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Abstract: Analyzing the feasibility of reinforcing new and existing wooden structures is a valid
problem, being the subject of numerous scientific papers. The paper presents the preliminary results
of a study on reinforcing Laminated Veneer Lumber (LVL) panels with composite materials bonded
to exterior surfaces using epoxy resin. Glass-Fiber-Reinforced Polymer (GFRP) sheets, Carbon-Fiber-
Reinforced Polymer (CFRP) sheets, and Ultra-High-Modulus (UHM) CFRP sheets were used as
reinforcement. The variables in the analysis were the type of reinforcement and the number of
reinforcement layers. The tests were carried out on small samples (45 × 45 × 900 mm) subjected to
the so-called four-point bending test. Reinforcement positively affected the mechanical properties of
composite section. The highest increases in load bearing were 37 and 48% for two layers of GFRP
and CFRP, respectively. The bending stiffness increased up to 53 and 62% for two layers of CFRP
and UHM CFRP, respectively. There was a change in failure mode from cracking in the tension
zone for unreinforced beams to veneer shear in the support zone (for CFRP and GFRP sheets) and
sheet rupture (UHM CFRP). Good agreement was obtained for estimating bending stiffness with the
presented numerical and mathematical model; the relative error was up to 6% for CFRP and GFRP
and up to 20% for UHM CFRP. This preliminary study proved the effectiveness of combining LVL
with FRP sheets and indicated their weak spots, which should be further analyzed to improve their
competitiveness against the traditional structures. The key limitation was the shear strength of LVL.

Keywords: carbon-fiber-reinforced polymer; composites; finite element method; glass-fiber-reinforced
polymer; laminated veneer lumber; reinforcement; stiffness; wood structures

1. Introduction

The reinforcement of wooden and wood-based elements has been the subject of numer-
ous scientific papers [1–3]. These have concerned both new [4] and existing elements [5,6].
Traditional materials made of steel or aluminum have been used as reinforcement. Cur-
rently, due to their numerous advantages such as low weight, high tensile strength, and
rigidity or durability, composite materials reinforced with carbon [7], glass [8], aramid [9],
and basalt [10] fibers are used, with the use of natural fibers being less frequent.

The positive effect on the physical and mechanical properties of composite rein-
forcement on strengthened wooden-based structural elements is well known. This effect
depends on the properties, location, and method of combination of FRP materials with
wood. Among others, the most significant environmental and economic benefits are the fol-
lowing: the possibility to preserve the historical elements by increasing their load-bearing
capacity [11]; increasing the life of an existing structure [12]; enabling the utilization of
faster-growing wood species or low-grade elements [13]; applying smaller cross-section
sizes, and therefore lowering material consumption and increasing the net area of spaces;
removing the cost required to replace timber elements with new ones when modifying
existing building [5]; and the reduction in the variability of the mechanical properties of
wooden elements.
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Among the negative aspects, the biggest disadvantage of composite materials is their
high cost. Several measures can be implemented to minimalize it. Instead of applying
reinforcement along the entire surface, it is possible to limit its scope to local damage,
the impact of which depends on its geometry and location [14]. Burawska et al. [15]
proved the application of a D-shaped CFRP strip to strengthen a solid timber beam with
a defect simulated by pre-drilled holes. De Jesus [16] et al. concluded no significant
influence of the length of reinforcement on bending stiffness when analyzing solid timber
beams strengthened with CFRP laminates of distinct lengths. Moreover, the reinforcement
ratio can vary along the element length. Various connection methods can be utilized like
mechanical, adhesive, or mechano-adhesive measures. Choosing the appropriate method
at the design stage could be beneficial and allow the reuse of timber and FRP elements in
future—for example, for mechanical connection only. Finally, due to the vast diversity of
composite materials, the most economic and effective fibers can be chosen or combined
with each other. For example, Xian et al. [17] studied the possibility of reducing the material
cost through the combination of GFRP and CFRP materials. It should be pointed out that
when analyzing the cost of reinforcement, not only the cost of FRP but also other factors
like the required time, space, and equipment for application of reinforcement should be
considered. Dewey et al. [18] presented an FRP-based method to rehabilitate and repair
timber bridge girders and concluded that this method is quick and economical.

Other crucial aspect is the long-term performance of composite material. The deteriora-
tion of tensile strength in the function of temperature, exposure days, and the cross-section
size of basalt Fiber-Reinforced Polymer BFRP and GFRP rods exposed to an alkaline envi-
ronment was reported by Kim and Oh [19]. The most important factor was temperature.
An experimental study on the fatigue resistance of CFRP cables was presented in [20],
obtaining good results and possibilities for further development.

Nunez-Decap et al. [21] investigated the possibility of using carbon and basalt com-
posites to improve the physical and mechanical properties of LVL panels glued in at the
manufacturing stage. An increase in tensile strength and hardness was obtained compared
to unreinforced elements. Sokolovic et al. [22] used carbon fabric as reinforcement for LVL
beams in their paper. As in the previous paper, reinforcement was applied at the manu-
facturing stage, and the result was an improvement in load-bearing capacity and flexural
rigidity. Kossakowski and Sokołowski [23] investigated the possibility of using PBO meshes
to reinforce solid beams, achieving a significant increase in the load-bearing capacity and
ductility of the system with a slight increase in rigidity. Rescalvo et al. [24] presented the
results of an experimental study on the properties of LVL beams reinforced with basalt
and carbon composites. Subhani et al. [25] developed an analytical model to account for
the non-linear expansion and contraction of compressive wood for LVL beams reinforced
with CFRP composites. Ball [26] studied the joint, delamination, and flexural properties of
fiberglass-reinforced LVL beams. The mechanical and physical properties of wood–glass
and wood–jute–glass hybrid laminates are described in [27]. The first configuration proved
to be more favorable.

In this paper, a preliminary analysis is presented on the reinforcement of panel ele-
ments made of laminated veneer lumber. The main objective of the experimental research
was to verify the validity of using glass and carbon sheets as reinforcement for LVL panels.
Three types of sheets, varying in both mechanical and physical properties as well as price,
and two reinforcement thicknesses were analyzed for each type. The discussion section
presents the results of applying a mathematical and numerical model to predict the stiffness
and flexural capacity of unreinforced and reinforced elements. The described composite
cross-sections have better mechanical properties, which may translate into an increase in
their competitiveness against steel or concrete elements.

Laminated veneer lumber is a relatively new engineering wood product. Due to the
removal of typical wood flaws such as knots at the production stage, it is characterized by
higher and more stable mechanical properties than solid timber. Elements made out of LVL
can be used as beams (purlin, rafters) or slabs. Experimental and numerical analyses of
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LVL slabs as single elements or being parts of composite steel–LVL sections were presented
in [28,29].

2. Materials and Methods
2.1. Materials
2.1.1. Laminated Veneer Lumber (LVL)

The research was carried out on perpendicular laminated veneer lumber panel samples
in a so-called flatwise condition, meaning that the load was applied to the veneer surface,
perpendicular to the layer layout. Samples were cut out from 200 mm wide LVL panel
bought from Steico (Czarnków, Poland). Each sample consisted of 15 layers of pine veneers,
each approx. 3 mm thick. The cross-section of the beams was 45 × 45 mm. The total
length of the beams was 900 mm. Prior to the experimental test, the samples were stored
in laboratory hall. Selected physical and mechanical properties of the LVL, as determined
through our own experimental research, are shown in Table 1. This research was conducted
according to standards [30,31] and is discussed in papers [32,33]. The moisture content
value of LVL was measured after bending tests with Tanel WRD-100 electrofusion moisture
meter; average value is presented in Table 1. The size of LVL is a resultant of economic
factors and preliminary character of research considering the standard requirements.

Table 1. Physical and mechanical properties of laminated veneer lumber (adapted from [32,33]
according to own research and manufacturer data [34]).

Parameter Value

Bending strength (edgewise condition) fm,0,edge [MPa] 80
Bending strength (flatwise condition) fm,0,flat [MPa] 66 1

Modulus of elasticity in bending (parallel to grain) E0,mean [GPa] 14.0
Compression strength (parallel to grain) fc,0,k [MPa] 58.5

Compression strength (perpendicular to grain) fc,90,k [MPa] 9.5
Shear strength (parallel to grain) fv,k [MPa] 2.6

Mean value of density ρd [kg/m3] 600
Average moisture content of tested samples w [%] 15.1 1

1 Based on results in this research.

Samples after experimental tests are shown in Figure 1.
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Figure 1. Tested specimens (photo taken by author).

2.1.2. Fiber-Reinforced Polymer (FRP) Sheets

Two types of unidirectionally reinforced carbon-fiber-reinforced polymer (CFRP) sheet
were used to reinforce the beams: high-strength CFRP and UHM CFRP, as well as one type
of bi-directional glass-fiber-reinforced polymer (GFRP) sheet. Composite materials had
been manufactured by S&P Reinforcement Polska (Malbork, Poland). In the case of carbon
sheets, fibers running in the main direction (black color) were stabilized by transverse
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polyester fibers (white color). The glass sheet had 90% of the fibers arranged in the main
direction and 10% in the transverse direction. The sheets were laid out in such a way that
the main direction of the sheets was parallel to the wood fibers in successive veneer layers.
Selected physical and mechanical properties are presented in Table 2.

Table 2. Selected mechanical and physical properties of FRP sheets (adapted from [32,33] according
to manufacturer data [35–37]).

Parameter GFRP CFRP CFRP UHM

Modulus of elasticity Ef [GPa] 73 265 640
Tensile strength ft,f [MPa] 3400 5100 2600

Fiber mass [g/m2] 800 600 400
Sheet mass [g/m2] 880 630 430
Density ρf [kg/m3] 2600 1800 2120

Elongation at rupture εf [%] 4.5 1.7–1.9 0.4
Design (reinforcement)

thickness tf [mm]
0.308—one layer;
0.616—two layers

0.333—one layer;
0.666—two layers

0.189—one layer;
0.378—two layers

Figure 2 presents a view of the composite materials. The carbon sheets were delivered
in 30 cm wide rolls and the glass sheet in a 90 cm wide roll. The reinforcement was cut to
the correct dimensions with scissors.
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Figure 2. Composite sheets (photo taken by author).

2.1.3. Epoxy Resin

S&P Resin 55 HP two-component epoxy resin was used to bond the composite to the
LVL panel. Glue was applied to both the sheet and the veneer surface and spread using a
rubber spatula. When bonding two sheet layers, a thin layer of quartz sand was applied
between the layers. This treatment was aimed at improving the bond between them. The
adhesive consumption was approx. 1 kg of mixture per 1 m2 of glued surface. Selected
properties of the adhesive are presented in Table 3. These parameters were evaluated
according to [38,39].

Table 3. Selected mechanical and physical properties of adhesive (adapted from [32,33] according to
the manufacturer data [40]).

Parameter Value

Modulus of elasticity Ek [MPa] 3200
Density ρk [kg/m3] 1200–1300

Compressive strength fc,k [MPa] 100
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2.2. Methods

The tests were carried out in accordance with European standards [30,31] by means
of a four-point bending test. The purpose of the study was to determine the effectiveness
of using selected composite materials to reinforce LVL panels. The scope of the analysis
included preparation and testing of following series:

• LF—unreinforced beams;
• LC1—beams reinforced with one layer of CFRP sheet bonded to bottom surface;
• LC2—beams reinforced with two layers of CFRP sheet bonded to bottom surface;
• LCH1—beams reinforced with one layer of UHM CFRP sheet bonded to bottom surface;
• LCH2—beams reinforced with two layers of UHM CFRP sheet bonded to bottom surface;
• LG1—beams reinforced with one layer of GFRP sheet bonded to bottom surface;
• LG2—beams reinforced with two layers of GFRP sheet bonded to bottom surface.

A total of 10 unreinforced beams and 30 reinforced beams were tested (each series
contained 5 elements). The reinforcement configurations are shown in Figure 3.
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Figure 3. Reinforcement configurations.

The static diagram of the beam is shown in Figure 4. The total span of the specimens
was 900 mm, which was equal to 20 times the height of the cross-section. The support spac-
ing was 800 mm. The distance between the axis of the support and the axis of application
of the concentrated force was 265 mm. The distance between the concentrated forces was
equal to 6 times the height of the cross-section, i.e., 270 mm.
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The tests were conducted at the material strength laboratory of Kielce University of
Technology using the MTS-322 hydraulic testing machine with the load cell capacity being
equal to 100 kN. The specimens were loaded symmetrically with two concentrated forces; a
steel I-beam was used to distribute the load. The load was controlled by the movement
speed of the hydraulic actuator, which was assumed as 3.5 mm/min. Bending was carried
out until the element was completely destroyed. During the tests, the loading force F,
test duration t, actuator displacement, and deflection at the center of the beam span u
were measured.

3. Results and Discussion

The static behavior of unreinforced and reinforced elements is presented by means
of an analysis of bending strength, bending stiffness, and failure mode. The application
of numerical analysis and a simple mathematical model to estimate bending stiffness and
load-carrying capacity was verified.

3.1. Load-Bearing Capacity

Figures 6 and 7 present charts of the load deflection relationship of the beam at mid-
span for all the elements tested. Unreinforced beams tended to exhibit linear behavior with
slight deviations in the curve at the end of the test. Similar behavior was observed for the
bending of unreinforced LVL in the edgewise condition [9] and solid timber beams [41]
with a relatively small cross-section height (up to 10 cm). This non-linearity, however, was
not present when testing full-size (with the height of the cross-section being equal to 20 cm)
LVL beams in an edgewise condition [32], where perfectly linear behavior was observed.
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The beams reinforced with CFRP and GFRP sheets behaved similarly—in the figure,
a linear part in the initial phase of the test is visible, followed by plasticization. The
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destruction of these elements is usually caused by a single crack in LVL. Beams reinforced
with CFRP UHM sheets failed by repeatedly cracking in increments. In the case of the
LCH1 series beams, the first decrease in the load force value was due to a break in the
continuity of the UHM CFRP sheet while the next was the result of LVL failure. The
destruction of the wood occurred at a similar load value to that of the reference beams;
thus, there were no significant changes in load-bearing capacity for this series. It should
be noted that the second drop occurred with a higher loading force value when compared
to the first one (an increasing trend). Similar stepped-like curves were observed for the
LCH2 series. The difference was that the first cracking, resulting from the rupture of the
sheet, was accompanied by minor damage of adjacent veneers. This phenomenon can be
explained by a higher reinforcement ratio, which provided higher tensile strength in the
composite and therefore a higher load-carrying capacity in the specimen. Because of the
damaging of the LVL at the first crack, the second drop occurred at a lower loading force (a
decreasing trend).

The increased utilization of compressive strength of solid timber, glue-laminated
timber, or laminated veneer lumber elements strengthened with FRP, as well as stepped-
like failure for beams strengthened with FRP with low elongation at rupture, is expected
behavior and has been reported in previous studies [7,9].

The values of the maximum loading force and corresponding bending moment and
deflection at mid-span for the tested beams, as well as their mean values (MVs) and
standard deviations (SDs) for each series, are shown in Tables 4–10. They also include
information on the failure mode of each element, which is described later in the article.

Table 4. Test results of LF series.

Parameter
Beam MV

(SD)LF1 LF2 LF3 LF4 LF5 LF6 LF7 LF8 LF9 LF10

Fmax [kN] 7.30 5.44 8.95 7.07 7.53 8.40 8.06 9.49 7.08 8.14 7.75
(1.08)

Mmax [kN] 0.97 0.72 1.19 0.94 1.00 1.11 1.07 1.26 0.94 1.08 1.03
(0.14)

umax [mm] 16.8 11.5 24.2 15.5 18.5 21.6 23.7 21.1 18.5 24.0 19.6
(3.96)

Failure mode Shear Tension Shear Tension Tension Tension Tension Tension Tension Tension -

Table 5. Test results of LC1 series.

Parameter
Beam

MV (SD)
LC11 LC12 LC13 LC14 LC15

Fmax [kN] 10.61 11.74 10.89 9.83 10.20 10.65 (0.65)
Mmax [kN] 1.41 1.56 1.33 1.30 1.35 1.41 (0.09)
umax [mm] 30.2 21.2 21.8 16.3 21.6 22.2 (4.48)

Failure mode Shear Shear Shear Shear Shear -

Table 6. Test results of LC2 series.

Parameter
Beam

MV (SD)
LC21 LC22 LC23 LC24 LC25

Fmax [kN] 11.15 11.18 11.54 11.25 12.26 11.48 (0.42)
Mmax [kN] 1.48 1.48 1.53 1.49 1.62 1.52 (0.06)
umax [mm] 19.8 17.0 17.1 16.7 18.6 17.8 (1.17)

Failure mode Shear Shear Shear Shear Shear -
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Table 7. Test results of LCH1 series.

Parameter
Beam

MV (SD)
LCH11 LCH12 LCH13 LCH14 LCH15

Fmax [kN] 7.04 7.92 9.88 6.70 9.03 8.11 (1.19)
Mmax [kN] 0.93 1.05 1.31 0.89 1.20 1.07 (0.16)
umax [mm] 12.8 24.2 30.7 19.7 18.0 21.1 (6.04)

Failure mode
Tension +

Rupture of
composite

Tension +
Rupture of
composite

Tension +
Rupture of
composite

Tension +
Rupture of
composite

Tension +
Rupture of
composite

-

Table 8. Test results of LCH2 series.

Parameter
Beam

MV (SD)
LCH21 LCH22 LCH23 LCH24 LCH25

Fmax [kN] 8.93 9.03 10.63 9.08 9.41 9.42 (0.63)
Mmax [kN] 1.18 1.20 1.41 1.20 1.25 1.25 (0.08)
umax [mm] 14.5 22.2 13.3 12.3 18.0 16.1 (3.61)

Failure mode
Tension +

Rupture of
composite

Tension +
Rupture of
composite

Tension +
Rupture of
composite

Tension +
Rupture of
composite

Tension + Shear
+ Rupture of

composite
-

Table 9. Test results of LG1 series.

Parameter
Beam

MV (SD)
LG11 LG12 LG13 LG14 LG15

Fmax [kN] 10.36 10.64 8.46 11.07 9.83 10.07 (0.90)
Mmax [kN] 1.37 1.41 1.12 1.47 1.30 1.33 (0.12)
umax [mm] 19.5 22.7 21.3 23.1 23.6 22.0 (1.49)

Failure mode Shear Shear Shear Shear Shear -

Table 10. Test results of LG2 series.

Parameter
Beam

MV (SD)
LG21 LG22 LG23 LG24 LG25

Fmax [kN] 11.16 10.24 10.01 11.01 10.58 10.60 (0.44)
Mmax [kN] 1.48 1.36 1.33 1.46 1.40 1.40 (0.06)
umax [mm] 22.6 24.3 23.8 19.8 25.1 23.1 (1.85)

Failure mode Shear Shear Compression Shear Shear -

Figure 8 shows the average values of the maximum loading force and the correspond-
ing deflection of the beam at the center of the span. The largest load-carrying capacity gains
were recorded for beams reinforced with CFRP sheets, amounting to 37% and 48% for one
and two layers of reinforcement, respectively. The smallest increments were recorded for
elements reinforced with UHM sheets. The use of a glass sheet proved to be an intermediate
solution. As the degree of reinforcement of the cross-section increased, accompanied by an
increase in the bending stiffness of the beam, the deflection of the beam at which failure
occurred decreased.
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3.2. Bending Stiffness

The bending stiffness k of the beams was estimated based on the relationship occurring
between the force increments F and the corresponding deflection increments at the center
of the span u of the beam according to the below formula [42]:

k = F/u, (1)

where F is the loading force and u is the mid-span deflection.
Figure 9 presents curves showing changes in the bending stiffness of bent elements

concerning the deflection increase in the middle of the span for selected elements from
each tested series. It should be noted that in each case, there was a slow degradation of
stiffness over the course of the test until the beam failed. At the moment of failure, there
was a sharp decrease in rigidity. Only in the case of beams reinforced with UHM CFRP
sheets were there two such decreases: the first was due to the sheet cracking and the second
was due to the veneer cracking in the tension zone.
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Figure 10 shows the average bending stiffness values for each series. The estimated
average values were in the range of 0.1–0.4 of the maximum force. The largest increase in
rigidity was recorded for beams reinforced with two carbon sheet layers, amounting to
53% and 62% for the LC2 and LCH2 series, respectively. The smallest increase in rigidity
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characterized the LG1 and LG2 series beams of 11% and 22% for one and two reinforcement
layers, respectively. The increase in the bending stiffness of a beam depends on the value
of the elastic modulus of the composite material.
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The graduate loss of bending stiffness with an increasing load is expected behavior
and was described in previous papers for LVL and timber beams strengthened with FRP
sheets [7,32,33,42]. Similarly, the increase in bending stiffness depends on the product of
the modulus of elasticity of FRP, reinforcement ratio, and location of reinforcement [42].
Generally, the higher the reinforcement ratio and modulus of elasticity of FRP are, the
higher is the increase that is obtained. When compared to the edgewise condition [7], a
similar increase in bending stiffness was obtained for beams strengthened with aramid-
fiber-reinforced polymer AFRP and GFRP sheet, being equal to approx. 10% for one layer
of reinforcement. Raftery et al. [10] concluded a 10% enhancement of stiffness for timber
beams strengthened with basalt rods with a 1.4% reinforcement ratio. From the point
of view of the location of reinforcement, the most effective solution is the configuration
wherein the reinforcement is placed on an external compressed and tensile face of the
beam [43]; the average increases were 86% and 182% for one and two layers of CFRP,
respectively. A slightly less effective solution is positioning the reinforcement on the sides
of the beam.

3.3. Failure Modes

Generally, the failure modes can be classified into one of the three main types. The
typical failure of unreinforced beams was by rapid cracking, caused by exceeding the tensile
strength in the zone of maximum bending moment fm. Beams reinforced with UHM sheets
failed due to sheet breakage (reaching the elongation at rupture εf of FRP) and following
veneer cracking (similarly to the unreinforced specimen). This was related to the low value
of elongation at rupture of the reinforcement compared to other analyzed materials and the
flatwise orientation of veneers. Beams reinforced with CFRP and GFRP sheets tended to
fail by shearing between layers of veneer by exceeding the shear strength of LVL parallel to
the grain fv,k. Failure examples are shown in Figure 11.

The tension failure of unreinforced beams made out of timber or engineering wood
products with relatively low moisture contents was reported by many scientists [2]. The
shear failure mode is typical for slab-like LVL elements strengthened with FRP materi-
als [43]. The rupture of UHM CFRP sheets, due to their low elongation-at-rupture value,
was reported in several tests [7] when applied to the tensile face of a beam. In contrast,
materials characterized by high elongation at rupture, like CFRP and GFRP, are more
likely to withstand higher deflection values [8]. For example, solid timber beams with low
cross-section heights strengthened with GFRP and CFRP sheets [41] failed at deflections
equal to 232% and 252% of the unstrengthened beam deflection, respectively.
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Figure 11. Failure examples: (a) tension; (b) rupture of FRP material; (c) shear.

3.4. Numerical Analysis

The numerical model of unreinforced and reinforced LVL beams was prepared in
Abaqus 2017. Guidelines and assumptions for creating such models are included in
publications [44,45]. Only our model’s most important assumptions are presented in
this paper.

The laminated veneer lumber was modeled as a three-dimensional deformable body,
the supports as discrete rigid shell elements, and the composite material as three-dimensional
shell elements. A reference point added to the midpoint of the upper surface of the support
was used to control boundary conditions and loading. In the initial phase, only rotation
against the X-axis was available for supports. Assembly consisted of six parts, including
the LVL, FRP, and four supports. A view of the assembled model and meshing is shown
in Figure 12. The connection between the LVL and the composite material was made
using tie constraints, thus neglecting the influence of the adhesive layer in the analysis;
this was because no debonding was recorded and the adhesive layer was very thin and
could not be distinguished with the naked eye on the cross-section. Contact between parts
was modelled using surface-to-surface contact interaction with a “Hard” Contact normal
behavior and a 0.2 friction coefficient for tangential behavior. Loading was accomplished
by means of displacement of the loading thrust by applying 20 mm displacement along
the U2 direction in the loading phase. The calculations were performed in the static range.
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A linear perfectly plastic material model was used to describe the behavior of veneer and
composite materials as linear (according to Tables 1 and 2). An approximate global finite
element size of 5 mm was adopted. The following types of finite elements were used:
beam—C3D8R, reinforcement—S4R, and supports—R3D4.
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bending stiffness, the non-linear behavior of real-life elements occurs faster than in the 
simulation. This phenomenon is starting in the simulation when reaching stress values 
corresponding to the yield point. The presented model is not able to capture the failure 
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Figure 12. Prepared model in Abaqus environment.

The validity of using this model to estimate bending stiffness was verified. The
numerical model accurately describes the behavior of the elements in the initial phase of
the test, with larger differences occurring in the final phase. The difference between the
experimental and numerical bending stiffness values was no greater than 20% for the LCH1
series and 6% for other configurations. Examples of curves obtained from the numerical
model against experimental results for unreinforced and reinforced beams are shown in
Figure 13. Curves plotted with the red color were obtained from numerical analysis; curves
plotted with the black color were from experimental tests.
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Figure 13. Curves obtained from FEM model plotted against experimental results for (a) unreinforced
beams and (b) beams reinforced with GFRP sheets.

The obtained results are within the expected deviation when compared to the similar
research regarding strengthening timber elements with FRP materials; for example, a
10% relative error was obtained when applying such a model for an LVL CFRP sandwich
structure [43]. It should be pointed out that after the initial phase, due to the degradation
of bending stiffness, the non-linear behavior of real-life elements occurs faster than in the
simulation. This phenomenon is starting in the simulation when reaching stress values
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corresponding to the yield point. The presented model is not able to capture the failure
mechanism correctly, and therefore, this part was omitted from the discussion.

3.5. Mathematical Model

The theoretical analysis was carried out using a simple mathematical model based
on equivalent cross-sectional characteristics, which has been described in detail in pa-
pers [46–50]. In this model, the composite material is taken into account by proportionally
increasing the cross-sectional dimensions of the veneer. The proportionality factor was
determined by the below formula:

n =EFRP/ELVL, (2)

where EFRP is the modulus of elasticity of FRP and ELVL is the modulus of elasticity of LVL.
The second moment of inertia of the transformed cross-section was evaluated accord-

ing to the below formula:

Iy =
n

∑
i=1

(
Iyi + Ai·z2

i

)
, (3)

where Iyi is the second moment of inertia of the elemental field, Ai is the cross-section area
of the elemental field, and zi is the distance between the geometric centroid of the elemental
field and the assumed position of the horizontal axis.

The maximum bending moment M, assuming linear stress distribution along the
depth of the cross-section, was evaluated according to the below formula:

fm =
M·z
Iy

→ M =
fm·Iy

z
, (4)

where fm is the bending strength of LVL, z is the distance between the geometric centroid
and external fibers and Iy is the second moment of inertia of the transformed cross-section.

A view of the transformed cross-section is shown in Figure 14.
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The mathematical analysis results are shown in Figure 15. A good agreement was
obtained between the experimental and theoretical values of bending stiffness for unre-
inforced and reinforced beams. The relative error was equal to 6% for GFRP and CFRP
strengthened samples and 20% for samples with UHM CFRP. Larger discrepancies were
obtained for flexural capacity. This was due to the fact that the model used does not
take into account the possibility of failure other than bending and the effect of the limit
elongation of the composite material and assumes a linear distribution of stresses over the
height of the cross-section. In the case of UHM CFRP sheets, due to their low value of
elongation at the moment of failure, this model is not suitable for estimating the maximum
bending moment. Instead, it is necessary to introduce an equation based on the curvature
of the beam and then, based on it, determine the deflection at which the sheet breaks. After
that break, the beam will behave as an unreinforced element. Similarly, large discrepancies
between experimental and theoretical values were found when failure occurred due to
veneer shearing.

The transformed cross-section method was proven to be an effective solution for the
evaluation of bending stiffness in timber beams reinforced with FRP materials. Similar
differences between experimental and theoretical bending stiffness values, up to 7%, were
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obtained in [46] for full-scale LVL beams strengthened with various CFRP composites. An
analogical conclusion can be drawn for LVL CFRP sandwich structures [43]. However,
it should not be used to evaluate the load-bearing capacity when the shear failure may
occur [43], for using an FRP with low elongation at rupture, or when the reinforcement
ratio is high [51].
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Figure 15. Comparison of experimental and theoretical values: (a) bending stiffness EI; (b) bending
moment M.

4. Conclusions

This paper presents the results of preliminary research on reinforcing slabs made of
laminated veneer lumber with composite sheets bonded to the bottom surfaces with epoxy
resin. As reinforcement, GFRP, CFRP, and UHM CFRP sheets were used. The tests were
conducted on small-scale panel samples in so-called four-point bending tests.

From a mechanical point of view, a positive influence of FRP reinforcement in terms of
bending stiffness and load-bearing capacity on the behavior of the composite section was
achieved. The magnitude of this effect was related to both FRP and LVL properties. For the
FRP sheets, the modulus of elasticity and elongation at rupture of the reinforcement were
crucial parameters. Typically, the higher the reinforcement ratio/modulus of elasticity is,
the more effective the solution is. However, the low elongation at rupture of FRP can limit
this effect. The most effective configuration, from among the proposed options, comprised
two layers of CFRP. For LVL, the further improvements were limited by its shear failure in
the support zone.

A good agreement between experimental and theoretical values of bending stiffness
was obtained for the presented numerical and mathematical model. Both of them, however,
are not able to capture the failure of the composite and, therefore, are not suitable for the
estimation of load-bearing capacity. More work needs to be done to incorporate the shear
failure of LVL to models.

Several limitations of this work need to be pointed out. First of all, the test were
conducted on small samples and needs to be repeated on full-scale elements to evaluate the
scale effect. Secondly, tests were conducted in a controlled environment; further tests on the
fire performance and influence of the fluctuation of moisture content should be considered.
And, lastly, only static behavior was evaluated.
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