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ABSTRACT
This paper presents experimental results of the mechanical behaviour of LVL (Laminated Veneer
Lumber) made of poplar reinforced with fiber reinforced polymer (FRP) subjected to shear and
compressive stresses. Through mechanical properties such as strength, stiffness, maximum
displacement and non-destructive measurements of elastic moduli in compression and shear, the
influence of different variables was analysed: 1) Type of FRP (carbon or basalt); 2) Fiber direction;
3) Quality of veneer. The influence of veneer quality under compressive stresses and the difference
between carbon and basalt under shear stresses have been verified. In addition, for the
unidirectional carbon reinforcement, improvements up to 21% in compressive and shear stiffness
and elastic modulus was achieved, respectively.
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Introduction

Given the growing world population and the consequent
demand for buildings, it is essential to implement a new para-
digm in construction, currently focused on concrete and steel,
in order to meet the decarbonisation objectives of the Paris
Agreement for 2050. The use of wood, considered the
material of the twenty-first century, is an efficient way to
reduce these emissions. The cement sector is responsible
for around 5% of CO2 emissions, meaning that during the
manufacture of each ton of cement, 1 ton of CO2 is emitted
into the atmosphere (Mengpin 2020). The commercial and
residential construction sector thus represents globally 39%
of CO2 emissions (Abergel et al. 2017). Yet wood, being a
material that absorbs CO2 (Beyer 2019) to produce oxygen,
is a renewable material with numerous environmental advan-
tages. The use of wood in the construction sector (Ramage
et al. 2017) gives opportunity to numerous species including
poplar, a fast-growing tree whose use would make it possible
to greatly reduce pressure on forests with a very long felling
shift. The introduction of new technologies in the wood
sector can give poplar a great boost, transferring it from its
current use as paper, biomass, decoration, plywood, or fruit
boxes, to the realm technological products with high added
value such as OSB (Orientated Strand Board), laminated
beams or LVL (Laminated Veneer Lumber).

LVL is a structural product having high mechanical proper-
ties (Rahayu et al. 2015), made up of several veneers normally
glued in the direction of the fiber. The engineered wood
product (EWP) can eliminate defects in the wood such as
knots, cracks or high fiber deviations, thereby enhancing its
mechanical properties when compared to traditional sawn
wood (Laufenberg 1983). A wide variety of species may be
employed in the production of LVL: beech, birch, Douglas

fir or poplar. Several authors have verified the increase in
mechanical properties such as flexural strength and elastic
modulus (MoE) offered by LVL beams made with poplar
and beech, also differentiating the importance of the sheet,
obtaining an improvement in the bending strength up to
6% in first grade LVL beams as opposed to beams made
with second and third grade plates (Strickler and Pellerin
1971, Rohumaa et al. 2013, Burdurlu et al. 2007, Viguier
et al. 2018).

Since the 1960s, several articles have addressed the use of
fiber-reinforced plastic (FRP) materials to increase the mech-
anical properties of medium- or low-grade timber species
such as poplar (Biblis 1965, Laufenberg et al. 1984). The use
of carbon, basalt or glass fibers has been widely studied in
conjunction with laminated beams or LVL, being applied
externally or else embedded in the manufacturing process
(Gilfillan et al. 2003, H’ng et al. 2010, Raftery and Harte
2011, Wei et al. 2013, Bekir 2014, Rescalvo et al. 2017,
2018a, 2020, Solarov and Glišić 2014, Bakalarz et al. 2020),
and clearly showing improvement in the general mechanical
properties, its extent depending on the type and arrange-
ment of reinforcement. Rescalvo et al. (2020) reported an
improvement in the bending global modulus of elasticity
due to the carbon unidirectional reinforcement up to
42.2%. In Bakalarz et al. (2020), an improvement of the
bending global modulus in edgewise LVL beams of 11%
was achieved applying a CFRP lamella.

The compression and shear behaviour of reinforced
elements is a very important aspect in connections with
other structural elements, such as the load bearing of an
LVL beam on a horizontal concrete or timber element. In par-
ticular, high concentrations of shear and compressive stresses
can be present in the LVL beam connection if the joint design
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is not appropriate (Aira et al. 2015, Villar-García et al. 2019).
The evaluation of these types of stresses in beam section
specimens is one of the objectives of this paper. Therefore,
it is important to deepen not only the bending improvement
that FRP reinforcement can provide, but also in the behaviour
of this type of stresses (Yeh and Williamson, 2002). To under-
stand this, the first step is to assess this behaviour under pure
stresses, without the influence of combined stresses.

Although there are some studies of the wood-FRP adher-
ence and shear behaviour through flexural tests (Yoshihara
et al. 1998, Jelusic and Kravanja 2018, Rescalvo et al. 2018b,
Davalos et al. 2020) few papers evaluate the effect of applying
reinforcement with FRPs in LVL elements under compression
stresses and pure shear. Few studies (Gupta and Siller 2005)
undertake comparisons of the shear strength of LVL elements
in the direction of the fiber and perpendicular to it, demon-
strating the influence of late checks on the degradation of
this mechanical property. These papers have evaluated FRP-
wood adhesion in different types of EWPs, but have not eval-
uated different types of FRP and different braiding in a LVL
element. The evaluation this behaviour is an important
aspect when dealing with stresses other than bending.

In order to address the aforementioned, in this article, poplar
LVL panels were elaborated and beam-sized specimens were
extracted and then tested for compression and pure tensile
shear. The aim of this paper is to evaluate: 1) the effect of
different types of reinforcement – carbon or basalt (which is
one third cheaper than carbon); 2) the effect of different braid-
ing - unidirectional or bidirectional; 3) the effect of the use of
two quality panels, evaluating two grades of veneers and
adhesive content on the mechanical properties.

Materials and methods

Poplar LVL samples

All poplar wood was obtained from the same tree (I-214
clone). The tree was cut into 900 mm logs, which were num-
bered according to their height from the ground. The logs
were then peeled into 700 mm length, 3 mm thick veneers,
and visually classified into Q1 and Q2 grades, according to
the presence of knots and height from the ground. The
veneers assigned to quality Q1 came from the lower part of
the tree (0.5-2.5 m) and had no knots or only a few with
small diameters. The Q2 class veneers had knots and came
from logs over 2.5 m above the ground.

In order to better differentiate the two LVL grades, LVL
panels made from higher quality veneer (Q1) were manufac-
tured with a slightly higher amount of adhesive than those
made from lower quality veneer (Q2), as shown in Table 1.
This allows a better evaluation between grades of LVL speci-
mens. All the veneers were conditioned in a climatic chamber

at 30.7 °C and 70% relative humidity for 48 h until a 12 ± 1%
of final moisture content was achieved.

During the panel manufacturing process, Purbond® HB
S309 polyurethane adhesive was used in the veneer-to-
veneer bonding. The process was carried out with a glue
spreader machine with a distance between glue lines of
10 mm. The density of the PUR adhesive is 1.160 kg/m3 and
the Brookfield viscosity of 24000 mPa·s (Sp.6 / 20 rpm at 20
°C, measurement between 16 and 36 h after production).
The press time was of 4 h at 20 °C, applying a pressure of
0.6 N/mm2. Figure 1 shows a diagram of a panel with
embedded FRP reinforcement, fromwhich the test specimens
were extracted. In all cases, the LVL specimens had 15 layers
of veneer, 13 in the core and two in the outer layers (Figure 1).

After the panels were cured, prismatic pieces with an
approximate cross-section of 45 × 45 mm and a length of
500 mm were extracted. All these pieces were subjected to
a non-destructive test using a vibration method (Brancheriau
and Bailleres 2002, Cirad 2020). By means of the methodology
of Brancheriau and Bailleres (2002) and using the Timoshenko
bending theory, it was possible to obtain the longitudinal
(MoEdyn,l) and the transverse modulus of elasticity, as well
as the shear modulus of each specimen (Gdyn) (Figure 2).

After the non-destructive test, from each piece, one speci-
men was extracted for the compression test and one for the
shear test, with a total length of 200 mm in the direction of
the fiber, as depicted in Figure 3. The shear specimens were
machined with two transversal saw cuts which overlaps by
4 mm, in such a way that when the specimen was under
tension, the central area was mainly subjected to shear stres-
ses, avoiding undesirable stresses as bending. This specimen
geometry is actually similar to that of (UNE-EN 314–1 2007)
which aims to test bonds shear strength, but here the shear
plane is not in a bonding line but perpendicular to the
bonds (i.e. it’s the wood material which is subjected to shear
in the longitudinal-radial orthotropic planes of wood). For
each typology and test type, 13 specimens were elaborated
and tested. Table 2 offers the nomenclature of the specimens
produced for each layout. Due to the lack of material, only non-
reinforced beams of Q1 quality could be elaborated.

FRP properties

Two types of fiber reinforced polymer (FRP) fabrics were used,
carbon and basalt (CFRP and BFRP, respectively). Although
basalt has lower mechanical properties than carbon (Table 3),
its cost is 66% lower, making it comparatively attractive.
In particular, the unidirectional FRP fabrics Mapewrap®
C-Uni-Ax (CU), and Mapewrap® B Uni-Ax (BU) were used.
Furthermore, to evaluate the influence of fiber direction,
the bidirectional fabric Mapewrap® C-Bi-Ax (CB) was used.
All reinforcements were bonded to the wood veneers using
Mapewrap® 21 bi-component epoxy resin with a mixing
ratio of 4 parts by weight of component A and 1 part by
weight of component B. The application was carried out care-
fully following the recommendations of the manufacturer
with a consumption of about 1200 g/m2. The resulting
mixed epoxy resin has a density of 1.1 g/cm3 and a Brookfield
viscosity of 300 mPa·s (shaft 1, rev. 10).

Table 1. Elaboration properties of the poplar LVL panels.

Q1 panels
(high quality)

Q2 panels
(low quality)

Amount of adhesive (g/m2) 200 150
Section of the tree where the
veneers come from (m)

0.5-2.5 2.5-6.1
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Mechanical tests

All tests were carried out on a multi-testing machine with a
load cell having a maximum capacity of 250 kN.

Compression tests parallel to the grain
The compression tests in the direction of the fiber were per-
formed according to the standard (UNE EN 408 2012) with a
displacement control speed of 1 mm/min. At this speed, the
maximum stress values were reached at the mean time of
157 s, being in the range of 300 ± 120 s (UNE EN 408 2012
– Section 15). Figure 4 shows two specimens during the
test for each wood species. Through the maximum failure
load, the maximum compressive stress in the grain direction
or fc,0 was obtained as (Equation 1):

fc,0 = Fc,0,max

Ac
(1)

Figure 1. Scheme of a poplar LVL panel with embedded FRP material. Distances in mm.

Figure 2. Scheme of the process from panel to testing sample. Distances in mm.

Figure 3. Left: LVL sample for compression test. Right: LVL sample for shear
test. Distances in mm.

Table 2. Compression and shear samples and tests.

Quality FRP Mechanical Test Nomenclature

Q1 (High) No Compression NR-Q1-C
No Shear NR-Q1-S
CFRP-Uni. Compression CU-Q1-C
CFRP-Uni. Shear CU-Q1-S

Q2 (Low) CFRP-Uni. Compression CU-Q2-C
CFRP-Uni. Shear CU-Q2-S
CFRP-Bidi Compression CB-Q2-C
CFRP-Bidi Shear CB-Q2-S
BFRP-Uni. Compression BU-Q2-C
BFRP-Uni. Shear BU-Q2-S

Table 3. Main properties of the FRPs.

MAPEWRAP C
UNI-AX

MAPEWRAP C
BI-AX

MAPEWRAP B
UNI-AX

Fiber of FRP Carbon Carbon Basalt
Orientation of the fiber Unidirectional Bidirectional

(0/90)
Unidirectional

Specific weight (g/m2) 300 238 400
Thickness (mm) 0.166 0.064 0.140
Maximum tensile stress
(MPa)

4830 4800 4840

Tensile elastic modulus
(GPa)

230 230 89

Max. elongation (%) 2.0 2.1 3.2
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where Fc,0,max is the maximum compressive load and Ac is the
cross-section of the sample. Considering the elastic range of
the load-displacement relationship, the value of the compres-
sive stiffness Kc was obtained as:

Kc = DFc,0
Dd

(2)

where DFc,0 is the compressive load increment between 25%
and 50% (higher linear relationship) of the maximum com-
pressive load Fc,0,max, and Dd is its corresponding displace-
ment increment. In order to evaluate the ductility of each
layout, the displacement at maximum ultimate load at com-
pression, δc,max,l, and the ultimate displacement, δc,u, have
been calculated.

Shear test parallel to the grain
The shear test was carried out by displacement control, with a
speed of 1 mm/min. Although this test is not covered by any
standard, the speed was established in accordance with the
mechanical test times recommended in the (UNE EN 408
2012) standard, reaching the maximum breaking load at
the mean instant of 133 s (see Figure 5). The maximum
shear stress value in the fiber direction or fv,0 was obtained
as (Equation 3):

fv,0 = Fv,0,max

lsws
(3)

where Fv,0,max is the maximum shear load in the fiber direction,
ls is the distance between notches (25 mm), andws is the width
of the specimen in the central shear area. Similarly, considering
the elastic range of the load-displacement relationship, the
value of the shear stiffness Kv was obtained as:

Kv = DFv,0
Dd

(4)

where DFv,0 is the shear load increment between 25% and
50% (higher linear relationship) of the maximum shear load
Fv,0,max, and Dd is its corresponding displacement increment.
In order to evaluate the ductility of each layout, the displace-
ment at maximum ultimate load at compression, δv,max,l, and
the ultimate displacement, δv,u, have been calculated.

Statistical analysis
Non-parametric Kruskal–Wallis tests were performed using
the Statistix V.9® package in order to determine the statistical
differences between the different comparison groups (A, AB,
B,…). The normality of the variables was verified, and a fac-
torial ANOVA was performed for the Gaussian variables. Stat-
istically significant differences between the means were
established for p-value <0.05

Results and discussion

In order to be able to perform a reliable mechanical compari-
son, results were divided into three groups: Group I) Non-
reinforced versus carbon unidirectional reinforced, among
samples of the same quality; Group II) Comparison between
veneer qualities; Group III) Comparison of the three types of
reinforcements.

Compression parallel to the grain

Table 4 lists the results of destructive tests (maximum stress,
stiffness, displacement at maximum load and ultimate displa-
cement) and non-destructive tests (dynamic elastic and
modulus), as well as the statistical groups resulting from
the Kruskal–Wallis test. Figure 6 and 7 respectively show
the stress-displacement relationship for the different com-
parison groups and the variations in % of the different mech-
anical properties. Finally, Figure 8 shows examples of fracture
patterns for each type of specimen.

Comparison of the high-quality panel specimens (Q1) of
Group I reveals that the unidirectional carbon reinforcement
clearly provides improvement with respect to the panels not
having reinforcement. It is clearly reflected by the classifi-
cation into different groups (A or B) under statistical analysis.
The maximum stress at compression for the non-reinforced
specimen was of 35.8 MPa, near to similar EWP products
(Liu and Lee 2003). The improvements in stiffness and
dynamic longitudinal modulus was of 22% and 21%, respect-
ively, becoming relevant. Due to the higher stiffness of the
reinforced specimens, the displacement at maximum load is
slightly reduced compared to the non-reinforced ones.

Figure 4. LVL sample with CFRP material under a compression test parallel to
the grain.

Figure 5. LVL sample subjected to parallel to the grain shear test at tension.
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However, the ratio of ultimate displacement to δc,max,l displa-
cement is similar in both cases. This means that the reinforce-
ment does not affect the ductility already shown by the LVL in
compression, as it can be seen in Figure 6.

When comparing the same type of reinforcement —uni-
directional carbon— in panels of different quality, i.e.
different veneer quality and adhesive amount (Group II),

Table 4. Average values and standard error of the compression tests. fc,0: maximum stress at compression. Kc: stiffness at compression. MoEdyn,l: dynamic modulus
of elasticity parallel to the grain direction. A, B: Kruskal-Wallis comparisons Test. NR: Non-reinforced. CU: Unidirectional carbon reinforcement. CB: Bidirectional
carbon reinforcement. BU: Unidirectional basalt reinforcement. Q1: High quality. Q2: Low quality.

Group fc,0 (Mpa) Kc (N/mm) MoEdyn,l (Mpa) δc,max,l (mm) δc,u (mm)

Group I NR-Q1 35.8 ± 0.3
B

18.22 ± 0.4
B

9625 ± 52
B

2.99 ± 0.09
A

5.12 ± 0.27
A

CU-Q1 40.6 ± 0.7
A

22.17 ± 0.7
A

11596 ± 191
A

2.67 ± 0.06
A

4.84 ± 0.37
A

Kruskal-Wallis test 24.2
p < 0.05

18.4
p < 0.05

30.9
p < 0.05

5.3
p < 0.05

10.5
p < 0.05

Group II CU-Q1 40.6 ± 0.7
A

22.22 ± 0.7
A

11596 ± 191
A

2.67 ± 0.06
A

4.84 ± 0.37
A

CU-Q2 37.7 ± 0.6
B

17.87 ± 0.4
B

10958 ± 56
B

3.18 ± 0.12
B

5.04 ± 0.24
B

Kruskal-Wallis test 10.3
p < 0.05

34.5
p < 0.05

25.3
p < 0.05

5.2
p < 0.05

12.9
p < 0.05

Group III CU-Q2 37.7 ± 0.6
A

17.87 ± 0.4
A

10958 ± 56
A

3.18 ± 0.12
A

5.04 ± 0.24
A

CB-Q2 36.4 ± 0.5
A

18.33 ± 0.4
A

10166 ± 57
B

2.96 ± 0.04
A

5.25 ± 0.27
B

BU-Q2 37.2 ± 0.7
A

17.54 ± 0.4
A

10081 ± 112
B

3.36 ± 0.11
B

5.30 ± 0.24
B

Kruskal-Wallis test 1.89
p < 0.05

0.54
p < 0.05

15.6
p < 0.05

4.9
p < 0.05

9.8
p < 0.05

Figure 6. Envelope of load against machine displacement for the three comparison groups for compression tests. Left: (Group I) Non-reinforced versus carbon
unidirectional reinforced, among samples of the same quality. Center: (Group II) Comparison between veneer qualities. Rigth: (Group III) Comparison of the three
types of reinforcements.

Figure 7. Variation of the different mechanical properties for compression
tests.

Figure 8. Examples of compression failure patterns.
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differences are seen mainly for the case of stiffness (Kc), being
19% lower when comparing with high-quality versus low-
quality poplar LVL (Figure 7). The dynamic elastic modulus
is the one with the least variation, just 5%. In the case of
the displacement at maximum load and ultimate displace-
ment, it can be clearly seen how the effect of the low
quality panel, together with the lower stiffness, causes both
values to rise, by 19% and 4%, respectively. As for Group I,
the ratio between the two values remains practically
constant.

When evaluating different types of reinforcement for the
same quality of veneer (Group III), both the maximum
strength and stiffness are very similar, regardless of the
type of reinforcement used. Yet the reinforcement with
carbon fiber is seen to provide a greater dynamic elastic
modulus, being 8% higher for bidirectional carbon and 9%
higher for unidirectional basalt with respect to CU. Despite
this finding, and while the samples reinforced with uni-
directional basalt show a mechanical behaviour similar to
that of unidirectional carbon, the specimens reinforced with
bidirectional carbon achieve higher displacement values
before final failure, 5.30 compared to 5.04 mm achieved by
unidirectional reinforcement (Table 4).

Figure 8 shows three failure patterns for the non-
reinforced samples, reinforced with unidirectional braiding
(similar pattern for CU-Q1, CU-A2 and BU-Q1) and bidirec-
tional FRP. For the non-reinforced and unidirectional
reinforced samples, it can be seen the plasticization of
wood, corresponding with its ductile behavior. However, for
the reinforced samples, also veneer fiber breakage can be
observed, being even higher for the bidirectional
reinforcement.

Shear parallel to the grain

Table 5 details the results of destructive tests (maximum
stress, stiffness, displacement at maximum load and ultimate
displacement) and non-destructive tests (dynamic elastic and

modulus), as well as the statistical groups resulting from the
Kruskal–Wallis test. Figure 9 and 10 show the stress-displace-
ment relationship for the different comparison groups and
the variations in % of the different mechanical properties,
respectively. Finally, Figure 11 shows examples of fracture
patterns for each type of specimen under shear stresses.

Comparing Group I (samples from non-reinforced panel
versus panel with CU reinforcement), it is observed that the
reinforcement, as well under compressive stress, improves
all the mechanical properties. In this case, the improvement
in stiffness (Kv) of the CU-Q1 samples was of 20%, while the
dynamic shear modulus, Gdyn, had an increase of 13%. Due
to this increase in stiffness, the ultimate displacement, δc,u,
of the reinforced specimens was reduced by 10% (Figure 9).

In the case of group II (samples from different panel
quality), practically no differences were observed in the
different mechanical properties (Table 5), only a slight
increase of 8% was observed in the ultimate displacement,
following the trend of the compression tests. Thus, it is
demonstrated that the quality of the veneer does not
influence the mechanical properties to shear of a sample of
LVL reinforced with carbon fiber (Figure 10). According to
Figure 8, the mechanical behavior is similar for both qualities.

Finally, evaluating samples with different types of reinforce-
ment with the same panel quality, no difference is observed
for the maximum loading capacity, having an average value of
4.5 MPa for the non-reinforced samples, similar than (Kurt et al
2012). The samples reinforced with unidirectional carbon are
those giving the highest dynamic shear modulus, around 7%,
as well as the best results in compression. However, the bidirec-
tional carbon provides a notable improvement in stiffness, 23%
and 33% higher than with unidirectional carbon and basalt
reinforcements, respectively. This highlights the fundamental
role of bidirectionality in the reinforcement of shear elements
(Figure 9). As before, as the specimens with bidirectional
reinforcement are the ones with the highest stiffness, reaching
consequently the lowest displacement at maximum load. This
fact does not interfere with the ductile behaviour observed for

Table 5. Average values and standard error of the shear tests. fv,0: maximum stress at shear. Kv: stiffness at shear. Gdyn: dynamic shear modulus. A, B: Kruskal-Wallis
comparisons Test. NR: Non-reinforced. CU: Unidirectional carbon reinforcement. CB: Bidirectional carbon reinforcement. BU: Unidirectional basalt reinforcement.
Q1: High quality. Q2: Low quality.

Group fv,0 (Mpa) Kv (N/mm) Gdyn (Mpa) δc,max,l (mm) δc,u (mm)

Group I NR-Q1 4.5 ± 0.1
B

0.99 ± 0.0
B

574 ± 7
B

7.20 ± 0.24
B

7.27 ± 0.23
B

CU-Q1 4.9 ± 0.1
A

1.19 ± 0.1
A

649 ± 8
A

6.47 ± 0.49
A

6.56 ± 0.51
A

Kruskal-Wallis test 5.5
p < 0.05

8.31
p < 0.05

19.3
p < 0.05

8.4
p < 0.05

12.7
p < 0.05

Group II CU-Q1 4.9 ± 0.1
A

1.19 ± 0.1
A

649 ± 8
A

6.47 ± 0.49
A

6.56 ± 0.51
A

CU-Q2 5.0 ± 0.2
A

1.16 ± 0.1
A

616 ± 8
A

7.06 ± 0.38
B

7.14 ± 0.40
A

Kruskal-Wallis test 0.1
p < 0.76

0
p < 1

4.46
p < 0.05

9.3
p < 0.05

15.8
p < 0.05

Group III CU-Q2 5.0 ± 0.2
A

1.16 ± 0.1
B

616 ± 8
A

7.06 ± 0.38
B

7.14 ± 0.40
B

CB-Q2 4.8 ± 0.1
A

1.43 ± 0.0
A

577 ± 7
B

5.90 ± 0.56
A

6.10 ± 0.61
A

BU-Q2 4.4 ± 0.1
A

1.07 ± 0.0
B

575 ± 8
B

7.46 ± 0.40
C

7.52 ± 0.41
C

Kruskal-Wallis test 3.16
p < 0.05

28.9
p < 0.05

5.83
p < 0.05

7.7
p < 0.05

13.5
p < 0.05
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this type of reinforcement. Figure 9 shows how there is no
sudden break for this type of reinforcement; but after reaching
the maximum tension, the reinforcement allows both parts to
remain linked despite the increase in displacement, as seen in
Figure 11 (i.e. some shear ductility is provided by the reinforce-
ment). This fact is of vital importance not only for the

reinforcement of shear structures, but also for structural safety,
preventing the element from failing in a brittle way.

Conclusions

Regarding Laminated Veneer Lumber (LVL) specimens of
poplar, it has been shown that the embedding of uni-
directional CFRP (carbonate fiber reinforced polymer)
improves all the mechanical properties for a given quality
of veneer. More specifically, an improvement of up to 20%
in stiffness is achieved regardless of the type of test. In
terms of compression, the influence of a low-quality veneer
can mean a drop of around 20% in stiffness. Such behaviour
does not occur under shear stresses, where the quality of the
veneer has no evident effect upon the mechanical properties.
In addition, all compression specimens showed ductile
behaviour at breakage.

When comparing the three types of reinforcements in com-
pression, strength and stiffness do not exhibit statistically signifi-
cant differences. For the modulus of elasticity in compression,
unidirectional carbon provides the greatest improvement over
the other types of reinforcement. Despite the fact that the

Figure 9. Envelope of load against machine displacement for the three comparison groups for shear tests. Left: (Group I) Non-reinforced versus carbon uni-
directional reinforced, among samples of the same quality. Center: (Group II) Comparison between veneer qualities. Rigth: (Group III) Comparison of the three
types of reinforcements.

Figure 10. Variation of the different mechanical properties for shear tests.

Figure 11. Examples of shear failure patterns.
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three reinforcement types present values lacking statistically sig-
nificant differences under shear stresses, the bidirectional
carbon reinforcement affords for a significant improvement in
stiffness: respectively 23% and 33% higher than unidirectional
carbon and basalt fabrics. In addition, the bidirectional fabric
adds a clear ductile behaviour to the reinforced element,
which is very important in terms of structural safety.

The pure shear test method has made it possible to isolate
this stress from undesirable stresses such as bending
moments. In future work, comparisons will be made with
different shear test methods, all of which will be evaluated
using DIC (Digital Image Correlation) techniques.

It is important to note that the cost of basalt fibre is around
one third lower than that of carbon fibre, an aspect that can
be key for the reinforcement of elements with low structural
compromise. On the other hand, the implementation of FRP
reinforcement in an industrial process needs to be further
studied. In general terms, for this product, an LVL factory
would need to implement a new production line to meet
the application requirements of this type of material.
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