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� Twofold increase in ultimate load to failure and stiffness.
� Pre-stressing the implants in tension significantly contributed to strength.
� Effective stiffness increased by up to 94%.
� Increase in ductility of up to 14%.
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A study of the effect of implants made of carbon fibre reinforced polymer (CFRP) on improving the flex-
ural stiffness of oak-wood model beams laminated in two directions was performed with the goal of
improving stiffness in the elastic region, bending strength and overall ductility. Six compositions of
implants (resin only, CFRP in various numbers of layers) were introduced in both the tensile and com-
pression zone of the model beams, and some CFRP implants were introduced as pre-tensioned elements.
This should enable the modelling of structural elements according to their mechanical requirements
depending on the required properties of the final product (construction element, grid member, window,
or curtain wall framing, etc.). Displacement and deformations were recorded during four-point bending
tests using a 3D video extensometer and were analysed by digital image correlation (DIC). An analysis of
the different systems of reinforcements shows that the effective stiffness (EI) and the ultimate load to
failure (ULF) can be significantly improved by different types of implants, resulting in an improvement
of between 4 and 94% for EI and of 2 and 106% for ULF. Generally, increasing the number of CFRP layers
led to an increase in strength and stiffness and a change of ductility of up to 14% which is a sound
improvement for the serviceability limit state. A significant reduction in the bending deformation may
be obtained by introducing implants, but the effect is not proportional to the number of layers and asso-
ciated costs. The smallest deformation was obtained on the beam reinforced with 21 layers of CFRP.
However, even one or two layers of pre-stressed fibres led to significantly reduced deformations compa-
rable to beams reinforced with multiple carbon layers.
� 2021 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Despite its supreme aesthetic, physical, and mechanical proper-
ties, wood as a building material has limitations. To bridge large
spans, wood is often laminated in the length and height of the
beam since this ensures suitable mechanical properties, improves
the homogeneity of the beam, and provides for the rational use
of the material. Trends in contemporary architecture require
cross-sections of the beams to be as small as possible. This espe-
cially refers to the slim scantlings on door and window frames to
be applied to large-sized glass walls, or to curtain walling frames,
which requires not only lamination, but also the introduction of
reinforcements [1]. There are different strategies to enhance the
mechanical properties of wood products. Adding lamellae of higher
mechanical properties in the outer zones of the beams, adding
metallic reinforcements, including aluminium or steel sheets and
metal rods to be glued in [2], or different fibre polymers (FRP),
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including carbon fibres [3–7], glass fibres [8], aramid fibres [9],
basalt fibres [10–12], Vectran-FRP reinforcements [13], etc., can
significantly enhance the bending strength of the beam, and also
reduce its deflection under load [3]. Another role of FRP reinforce-
ments, which have good tensile strength, is to provide local bridg-
ing where there are defects in the wood or where the wood is
joined lengthwise, to confine local ruptures and prevent cracks
opening, to enable the use of smaller cross-sections of wooden
members, or even to use members with lower grades of wood [2].

Carbon fibre reinforced polymers (CFRP) can be used in the form
of sheets, plates, or rods. They are most commonly used in the ten-
sile zone of the beam but can be used in the compression zone as
well. Varying bond lengths, widths, and thickness (number of lay-
ers) of the CFRP result in a significant improvement of the ultimate
load carrying capacity and flexural strength. A further increase in
the number of CFRP layers predominantly improves stiffness in
the proportional region and the overall ductility (above the propor-
tional limit) of strengthened glulam beams [3,14]. Reinforced tim-
ber beams exhibit pseudo-ductile behaviour in comparison to the
linear elastic behaviour of unreinforced beams, which is character-
ized by brittle tensile failure [4]. Reinforcements are most com-
monly used in the form of a sheet glued across the whole width
of the beam in the form of a U-wrap in the tension zone or even
as CFRP bars embedded in grooves in the tension zone. Depending
on the number of layers and their width, the U-wrap may be even
more effective than reinforcement in the form of sheets, since it
results in a 25% to 35% increase in load carrying capacity, a 20%
increase in stiffness, and a 30% increase in the ductility of LVL
beams [5,7]. A similar effect of CFRP sheets was demonstrated on
sawn Norway spruce beams as reported by Andor et al. [6]. Adding
fibres in two or three layers enhances load carrying capacity by
42% and 60%, whereas one or two 10 mm CFRP bars result in a
29% and 52% increased load carrying capacity, respectively [14].
Despite the fact that the bars produce a smaller reinforcing effect
than three layers of fibres, their main advantage is invisible instal-
lation. A comparative study of the flexural behaviour of timber
beams reinforced with different kinds of fibres (usually carbon
fibre, high elastic modulus carbon fibre, glass fibre, basalt fibre
and metallic fibre) demonstrates that fibres with a high elastic
modulus contribute to an increase in the strength of the beams if
a sufficient amount of reinforcement material is applied. Fibres
with a lower elastic modulus (basalt and glass) have proven to
be better than fibres with a high elastic modulus by managing to
increase strength by between 18.2% and 31.3% and to reduce the
deformation capacity of the beams. Basalt fibres, weighing only
half the weight of glass fibres, have stood out since they increase
the strength of the beams by between 25.5% and 31.3% [15].

Large spans are most often bridged using laminated (and/or
reinforced, even pre-stressed) beams made of softwood materials
(pine, spruce, larch, etc.). This is due to their low density, accept-
able dimensional stability and good strength-to-weight ratio.

This overview has so far demonstrated the improvement of the
load-bearing capacity, flexural rigidity, ductility and other proper-
ties of laminated and/or reinforced softwoods. However, softwood
glulam, limited to a greater extent in its deflection than by its
strength, often requires a disproportional increase in the height
of the elements in order to reach a serviceability state, which is
unfavourable from the aesthetic and financial point of view. Rein-
forcements may present a successful method for overcoming such
a problem with softwoods, but it can be expected that even better
effects may be obtained with hardwoods, since the final result is
slenderer elements with extraordinary stiffness and strength.

Using the full range of wood species would give the chance of
designing structures which would use the available resources more
efficiently [16]. This could be achieved by using wood with higher
mechanical properties to reinforce structures where globally or
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locally high mechanical properties are required [17]. Hardwood
species differ from the main softwood species in their surface
chemistry and their swelling and shrinkage behaviour, which
poses great problems in ensuring adequate and long-lasting glue-
bond strength. Furthermore, they have a much higher density
(oak-wood up to two times compared with spruce), they are up
to three times more expensive than softwoods and are therefore
less used and have consequently been less investigated to bridge
large spans. However, due to its good mechanical properties and
durability in exterior conditions, it is reasonable to investigate
and use oak-wood as a construction material as well.

Compared to softwoods used in construction, oak is much more
unstable. It bends, twists, and produces severe stress as it changes
dimensions in adjusting to changes in moisture conditions. With
this movement, the stress on the glue line becomes significant
and can pull the joint apart. Due to specific structural differences
between hardwood species, especially the density of latewood, dif-
ferent pore systems, and the penetration behaviour of adhesives, it
may be difficult for adhesives to achieve good mechanical bond
strength. This means that even water-based adhesives cannot pen-
etrate deeply into the wood structure and can only attach to a very
thin layer of wood cells on the surface. Besides, much greater pres-
sure is required to press stronger, stiffer, high-density wood to
ensure proper contact between the wood surface and the adhesive
[18].

Despite the recently increasing availability of research on the
bonding of deciduous tree species in Europe (e.g. [19–25]), very
limited data are available on the bond behaviour of strengthened
timber beams made of oak-wood [26].

This paper therefore presents the effects of introducing six
types of reinforcement implants, made of epoxy resin and CFRP
implanted in both the tensile and compression zone, on improving
the flexural stiffness of laminated model oak-wood beams.
2. Materials and methods

2.1. Wood

Oak-wood (Quercus Robur, L) beams 60 � 70 � 1000 mm, lam-
inated in two directions, were used in this experiment. The core
consisted of three vertically oriented, face-glued lamellae. They
were subsequently reinforced with CFRP and covered on the bot-
tom (tension) and top (compression) side with full-width horizon-
tally oriented lamellae. This should enable the modelling of
structural elements according to their mechanical requirements,
depending on the required properties of the final product (con-
struction element, grid member, window, or curtain walling fram-
ing, etc.). Top quality rift sawn lamellae were selected with straight
grain, and free from knots or other visible defects so that the nat-
ural heterogeneity of the material and the presence of defects did
not hinder the effect of any of the reinforcement materials. Boards
were kiln dried to a 9% moisture content, converted to 20 mm thick
lamellae, and then glued with PUR adhesive to produce
60 � 60 � 1000 mm beams in industrial conditions. The beams
were then reinforced using the pre-fabricated fibre sheets listed
in Table 1 and additionally covered with 5 mm thick oak-wood
lamellae to form the beams presented in Fig. 1 and 2. The density
of the tested material at 9% moisture content was 635–687–735 k
g/m3 which is in accordance with the data for natural oak-wood
available in the relevant literature [27].
2.2. Fibres and adhesive

Fibre reinforcements were added in laboratory conditions using
a cross-woven carbon fibre fabric of 200 g/m2 and a two-



Table 2
Material properties of fibre.

Fibre
Type

Areal weight
(g/m2)

Thickness of equivalent dry
material (lm)

Tensile
strength (MPa)

Carbon
fibre

200 200 3450

Table 3
Material properties of resin.

Tensile
strength (MPa)

Flexural
strength (MPa)

Compressive
strength (MPa)

Elasticity
modulus (MPa)

75 130 98 4000

Fig. 2. Production of test specimens.

Table 1
Configurations of tested beams.

Specimen
group

Composition No of
layers

No of
specimen

C5 CFRP 40 � 5 mm (CFRP 100) 21 1
C4 Pre-stressed 2x carbon fibres

60 mm width
2 8

C3 Pre-stressed carbon fibres 60 mm width 1 5
C2 Pre-stressed carbon fibres 40 mm width 1 5
C1 CFRP in 40 � 5 mm of epoxy resin filling 1 3
E Epoxy resin filling 40 � 5 mm slot – 3
O Oak-wood, unreinforced – 6
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component epoxy resin of 1.3 kg/m2. Compositions of reinforce-
ment sheets were prepared as plates, or cut into strips along the
fibres and glued into the wood slots as implants in epoxy resin.
Epoxy resin was applied to the wood surface by brush; the implant
was then placed and additionally impregnated with epoxy resin
Fig. 2. To prevent the displacement of implants during the curing
of the resin, the assembled beams were clamped using hand-
clamps for 10 h. No additional pressure was applied. The mechan-
ical properties of the material for the carbon fibre reinforced poly-
mer implants provided by the manufacturers are presented in
Table 2, and the properties of the adhesive are shown in Table 3.

2.3. Preparation of a test specimen

Thirty-one beams in total were prepared, six without reinforce-
ment and twenty-five reinforced. Six specimens served for the
mechanical characterization of the timber (series O), and three to
test the effect of embedding the epoxy resin on wood (series E).
The remainder of the specimens were used to perform the flexural
tests with reinforcements using one of the reinforcing schemes
presented in Table 1 and Fig. 1. A slot 40 � 5 mm was milled in
both tension and compression zones on a series of beams marked
as E, C1 and C5 for the installation of implants placed in several
layers as presented in Table 1. Beams marked as C2 had carbon
implants placed in a slot 40 � 0.4 mm in both zones, and C3 and
C4 were without any groove because carbon fibres were applied
in one or two layers over the whole width of the beam and covered
with 5 mm oak-wood lamella. Such a composition of lamellae
resulted in solid wood pieces with improved load bearing capacity.
Carbon fibres in one or two layers for beams of the C2, C3 and C4
types were longitudinally pre-stressed with an axial stress of
3.3 MPa before fibres were attached to the surface and during
the curing of the two-component epoxy adhesive. All the reinforce-
ments were applied along the entire length of the beams. Before
testing, all the specimens were conditioned for 10 days at
23 �C ± 2 �C and 50% ± 5% relative humidity.

2.4. Test setup

Four-point bending tests with 1/2 F loading points positioned at
each third of the span length were conducted in a laboratory
Fig. 1. Configurations of specimen groups of reinforced oak-wood beams (cross-section,
colour in this figure legend, the reader is referred to the web version of this article.)
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accredited for the testing of wood construction products of the Fac-
ulty of Forestry and Wood Technology of the University of Zagreb,
Croatia, using a 100 kN universal mechanical testing machine
according to HRN EN 408:2012 Fig. 3. Bearing plates were used
for support (and for the loading points) to prevent local wood com-
pression and to reduce friction-induced shear stresses in the spec-
imen. Displacements were continuously monitored by means of
the digital image correlation (DIC) method using a set of two
12 M cameras (Aramis by GOM) to enhance the accuracy of the
measurement Fig. 4. Load was applied in two stages: a pre-test
was carried out through the application of the load up to 14 kN
followed by unloading to settle the sample and the loading frame.
In the second phase, the load was continuously applied until failure
under the constant rate of traverse set at 5 mm/min (displacement
control). The ultimate loads were reached within 327 to 350 s,
epoxy resin – yellow, carbon fibres – black). (For interpretation of the references to



Fig. 3. Configuration of the four-points bending test.

Fig. 4. Four-point bending test with the Aramis measurement system. A randomly
dotted pattern of specks on the sides of the specimen serves for the DIC monitoring
of displacement and deformations.

Fig. 5. Stochastic pattern on beams prepared for optical measurement.
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which is in accordance with EN 408. The aim of such an approach
was to provide for the precise monitoring of deflection at specific
load levels (in the elastic region below the proportional limit and
in the plastic – ductile region of the load-deflection graph) and
to compare different reinforcing schemes. The test results are pre-
sented and discussed in the form of load – displacement, failure
modes, effective stiffness, deflection at failure and axial deforma-
tions. Axial deformations are expressed as the technical strain on
representative beams, which was computed by software as the
quotient of the length change and the reference length and shown
by colours.

2.5. Measuring system

Displacements and deformations during testing were measured
using the digital image correlation (DIC) method with the images
captured each second during the loading phase. The whole series
of images was recorded using two 12 M cameras to trace the dis-
placements of the tested surfaces that were later analysed using
Aramis Professional software. Aramis is an optical stereo camera
3D measuring system for analysing statically or dynamically
loaded parts. For the application of the DIC method, a spotted ran-
dom pattern for the correlation of particular points was applied to
4

the specimens’ side surface. A thin layer of white paint was applied
to the surface of a specimen and then fine black spots were sprin-
kled to create a random pattern of strong contrast (Fig. 5). The dis-
placements presented in Fig. 7 and Table 4 were taken at the mid
span and mid height of the unreinforced and reinforced oak-wood
beams.

3. Results and discussion

3.1. Evaluation of failure modes

Failure modes, which are commonly observed in timber beams
subjected to bending, can be summarized as compressive, tensile
parallel to fibres (splintering tensile, brash tensile), tensile perpen-
dicular to fibres, and horizontal shear failure [29,5]. The behaviour
of timber in bending is generally dependent on both tensile
strength and compression deformation; however, in conditions of
ambient humidity and low equilibriummoisture content, the beam
bending strength is dominated by tensile properties of wood paral-
lel to fibres. The tension failure of wood in bending is brittle, ran-
dom and difficult to predict [30]. Visual inspection of all the beams
tested in our study showed that all three lamellae which were face
glued failed under the bending load. An overview of the failure
modes given in Fig. 6 (O to C5) shows the longitudinal central sec-
tion of the tested beams:

a) control group of laminated oak-wood beams (O); tension
parallel to fibres causes a cross-grain fracture below the neu-
tral line. As the fractured zone shortens, the combination of
shear parallel to the fibres and tensile fracture perpendicular
to the fibres causes a characteristic splintering mode. The
glue line does not represent discontinuity in the material
and the failure develops through the homogenous element.
The slight inclination of the grain caused the initiation of
failure not centrally, but at the weakest point in the tension
zone.

b) beams reinforced with epoxy resin (E); delamination of the
outer lamella resulting in a lower maximum deflection, the
concentration of tension stresses moves to and behind the
epoxy layer which only slightly prevents an extension of
the tension zone, and marginally improves ULF. The epoxy
fails first, and at that initiation point a typical tension
cross-grain wood failure develops, followed by shear and
tension failure perpendicular to the fibres (splitting);

c) beams reinforced with one layer of CFRP in epoxy resin (C1).
The bottom lamella delaminated which causes the stresses
to concentrate in the CFRP/epoxy layer; tension combined
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Table 4
Overview of mean values and standard deviation of load at failure (ULF) and displacement at mid span of the unreinforced and reinforced oak-wood beams. The relative changes
of the mean values with respect to the reference samples (O) are also presented.

Specimen group Reinforce-ment Mean ultimate load to failure Mean displacement

ULF (kN) SD (kN) CV (%) Relation to wood (%) Displace-ment at ULF (mm) SD (mm) CV (%) Relation to wood (%)

C5 CFRP 100 45.49 – – 106.88 30.14 – – �1.29
C4 CFRP 60 2x 31.29 1.78 5.70 42.29 28.42 3.49 12.29 �7.21
C3 CFRP 60 32.31 1.205 3.73 46.92 31.53 2.725 8.64 3.18
C2 CFRP 40 29.46 0.669 2.27 33.97 29.00 2.025 6.98 �5.28
C1 CFRP 24.49 2.470 10.08 11.39 30.23 4.772 15.79 �1.00
E Epoxy resin 22.24 1.405 6.32 1.13 28.74 2.209 7.69 �6.22
O None 21.99 1.809 8.23 – 30.53 2.250 7.37 –
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with cross-grain failure and partial shear failure. CFRP in
epoxy resin ruptures in the tensile zone, and carbon sustains
the tensile stress until it fails (resulting in greater ULF at the
same maximum deflection). Immediately after the central
cross-grain fracture, the wood fails in shear and tension per-
pendicular to the fibres (splitting);

d) beams reinforced with one or two layers of pre-stressed
CFRP 40 mm (C2), CFRP 60 mm (C3), 2 layers of CFRP
60 mm (C4). CFRP bears most of the stresses until it ruptures
in the tensile zone; the bottom lamella further delaminated
and ruptured. Delamination of the carbon layer in a thin
epoxy glue line develops only after its failure; stresses from
the wood are uniformly transferred to carbon which pre-
vents the initiation of the failure within the wood tension
zone. A thin carbon layer increased the tensile strength
and the rigidity of the profile in the elastic region. The pre-
stressing of carbon in tension reduces shear stresses in the
glue line during bending, resulting in 33–44% greater ULF
at nearly the same maximum deflection as wood: upon the
tensile fraction of the carbon layer, the wood fails in a
cross-grain failure mode followed by shear and tension per-
pendicular to the fibres; the crack follows the grain of the
dominant lamella.

e) a beam reinforced with 21 layers of CFRP (C5); fracture of
CFRP in the compression zone due to the brittleness of the
implant, but not in the tension zone. The bottom lamella
delaminated and ruptured prior to global failure. The tensile
properties of the implant are not fully utilized because of the
shear stresses between the wood and the implant within the
bond line due to their differences in elasticity: the implant in
the tension zone remains compact while the outer wood
lamella fails and detaches. Only after the compression and
shear fracture of the impact in the compression zone (upper
left detail) does the wood fail in splitting mode, both due to
the tension fracture near the lower bond line and due to the
parallel-to-fibre shear stresses in the compression zone.

The failure mode of the beams is consistent among all samples
where cross-grain tensile failure can be seen. Splintering tensile
failure is common in tough wood and is usually fibrous. The com-
pression failure of wood is quite rare. The 5 mm oak-wood lamella
has no strengthening effect; rupture and delamination occurred in
the tension zone in all beams. CFRP as expected ruptured in the
tension zone in one or two layered reinforced beams. The ability
of the glue-bond of the implant to resist shear failure seems to
be dominant in preventing premature tensile failure, whether of
the CFRP or of wood.

3.2. Load : mid-span displacement

The results of the ultimate load to failure (ULF) and the maxi-
mum displacement of the control beam (laminated oak-wood)
and six reinforced beams are shown in Table 4 and Fig. 7. The
6

load-displacement behaviour among the samples within the same
group of control (O) and the reinforced beams (C1-C5) appeared to
be consistent (see the coefficient of variation (CV) values in
Table 4), and therefore only the curves of one representative sam-
ple from each group is presented in Fig. 7. The average ultimate
load and the corresponding deflection values are presented in
Table 4. As demonstrated, reinforcement with CFRP leads to an
increase in the ultimate load to failure values and stiffness of
beams indicated by an ever steeper inclination of the load-
displacement curves. The curves of the reinforced specimen exhibit
a smaller proportion of plastic deformation above their limit of
proportionality, i.e. they seem to be more ‘‘linear” through the
whole load-displacement range. This is clearly influenced by the
very pronounced tensile strength (‘‘stiffness”) of the carbon
implants, since specimen C5, with the thickest carbon fibre layers,
demonstrates the greatest reduction in ductility. However, all
curves generally demonstrate stiff and brittle behaviour in bend-
ing, with a low level of ductility, as demonstrated previously
[28]. There is a significant increase in both strength and stiffness
in the reinforced beams except for reinforcement only with epoxy
resin (E).

The average displacement values in the ULF range for all speci-
mens are between 27 and 32 mm, with the wood beams ‘‘O” hav-
ing a mean value of 30.5 mm. However, displacement at the ULF
cannot be a single parameter describing the stiffness of the speci-
mens, since failure develops in different modes with specific types
of implants. In certain cases (e.g. C5) the fracture of the beam does
not develop as a result of pure tensile failure, but is initiated by
shear failure at the glue-line between wood and carbon implant,
resulting in lower ULF than would be expected regarding the num-
ber of layers and tensile properties of the implant. It is also worth
noting that the displacement at a certain level of load (e.g. at 14 kN,
~ 60% of the wood ULF value, closely representing the limit of pro-
portionality for the reference samples) can be significantly reduced
with the insertion of implants. Even a single layer of pre-stressed
CFRP (C2 and C3) reduces the deflection by ~35%, whereas stiffer
implants (C5) reduce it by half.

The epoxy implant, without any fibres, only marginally
improved the overall strength and stiffness of the beams in con-
trast to the CFRP implants which significantly improved the
strength of the beams. A single layer of CFRP in an epoxy slot
(C1) resulted in a ULF increase of 11%, although it did not con-
tribute to a reduction in the overall deformation. A further increase
in the number of layers of CFRP contributed significantly, although
not proportionally, to the mechanical properties of the beams:
specimens of the C3, C4 and C5 types could reach strength
improvements of between 42 and 107% (see Table 4). This obvi-
ously depended on the flexural properties and the modes of failure
of different types and compositions of implants. The slippage of
wood-epoxy glue bond may change the distribution of stresses
partly to pure tension (cross-grain failure in exterior wood
lamella), but also partly to shear and cleavage (tension perpendic-
ular to wood fibres within the body of the beam, Fig. 6). This
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resulted in bending deformations prior to failure that were similar
to those of wood (group O), i.e. not proportional to the increase in
global strength introduced by ever greater number of carbon layers
or stiffness of the implants.

The pre-tension of the carbon sheet implants proved to be nota-
bly efficient in improving the flexural properties of the beams. If
the same amount of CFRP in a 40 mm wide slot as in the C1 spec-
imens (which improved the ULF by 11%) is pre-loaded in tension, it
increases the strength (ULF) by 34% (C2), and when the implant is
not in a slot, but is 60 mm wide, the improvement of the ULF
amounts to 47%. Fig. 7 reveals that two layers of pre-stressed CFRP
(C4) produce a similar improvement in ULF as a single layer (C3),
but this results in reduced displacement. Fig. 8 shows that the
introduction of carbon implants of any kind will not dramatically
alter the deformation values at failure in comparison with pure
wood laminations, but the forces to reach such a displacement
are regularly much greater than with wood. At the same time,
the values of displacements at specific loads in the elastic region
were much smaller than with wood, as will be discussed later.
The development of implants in such a sense may be of great prac-
tical importance, where an optimum combination of implant costs
and mechanical improvement is sought.

3.3. Effective stiffness (EI)

The effective stiffness (EI) of the control (O) and reinforced
beams (C1-C5, E) is calculated at each registered point on the
load–displacement curve of each beam and calculated by using
the following equation:

EI ¼ Fa
24d

3L2 � 4a2
� �

; ð1Þ

where EI is effective stiffness in kN m2, F is loading force in N, a is
the distance between a loading position and the nearest support
in a bending test, in mm, d is displacement at force F, in mm, and
L is the length of the test piece between testing machine gips in
compression and tension, in mm.

Fig. 9 shows how the reinforcement effect of a particular
implant type affects the mechanical properties. Rigidity is seen in
Fig. 8. The effect of various implant types on the ultimate mechanical properties and
(horizontal lines).
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ever shorter times to reach a certain load with ever stronger
implants (Fig. 9 a and b) and the load curves become ever steeper
(Fig. 9a), indicating ever better effective stiffness. The displace-
ments are linear (Fig. 9b), indicating that only linear-elastic beha-
viour was shown in this type of mechanical testing. The positive
effect on effective stiffness of the pre-stressing of implants is seen
in Fig. 9c, where the curves of three pre-stressed CFRP reinforce-
ments are grouped significantly above the single carbon layer
model, yet not so much lower than the C4 model as would be
expected given the differences in the number of layers (1 or 2
pre-stressed carbon sheets for C2-C4 or 21 layers for C5).

In Table 5, EI is expressed as an average of the dominant value
(MODE) for each beam and may be regarded as almost constant
within the elastic area (the slope between 10% and 40% of the
maximum load of each beam). It ranges from 29 kN m2 for pure
laminated oak-wood beams to 57 kN m2 for wood reinforced with
21 layers of CFRP. EI reaches the maximum soon after the appli-
cation of the load in both the first and second phase of loading
(Fig. 9).

Epoxy resin itself (E) and CFRP in a 40 mm wide slot (C1) exhib-
ited a small improvement in effective stiffness (up to 16%). Pre-
stressed fibre sheets in one or two layers glued with epoxy resin
in a width of 40 or 60 mm (as seen in Table 5 and Fig. 9) resulted
in a significant improvement of the EI of composite beams of
between 45 and 68% when compared to unreinforced oak-wood.
From the material consumption point of view, the best reinforce-
ment effect of 57% is seen in the case of one layer of 60 mm wide
pre-stressed fibres. Reinforcing oak-wood with carbon fibre
implants of a 40 � 5 mm cross-section in 21-layers (C5) results
in a 94% increase in effective stiffness. Implants C5, however,
exhibited only a 36% better EI compared to C3 which suggests this
might not be a cost-effective option.

Lu et.al [4] obtained a 12% improvement in effective stiffness on
Douglas fir and a 23 to 39% improvement on poplar beams rein-
forced in the tensile zone. On the other hand, Vahedian et al. [3]
varied the width and the number of layers (2 and 4) of CFRP in
the tensile zone (30 and 45 mm) and obtained an increase in stiff-
ness of between 31 and 64% which is comparable to the results
presented in our investigation.
displacements of reinforced beams in comparison to pure laminated wood beams
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3.4. Comparison of deflection at the same level of load

The displacement profile along the beams was recorded in a
range between 0.25 and 0.75 L at a force that corresponds to
0.25, 0.5, 0.7, 0.8, 0.9, 0.95 and 1 of Fmax for the unreinforced
oak-wood beam (Fig. 10). A comparison of displacements of all
representative beams at 22.8 kN, which corresponds to Fmax of
8

the unreinforced beam, is presented in Fig. 11. All displacements
presented in Table 6 correspond to a point on the mid span at the
half beam height of each representative reinforced beam. The dis-
placements of reinforced beams are smaller compared to the
unreinforced beam, being lower at the ends of the beams and
higher in the middle. The order of curves is the same for all
samples.



Table 5
Average effective stiffness (EI), standard deviation (SD) and increase relative to the reference group of samples.

Specimen group Reinforcement EI (kNm2) SD (kNm2) CV (%) Relation to wood (%)

C5 CFRP 100 57.02 – – 93.65
C4 CFRP 60 2x 49.40 1.99 4.03 67.74
C3 CFRP 60 46.32 1.11 2.39 57.28
C2 CFRP 40 42.93 2.10 4.90 45.79
C1 CFRP 34.33 0.25 0.73 16.59
E Epoxy resin 30.50 1.97 6.45 3.56
O None 29.45 2.64 8.98 –
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Fig. 10. Average displacement at 0.25, 0.5, 0.7, 0.8, 0.9, 0.95 and 1 (Fmax) for the beam O, respectively.
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Fig. 11. Relative axial deformations of representative reinforced beams at 22.8 kN which corresponds to the near failure load of laminated wood (Fmax wood).

Table 6
Overview of displacement at the mid span of unreinforced and reinforced oak-wood beams at the same level of loads for samples O.

Group Displacement (mm) at various loads (kN)

Load of
5.71 kN

Relation to wood (25% Fmax

wood), %
Load of
11.42 kN

Relation to wood (50% Fmax

wood), %
Load of
22.84 kN

Relation to wood (100% Fmax

wood), %

C5 3.62 �54.98 6.98 �48.26 13.72 �55.02
C4 4.19 �47.89 8.06 �40.25 16.90 �44.59
C3 4.49 �44.15 8.51 �36.92 17.22 �43.54
C2 5.11 �36.44 9.15 �32.17 18.82 �38.30
C1 5.85 �27.24 11.31 �16.16 25.4 �16.72
E 5.95 �26.00 11.46 �15.05 27.47 �9.93
O 8.04 –- 13.49 – 30.5 –
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Reinforcement by various implants may result in a reduction of
displacements in different ranges, depending on the material and
the construction of the implant, but at the ultimate load to failure
of wood it generally ranges between 9.9 and 55%. Interestingly, the
tensile strength of the implant affects the flexural behaviour of the
beams: at lower loads, ‘‘weaker” implants (an epoxy layer or a sin-
gle CFRP layer) produce a proportionally greater stiffening effect
(~26–27% reduction in displacement) than at higher loads (10–
17%). This is not the case with ‘‘stiffer” implants of a higher number
of layers or pre-stressed layers. This would mean that the signifi-
cant effect in stiffening products such as secondary (non-bearing)
elements, in the range of their functionally applicable loads, could
already be obtained with simpler and cheaper implants, whereas
load bearing construction elements would require stronger
implants in order to provide the stiffening effect over the whole
possible range of loads.

These results (the reduction of displacement in the group C1-C4
from 16 up to 45%) are in good agreement with those presented by
Vahedian et al. [3], where reinforcement with two or four layers of
10
CFRP leads to a decrease of displacement by 11 to 50% at the mid
span of the reinforced beams.

To enable a comparison of displacements at the same level of
load, all displacements are shown at a load that corresponds to
0.25 (5.7 kN), 0.5 (11.4 kN), 0.7 (15.99 kN), 0.8 (18.3 kN), 0.9
(20.6 kN), 0.95 (21.7 kN) and 1 (Fmax = 22.8 kN) for the group of ref-
erence beams (O).

Fig. 11 clearly shows that the reinforcements lead to an
improvement in the stiffness of the beams. As a result, reinforced
beams deformed much less at the same level of load. The distribu-
tion of deformations is presented with colours where red indicates
tensile and blue compression deformations.

There is a significant decrease of deformation in the tensile zone
of reinforced beams (C5, C4, C3, C2) at loads that caused the com-
plete failure of unreinforced wood (Fmax wood). Beams reinforced
with epoxy resin (E) and epoxy resin with one layer of carbon
fibres (C1) showed a poor stiffening effect which proved similar
to the unreinforced beams O. The smallest deformation was, as
expected, obtained with the heavily reinforced C5 beams. Interest-



Fig. 12. Procedure to obtain the ductility ratio in terms of displacements [2].
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ingly, one or two layers of pre-stressed fibres in the C4, C3 and C2
beams led to significantly reduced deformations which were com-
parable to the C5 beams that were reinforced by a disproportion-
ally greater number of layers (21) of fibres.

3.5. Displacement ductility

Displacement ductility is used to compare the improved capac-
ity of reinforced beams. It is calculated using the following
equation

ld ¼
du
de

ð2Þ

where du and d e are the ultimate deflection and elastic deflection
[2]. For the control beam, the bi-linear load-deflection curve is
observed and, therefore, the determination of the ductility index
is straightforward. However, the load-deflection relationship of
the strengthening schemes is not bi-linear, and du and de were
obtained from the experimental test in order to calculate the ductil-
ity index as illustrated in Fig. 12 [2]. The displacement ductility
index is defined as the ratio of the ultimate mid-span deflection
over the first yield deflection of beams. The first yield deflection
(de) corresponds to the intersection of the tangents to the ultimate
load deflection curve at the origin and ultimate deflection (du).

The increase in the number of layers of CFRP fibres also pro-
moted the stiffness of reinforced beams leading to a decrease in
the maximum displacement of some reinforced beams. Some rein-
forced beams exhibited increased (greater) ductility in comparison
with wood, although the overall change in ductility is not promi-
nent except for the C3 to C5 beams (10% to 14%). All these results
affected ductility in a complex mode (Table 7). The mean value of
the ductility of laminated oak-wood beams (O) is 1.29 and is
Table 7
Average ductility, standard deviation and increase relative to the reference group of
samples

Specimen
group

Reinforcement Ductility SD (N) CV (%) Relation to
wood (%)

C5 CFRP 100 1.15 – – �10.85
C4 CFRP 60 mm 2x 1.47 0.22 14.76 13.95
C3 CFRP 60 1.44 0.08 5.23 11.63
C2 CFRP 40 1.35 0.05 4.03 4,65
C1 CFRP 1.35 0.10 7.50 4.65
E Epoxy resin 1.23 0.08 6.28 �4.65
O None 1.29 0.06 4.51 –
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defined as a reference point. Epoxy resin (E, 5 mm layer) led to a
4% change in ductility. One layer of CFRP in the epoxy resin (C1)
and pre-stressed CFRP 40 mm (C2) improved ductility within a
5% range. One or two layers of pre-stressed CFRP in a 60 mm width
resulted in an increase of ductility of up to 14%. A further increase
in the number of CFRP layers (C5) resulted in the greater ULF and
stiffness of the reinforced beams, although this reduced ductility.
These results (groups C3 and C4) are comparable to those pre-
sented by Subhani et al. [5], who obtained a 14% improvement of
ductility in CFRP reinforced LVL beams.
4. Conclusions

This paper reports on the effects of six systems of reinforce-
ments of carbon fibres, introduced in both the tensile and compres-
sion zone, on improving the flexural stiffness in bending of
laminated oak-wood model beams.

Generally, the increase in implant thickness and the number of
reinforcing layers results in improvements of ultimate load to fail-
ure and stiffness, where up to twofold values could be obtained.
However, the effect of the increase in the number of layers is not
proportional to the obtained benefits. Only a single CFRP layer
did not provide a significant effect, whereas implants of 21 layers
could not be fully utilized in their tensile properties because of
the shear failures due to the adhesive strength of the glue line with
wood.

The tensile pre-stressing of the implants significantly con-
tributed to strength in the tension zone, while reducing the coun-
terposed shear stresses in the glue bond during bending. This
resulted in proportionally optimum improvements in properties
(up to 47% greater ULF at 60% increased effective stiffness) in com-
parison with other types of implants.

Effective stiffness can be increased by up to 94%. However, from
the material consumption point of view, the best reinforcement
effect of 46% and 67% was seen in the cases of one or two layers
of 40 mm and 60 mm wide pre-stressed fibres.

Displacements and deformations at mid span are continuously
reduced with the increasing number of CFRP layers. One or two
layers of pre-stressed fibres led to significantly reduced deforma-
tions which were comparable to those of beams which had 21 lay-
ers of non-stressed carbon fibres.

Beams reinforced with one or two layers of pre-stressed CFRP
resulted in an increase of up to 14% in ductility.

One or two layers of pre-stressed fibres, implanted over the
complete width of the element/model beam (tension zone), offer
the best ratio between improving the mechanical properties and
the amount of introduced additional material. On the other
hand, introducing 21 layers of carbon fibres may significantly
reduce the cross-section of the wood beam. The optimum
between mechanical improvement and the foreseeable costs of
various implant systems will therefore be analysed in further
work.
CRediT authorship contribution statement

Andrija Novosel: Methodology, Formal analysis, Investigation,
Data curation, Writing - original draft, Writing - review & editing,
Visualization. Tomislav Sedlar: Formal analysis, Investigation,
Writing - original draft, Writing - review & editing, Visualization.
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