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ABSTRACT
This paper proposes a new hybrid layout to retrofit and repair timber beams bymeans of carbon composite
material. It is based on the combination of a carbon laminate strip attached on the tension side, and a car-
bon fabric discontinuously wrapping the timber element. This layout has been experimentally validated by
means of a study involving large-scale timber beams with many years in service. Results demonstrate not
only that the bending load capacity of the broken beams can be totally recovered, but that it may even be
increased by 70% with respect to the non-broken ones.

1. Introduction

Timber structures are used on all types of buildings and civil
infrastructures around the world. The limited character of
funding means that interventions must dedicate primarily to
structures that require major repair to ensure safety and reliabil-
ity over time. Yet it is becoming increasingly difficult to find large
wooden elements for the replacement of structural members
in buildings or infrastructures. In addition, their replacement
is very costly and time-consuming. Retrofitting and repairing
of structures or infrastructures should highly consider the use
of innovative engineering techniques [1]–[5]. For this reason,
strategies and technologies for on-site repair without eliminat-
ing existing structural members are of great interest and are
highly valued commercially and technically. Wood members
may be replaced or reinforced with concrete or metals [6]–[12].
However, some studies have explored the use of fiber-reinforced
plastics (FRP) for the recovery and reinforcement of wooden
structural members. Wood is commonly used in combination
with other engineering materials in the transportation and
construction sectors. Hybrid wood/carbon/glass structures can
prove less costly to manufacture. Moreover, there are structural
(tenacity and low density) and environmental benefits to be
derived from the use of renewable materials such as wood [13].

The use of FRP for reinforcement of wood structures was
firstly introduced in the sixties, when some authors [14]–[16]
demonstrated that GFRP (fiberglass) installed wrapping the
wood element in U shape produces a significant increasing of its
ultimate strength, and an increasing of ductility (which is of vital
importance for the structural safety), and makes the wood ele-
ment able to endure greater deflections. Improvements of 50%
and 20% in strength and stiffness, respectively, were obtained by
some authors by means of the use of GFRP [17], [18].
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Ochoa SN,  Granada, Spain.
Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/umcm.

Triantafillou and collaborators reported relevant results
about the reinforcement with a carbon fiber reinforced polymer
(CFRP) pultruded laminates placed on the bottom side of the
timber [19], [20]: (1) failure pattern of the specimen changes
from brittle to ductile and (2) an 1% of CFRP material of the
cross-sectional area produces an increase in resistance of 60%;
Fiorelli and Dias [21] indicated that, depending on the type
(GFRP or CFRP) and amount of material (from 0.4% to 3%),
stiffness increases from15% to 60%.Valluzzi et al. [8] usedCFRP
sheets. The ultimate strength improved up to 100%. They also
reported the great importance of the humidity conditions of the
wood during the CFRP-wood adhesion process. Similar studies
can be found in [22]–[24].

The authors [25] compared four reinforcement layouts,
considering both tension and compression zones for location
of the FRP. Improvements were about 17%–27% in stiffness,
40%–53% in flexural strength, and 36%–68% in shear strength.
They also considered some layouts of reinforcement wrap-
ping the lateral sides of the wood beam, demonstrating that
this solution produces a substantial improvement of the duc-
tility. Similar results were obtained by the authors of [20],
[25], [26], who proposed the use of sheets of CFRP fabric
U-shaped fully wrapping the bottom and lateral faces of the
wood specimen.

In this context, this paper proposes an experimental valida-
tion of a here proposed hybrid layout for repairing and rein-
forcing timber beams using CFRP. It consists of the combina-
tion of a laminate strip attached on the tension side and a CFRP
fabric discontinuously wrapping the timber element. This study
involves large timber beams (4.5 m long) of Pinus Sylvestris L.
having defects—knots, grain deviations, fissures, and wanes—
extracted from the roof of a historical building.

©  Taylor & Francis Group, LLC
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Figure . Reinforcement layouts. Left-hand side: LR. Right-hand side: BR.

2. Samples andmechanical tests description

The wood used (P. Sylvestris from southern Spain) for this study
was extracted during the rehabilitation process of the Law Fac-
ulty of the University of Granada, which had been in service for
200–300 years. A total of six beams with a final cross section
of (147 ± 11) × (222 ± 6) mm2 and a length of 4500 ± 2.4 mm
were selected. Themechanical properties of thewoodweremea-
sured. In particular, the yielding compressive stress was 40 MPa
with yielding strain of 3.6mε. Themaximum compressive stress
was 48 MPa and the maximum strain was of 5.5 mε.

Two reinforcement layouts (longitudinal reinforcement and
braided reinforcement, hereafter LR and BR, respectively; see
Figures 1 and 2) were considered in this paper. LR layout has
been widely used by other authors and is considered here only
for comparison reasons. The other, BR, is a hybrid layout pro-
posed in this paper, composed by a CFRP laminate wrapped
by a discontinuously installed CFRP bidirectional fabric. The
CFRP laminate in both reinforcement layouts was applied with-
out covering the whole width of the beam, i.e. wFRP = 100 mm.
The height of the CFRP fabric used in the BR was set at
hFRP = 150 mm, as the minimum.

The CFRP and adhesives were supplied by DRIZORO®
S.A.U. (hereafter, DRIZORO®). Specifically, the CFRP pul-
truded laminate was DRIZORO® COMPOSITE 1410 (width
of 100 mm), while the CFRP fabric was DRIZORO® CAR-
BOMESH 210 (bidirectional). The selected epoxy resin was
MAXEPOX®-CS. To ensure a good CFRP-wood bond, pull-
out and pull-off tests were carried out [27]. They allowed to
properly selecting the used resin. The results of these tests are
omitted for brevity reasons. Themechanical properties of CFRP
pultruded laminates were 165,000 MPa and 2600 MPa for the
elastic tensile modulus and ultimate tensile stress, respectively.
For CFRP fabric, the ultimate tensile stress of the fiber and the
elastic tensile modulus were of 4900 and 230,000 MPa, respec-
tively. The application of reinforcement is described in detail
in [28].

Figure . Graphic description of the BR layout. Image by authors.

Figure . Phases of the experimental program.

Both reinforcement layouts, LR and BR, were tested under
laboratory conditions in two experimental phases (Figure 3).
During the first phase, beams directly extracted from the roof,
previously subjected to a service load during 200 years, were
tested. In the second phase, beams which were broken during
the first phase in the laboratorywere reinforced and tested again.
The objective, in this second phase, was to evaluate the possibil-
ity of a total or partial recovery of a highly damaged element by
using CFRP reinforcements.

During the first phase, the experimental program considered
six timber beams: two beams were reinforced with LR layout,
two beams with BR layout, and two non-reinforced (NR) ones
used for comparison.

For the second phase, the NR and LR broken beams previ-
ously tested until failure were recovered and restored with the
BR layout. These beams were tentatively called as BR-r. In order
to make a proper comparison between non-broken and broken
beams, the same area (%) of reinforcing material was used in
all cases. Furthermore, for comparison, one broken beam was
restored with an LR-r. Table 1 gives the specimen nomenclature.

Table . Bending tests program. The non-reinforced beams were named as NR,
the longitudinal reinforced beams as LR, and the braided reinforced beams as BR.
To designate the restored beams, the letter -r was used.

Phase
Reinforcement

class CFRP
Number of
beams Short name

. Non-broken
beams

NR —  NR

LR Laminate  LR
BR Laminate+

bidirectional
wrap B

 BR

. Restored
broken
beams (r)

LR Laminate  LR-r

BR Laminate+
bidirectional
wrap B

 BR-r
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Figure . Experimental set-up (distances in mm).

Both non-broken and recovered broken beams were sub-
jected to three-point bending tests, as Figure 4 shows. A mono-
tonic loading was applied until final failure (displacement speed
kept constant to 1.5 mm/min). Tests were performed on a
machine from the company SERVOSIS S.L., CH4·ST·100model.
The spanwas set at 4000mmbetween fixed supports,measuring
the strains anddeflections using strain gauges and linear variable
differential transformers (LVDTs), respectively, with equipment
from HBM, QUANTUMX MX 1615B model. For non-broken
beams, three groupswere establishedwith four strain gauges and
one LVDT for each group, as shown in Figure 4. For recovered
broken beams, only strains and displacement at the mid-span
(group 2) were measured.

3. Results

In order to compare both reinforcement layouts, a relative
density, DC, was considered as [29]

DC = ρm

ρbeam
(1)

where ρm is the density mean value and ρbeam being the density
of a particular beam. Therefore, the correctedmodule of rupture
(MOR) is given by

Corrected MOR = DC × MOR, (2)

where MOR means the maximum bending capacity (module of
rupture). The classification of types of failure was carried out
according to the seven types considered in [30] (Figure 5).

Figure . Types of failure [].

3.1. Phase 1. Non-broken beams

Non-broken beams were divided into three groups, NR, LR, and
BR. Figure 6 and Table 2 show the bending stress as a function of
time, and the main mechanical properties for the control beams
(NR).

For bothNR beams, themechanical behavior was elastic with
a relevant dispersion between themand a brittle final failure. The
average correctedMORwas of 16MPawith an averagemodulus
of elasticity (MOE) and maximum deflection of 7812 MPa and
35 mm, respectively. The final failure was caused by the knots
located at the center of the beams, corresponding with the max-
imum tension zone (bottom of the beam), as seen in Figure 7,
which depicts the typical failure pattern for this type of timber
beam with defects.

Results from the strain analysis are shown in Figure 8, where
higher strain values were reached by group 2 of strain gauges,
placed at mid-span, corresponding to the maximum strain and
deflection zone. Both NR beams had an elastic behavior until

Figure . Bending stress vs. time for NR beams.

Table . Mechanical results for NR beams.

Name
MOR
(MPa)

Density
(kg/m)

Corrected
MOR
(MPa)

MOE
(MPa)

Maximum
deflection
(mm)

Type of
failure

NR-      
NR-      
Mean NR
value

     —
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Figure . Failure patterns of NR beams. Top: NR-. Bottom: NR-. Image by authors.

Table . Mechanical results for longitudinal reinforced beams (LR).

Name
MOR
(MPa)

Density
(kg/m)

Corrected
MOR
(MPa)

MOE
(MPa)

Maximum
deflection
(mm)

Type of
failure

LR-    ,  
LR-    ,  
Mean LR
value

   ,  —

Variation
respect
NR (%)

 —    —

the final breakage, with no plastification in the compression
zone. In addition, different stiffness values are shown accord-
ing to the position of the strain gauge within the same group.
Strain gauge 2B, for the NR-2 beam, measured irregular strains
above a particular level of stress, mainly caused by the presence
of knots.

Accordingly, Figure 9 and Table 3 show the results for the
beams reinforced with LR layout. It can be observed that the

Figure . Bending stress vs. time for longitudinal reinforced beams (LR).

bending capacity was clearly improved for both specimens, a
high stabilization of the mechanical properties and behavior
being observed with respect to the NR beams. The corrected
MOR increased a 119%, while the MOE and maximum deflec-
tion increased a 60% and 71%, respectively. As was predicted,
these beams had a linear behavior until final breakage. Figure 10
shows some images corresponding to the two beams with a typ-
ical tension failure pattern owing to the important knots located
at the tension zone, with a quick and subsequent delamination
between timber and CFRP strip, due to the high stress values
reached.

Figure 11 shows the strain analysis for the LR group. Remark-
able are the higher values ofmaximum strains reached for group
2 and the increase in stiffness for all groups. Furthermore, a sta-
bilization of the strain behavior was observed in knot-free zones
for all the groups, while a slight plastification was observed in
the compression zone.

Figure . Stress vs. strain. Top: NR-. Bottom: NR-. Left-hand side: strain group . Center: strain group . Right-hand side: strain group .
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Figure . Failure patterns of the LR beams. Top: LR-. Bottom: LR-. Image by
authors.

Finally, the bending stress versus time and the mechanical
results for the braided reinforced beams are, respectively, shown
in Figure 12 and Table 4.

A very significant improvement of all mechanical proper-
ties with regard to the NR and longitudinal reinforced beams
is also clearly achieved. It is noteworthy that after reaching
the maximum bending stress, the beams did not completely
exhaust their strength capacity, remaining at 40% and 33% of
the maximum value reached for BR-1 and BR-2 beams, respec-
tively. After that point, the bending stress capacity increased
again until a particular stress level, with no collapse of stress
observed. In other words, a clear improvement in ductility is
achieved by means of the braided reinforced layout as opposed
to the NR and LR reinforced layouts. The corrected MOR
improvement, MOE, and maximum deflection as opposed to
NR beams were, respectively, 156%, 95%, and 71%, on aver-
age. Figure 13 shows the failure pattern for the two speci-
mens, produced by a final slipping of the CFRP lamella fol-
lowed by sudden delamination at the areas not covered by CFRP
fabric.

Figure 14 displays the strain analysis up to the maximum
bending stress. A clear improvement in stiffness, stability, and

Figure . Bending stress vs. time for the braided reinforced beams (BR).

Table . Mechanical results for braided reinforced beams (BR).

Name
MOR
(MPa)

Density
(kg/m)

Corrected
MOR
(MPa)

MOE
(MPa)

Maximum
deflection
(mm)

Type of
failure

BR-    ,  
BR-    ,  
Mean BR
value

   ,  —

Variation
respect
NR (%)

 —    —

maximum strain is observed, respect to NR and LR beams. Plas-
tification at the compression zone was observed at the zone of
group 2 of the strain gauges. In other words, the mechanical
properties of the wood were near their maximum limit.

Figure . Stress vs. strain. Top: LR-. Bottom: LR-. Left-hand side: strain group . Center: strain group . Right-hand side: strain group .
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Figure . Failure patterns of the BR beam group. Top: BR-. Bottom: BR-. Image by
authors.

3.2. Recovered broken beams

This section expands the results for the beams that were
totally broken and then repaired, i.e. specimens LR-r and
BR-r. Figure 15 and Table 5 show the results for LR-r
beam.

As seen in Figure 15, and as predicted, a linear behavior was
observed for this specimen. It is evident that a single lamella
is not enough to fully recover the initial bending capacity of
a beam. The corrected MOR was −31% of the non-broken
NR elements, while the MOE and maximum deflection showed
respective variations of 16% and −11%. Despite this decrease
in the mechanical properties (except for MOE value), the beam
reached acceptable values considering the high damage before
repair.

In turn, results for the broken beams repaired with the BR
layout are shown in Figure 16 and Table 6. This layout not only
provided for full recovery of the bending capacity of the non-
broken beam and a significant increase in ductility, but it led to
an increase in the corrected MOR of 69%. This finding bears
huge relevance when a broken beam needs to be repaired, since
it is not necessary to disassemble a roof partially or completely
when only some beams are damaged. Beam BR-r-3 does not

Figure . Bending stress vs. time for the repaired broken beams with the
LR-r layout.

Table . Mechanical results for longitudinal reinforced beams (LR-r).

Name
MOR
(MPa)

Density
(kg/m)

Corrected
MOR
(MPa)

MOE
(MPa)

Maximum
deflection
(mm)

LR-r-     
Variation
respect
NR (%)

− — −  −

show the ductile behavior observed in other cases because the
testmachinewas close to the end of the stroke and the test had to
be stopped for security. The mean MOE and maximum deflec-
tion improvements were of 35% and 109%, respectively. The
remarkable increase of the maximum deflection (even improv-
ing upon the BR layout of the non-broken beams)was associated
with the adaptation of the fabric placement for each beam.

Figure . Stress vs. strain. Top: BR-. Bottom: BR-. Left-hand side: strain group . Center: strain group . Right: strain group .
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Figure . Bending stress vs. time for the repaired broken beams with the BR-r
layout.

Figure . Stress vs. strain during bending tests for the strain gauge B.

Figure 17 displays the strain analysis for the strain gauge
placed at the mid-span (maximum deflection) and at the ten-
sion side. In all cases, a linear behavior is observed until a par-
ticular level of stress, at which the beams appear to have a plastic
behavior. Nevertheless, this change in slope was also associated
with the reopening of existing cracks. Note that for all beams,
the mean MOR value when the stress-strain slope changed was
of 16 MPa, while the mean MOR for non-broken NR beams
was of 16 MPa. This fact corroborates the total restoration of
the mechanical properties by means of the BR reinforcement
layout.

Table . Mechanical results for braided reinforced beams (BR-r).

Name
MOR
(MPa)

Density
(kg/m)

Corrected
MOR (MPa)

MOE
(MPa)

Maximum
deflection (mm)

BR-r-    , 
BR-r-    , 
BR-r-     
BR-r-     
Mean
BR-r
value

   , 

Variation
respect
NR (%)

 —   

Figure . Damaged rafter before the repair process. Image by authors.

Figure . Rehabilitation process of the rafter. Left-hand side: placement of the
CFRP lamella. Right-hand side: final state of the reinforced element. Image by
authors.

4. On-site intervention

According to the laboratory results provided in previous sec-
tions, a real on-site application was carried out in a particular
building. The repaired element was a rafter on the roof of the
MADOC headquarter building. The rafter was seriously dam-
aged on the tension side of the beam (Figure 18), for which rea-
son the decision was made to apply the BR layout proposed in
this paper.

Once the BR layout had been designed, it was necessary to
recover in so far as possible the deflection of the beam with
the help of mechanical jacks. After that, the reinforcement was
applied following the same process as for laboratory specimen
elaboration. Figure 19 shows images taken during the repair-
ing process. Finally, after visual tracking, during one month, no
application problems were detected.

5. Conclusions

An experimental analysis of a new hybrid layout using carbon
composite as the reinforcement material to retrofit existent tim-
ber beams and to restore broken timber beams from buildings
or infrastructures was carried out here. During the first phase of
the experimental program, non-broken beams with more than
200 years in service were subjected to bending tests. Results for
the NR beams showed an elastic mechanical behavior, without
plastification, and a brittle final failure caused by knots located at
the maximum tension center zone. The average corrected MOR
was 16 MPa, the average MOE was 7812 MPa, and maximum
deflection was 35 mm.

The non-broken beams with LR displayed a clearly improved
mechanical behavior with respect to the NR beams: the cor-
rected MOR was 119%, the MOE was 60%, and the maximum
defection 71%. In this case, a slight plastification was exposed in
the compression zone.

The proposed braided layout (BR), based on the combina-
tion of a carbon laminate strip attached on the tension side
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and a carbon fabric wrapping the beam, provided a very sub-
stantial improvement of all mechanical properties and ductility,
as opposed to the NR and LR beams. In this case, the timber
reached the plastification range for its compressive stress. The
improvement of the mechanical properties was: correctedMOR
156%, MOE 95%, and maximum deflection 71%.

During the second phase, four beams broken during the first
phase were recovered and repaired with a BR-r layout and one
with the LR-r layout. This paper concludes that although the
LR layout was not enough to fully recover the initial bending
capacity, the BR hybrid solution proposed provided remark-
able improvements in corrected MOR, MOE, and maximum
deflection, respectively, of 69%, 35%, and 109%, demonstrat-
ing its total capability for fully repairing broken wood elements.
The solution was also verified during an on-site application on
a highly damaged beam of the roof of a wooden structure in
downtown Granada.

Acknowledgments

The authors gratefully acknowledge the important contribution of lab tech-
nicians David Jiménez and Ismael Romero.

Funding

This work was supported by the DÁVILA Restauración de Monumentos
[contract no. 3546].

References

[1] A. Balsamo, M. Cerone, and A. Viskovic, “New wooden structures
with composite material reinforcements for historical buildings: The
case of the arena flooring in the Colosseum,” Presented at the Pro-
ceedings of IABSE conference. Innovative wooden structures and
bridges, August 29–31. Lahti, Finland, 2001.
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