were caused by the presence of knots, while
failures produced bv hending in reinforced parts occurred at the
center of the span This way, fiber acts as a stress regulator,
preventing the appearance of the weaknesses that cause fracture.
Thus, the failure mode becomes more predictable and controllable.
In some cases, it could be observed that the fiber in the com-
pressed side of the beam detached throughout the test. Therefore,
whenever fiber reinforcement has to withstand compression
stresses, the correct bonding between the specimen interface/
reinforcement should be ensured, since fiber detachment can cause
greater delamination, as it might drag the rest of the fiber affecting
the reinforcement of the loaded face, rendering reinforcement
useless

5. Conclusions

The presence of defects in the loaded side provokes fracture by
bending in the beams. Pieces without significant defects make a

Table 5

Comparative values between flexural strength tests performed on beams reinforced
and repaired in their different configurations and previous reference configurations,
with the mean values obtained in the bending tests of all unreinforced beams.

Stress Max. Disp.  Stress Max. Disp.

(MPa) (mm) (30.7 MPa)  (22.9 mm)
Reinf. Reference 26.8 18.6 -12.7% —18.6%
210-2 FR210-2 413 36.1 +34.5% +57.6%

R210-2 56.5 24.9 +84.1% +8.5%

Reinf. Reference 33.9 164 +10.6% —28.5%
210-1 F210-1 314 26.6 +2.4% +16.3%
R210-1 406 18.3 +32.2% —202%
Reinf. Reference 30.8 195 +0.3% —-14.7%
160-2 F160-2 299 29.5 —2.7% +28.7%
R160-2 352 16.1 +14.7% —29.7%
Reinf. Reference 25.3 15.9 —-17.7% —30.7%
160-1 F160-1 151 185 —50.8% —19.1%
R160-1 172 49 —44.0% —78.6%
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