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ABSTRACT

Wooden structures are widely used, particularly in earthquake zones, owing to their light weight, ease of application, and
resistance to the external environment. In this study, we aimed to improve the mechanical properties of laminated timber beams
using novel hybrid systems [carbon-fiber-reinforced polymer (CFRP) and wire rope]. Within the scope of this study, it is
expected that using wood, which is an environmentally friendly and sustainable building element, will be more economical
and safe than the reinforced concrete and steel elements currently used to pass through wide openings. The structural behavior
of the hybrid-reinforced laminated timber beams was determined under the loading system. The experimental findings showed
that the highest increase in the values of laminated beams reinforced with steel ropes was obtained with the 2N reinforcement,
with a maximum load of 38 kN and a displacement of 137 mm. Thus, a load increase of 168% and displacement increase
of 275% compared with the reference sample were obtained. Compared with the reference sample, a load increase of 92%
and a displacement increase of 14% were obtained. Carbon fabrics placed between the layers with fiber-reinforced polymer
(FRP) prevented crack development and provided significant interlayer connections. Consequently, the fabrics placed between
the laminated wooden beams with the innovative reinforcement system will not disrupt the aesthetics or reduce the effect
of earthquake forces, and significant reductions can be achieved in these sections.
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1. INTRODUCTION al., 2003). Wood, a renewable material, is subjected to

several processes after the tree is cut down in the forest

Since the early days of humanity, wood has been an until it can be used structurally (Asdrubali ef al., 2015).

important building material that meets the necessary
structural needs using natural materials (Ramage et al.,
2017). Because timber is an anisotropic material, it is
difficult to obtain the desired cross-sectional dimensions
of building elements (Akter and Bader, 2020; Kasal et

These processes vary according to the location and
purpose of the wood that will be used in the structure
(Falk, 2009).

The density of wood is quite low compared to that

of concrete and structural steel, and its bearing capacity
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is higher (Ansell, 2015; Dias er al., 2016; Yu et al.,
2021). This relationship between density and load-bear-
ing capacity provides different advantages for using
wooden structural elements (Valdes et al., 2020). One of
the most important factors is the earthquake effect,
which is directly related to building mass (Dominguez-
Santos et al., 2019; Pei et al., 2016). The low dead
weight of wooden structures compared to reinforced
concrete and steel constructions is advantageous in the
event of an earthquake (Asizand, 2009). Another effect
of density is that it positively affects the shape of the
material. Considering these advantages, using wood as a
structural element is attractive for architecture and engi-
neering (Herzog et al., 2012).

Humans have used wood construction materials from
trees in every field since the first ages (Ahmed and
Arocho, 2020; Maier, 2021). After the tree is cut, it is
separated from its branches and knots and turned into
logs (Todoroki and Ronngvist, 1999). Logs can be used
structurally, and during the course of the process, solid
wood can be obtained by drying or not drying the logs
after they are cut (Huang et al., 2003). With the arrival
of logs in this form, the more efficient use of wood-
bearing features has enabled us to build structures with
wood in terms of aesthetics and functionality (Ramage
et al., 2017).

Laminated wood materials are used worldwide (bridge
construction and wide-span systems, etc.; Nurdiah,
2016). Carrier system elements can be produced in
desired dimensions and openings in wooden structural
elements (Kurtoglu and Zorlu, 1979; Yilmaz et al,
2022). The wooden boards used in the lamination process
should have a homogeneous structure and should exhibit
high-strength properties (Frangi et al., 2009). Their fire
resistance is quite high compared with that of solid
wooden structural elements (Schmid er al., 2019). The
lightness of the carrier elements in wooden systems
provides great convenience for production and assembly

(Falk, 2005) because they can be dismantled and reused,

and the parts in the system can be changed (Crowther,
1999).

Many external reinforcement methods are used with
repair, steel, and fiber composite materials in building
elements (Cha et al., 2022; Maras, 2021). The economic
life of a structure can be increased by using composites
to strengthen works of structural structural systems in
the construction industry (Lee and Jang, 2023; Lee et
al., 2019). The fiber composites, which have high ten-
sile strength, exhibit ductile behavior by absorbing high
energy and making large displacements under the effect
of earthquakes (Kantarci et al., 2023; Maras, 2021). In
addition, press glue, which is a thermoplastic adhesive,
is applied to wooden structures (Hadi et al., 2020).
These adhesives help ensure bonding along the interface
in the wood (Choi et al., 2021; Lestari et al., 2018). It
improves the quality of the wooden product produced
because it allows it to be used by removing its defects
with a laminated process in wooden structures (Song
and Kim, 2023; Yang et al, 2021).

Many studies have been conducted on strengthening
building elements. It is aimed at producing high-strength
and wide-span wooden beam elements as a result of the
use of tensioned steel rope systems used to cross wide
spans in wooden elements, as well as fiber-reinforced
polymer (FRP) material, which is frequently used in
reinforced concrete and masonry structures and is known
to have a very high effect. Hybrid carbon fiber reinfor-
ced polymer (CFRP) and steel rope materials were used
to reinforce the wooden beams. In this study, we aim to
improve the mechanical properties of the beam element
by combining these two methods in a laminated wooden
beam element and to obtain a beam element with a
higher span in smaller sections by reducing the shear
and moment values, which will affect the beam element.
Through this study, which will be performed by com-
bining these two methods in a hybrid manner, better
structural beam elements will be produced by improving

the deficiencies of the methods themselves. Thus, the
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cross-sectional areas required for wide-span wooden

structural elements are expected to be reduced.

2. MATERIALS and METHODS

2.1. Solid wood

Coniferous woods such as cedar, pine, cypress, and
fir are used structurally, while tree species such as
walnuts, beech, oak, and poplar are used in broad-leaved
woods. Each tree type has distinct characteristics. Com-
mon to all species, the moisture content, knot condition,
amount of fiber, and defects exhibit anisotropic behavior
in terms of mechanical properties. Therefore, wood is
classified according to its quality, particularly moisture
content. This classification is used for measuring the
dimensions of the obtained wood and determines its use
as a support, carrier, or architectural element. Siberian
pine was used as heat-treated wood material in this
study. This material was heat treated according to the
ThermoWood method at 212 for 2 hours. Wooden
beam elements were produced by sanding this process
with different numbers. The solid wood plate used for
the spruce wood was 1,200 mm X 3,500 mm and 30 mm
thick.

2.2. Carbon fiber reinforced polymer

CFRP composites are formed by combining different
fiber layers and are the most commonly used FRP com-
posite types in the field of reinforcement. Unidirectional
and bidirectional composites with different physical and
mechanical properties were obtained by arranging them

in different directions in each layer. In contrast, the

bidirectional plane fibers exhibit different strengths at
every angle. A bidirectional carbon fiber cloth was used
in this study. Unidirectional CFRP with 600 g/m’ area
weight was used as CFRP. The mechanical properties of
the CFRP are listed in Table 1.

2.3. Structural laminated wood

Wooden laminated elements are obtained by gluing
two or more layers and joining the layers such that the
fiber directions are parallel or perpendicular. If the pro-
duced wood laminate element is curved, the fiber direc-
tions of the layers must be applied in parallel. Different
wood species and variable numbers of layers, sizes,
shapes, and layer thicknesses can be applied to lamina-
tion. The purpose of using laminated wood is to elimi-
nate the disadvantages of wood with anisotropic proper-
ties due to its nature. The laminated wood element is
obtained by combining parts of the tree other than the
defective areas using special glues of certain sizes so
that the fiber directions are parallel. Thus, it is possible
to produce wooden elements with better properties in all
the desired dimensions. Any desired cross-sectional area
can be obtained by the lamination process and joining
of the wood pieces. Owing to this method, a prefabrica-
ted product is made. In this study, vinyl acetate polymer-
adhesive wooden beams were produced by placing CFRP
fabric on the interlayers before lamination (Fig. 1). This
glue material has been used in both carbon fiber and
lamination processes. This material is preferred because
of its excellent adhesion strength, low viscosity, and
case of application. The technical specifications of the
adhesive are listed in Table 2. The type of adhesive had
a viscosity specification of 14,400 cps at 20C with a

Table 1. Mechanical properties of carbon fiber-reinforced polymer (CFRP)

Variable Thickness (mm)  Area weight (g/m?)

Tensile strength

Modulus of elasticity Elongation at rupture

(MPa) (GPa) (%)

CFRP 0.7 600

4,137 242 1.5
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Table 2. The technical specifications of this adhesive (vinyl acetate polymer)

Chemical Appearance Density Solid matter Viscosity pH (-:;lrl;essiere Water
N o .
structure (g/mL) (%) (cps at 200C) (ke/em?) resistance class
Vinyl acetate gy 1.05 54 14,440 56 9-12 D3

polymer

density of 1.05 g/mL and class D3 water resistance.

2.4. Timber beam reinforced with steel
rope

Laminated timber beams with steel-tension rods are
typically used in large-span structures. Different types of
construction are possible for large-span roof trusses and
bridges. However, large dimensions are often required if
this is done, which further increases the section forces
(especially the bending moment) relative to their weight.

Another way to deal with large spans is to reduce the
maximum bending moment of the beam. Adding one or
more elastic intermediate supports, the static system
transforms from a single-span beam to a double-span
beam, or even a continuously supported beam. An inter-
mediate support was placed, changing the behavior of the
laminated timber using steel tension rods. The bending
moment in the intermediate supports decreases the bend-
ing moment in the span. The intermediate support was

elastic, and the tension rods were deformed by flexion

T TTT

150 mm
30 30 30 30 30

e ™

90mm

Fig. 1. Normal (ON) laminated wooden (mm).

under a load. Owing to the axial compression force, the
length of the material decreased, and the tension rods
lengthened. Considering the variations in the steel rope
reinforcement method and the number of samples, three
variations (two for each) were applied. The steel rope
reinforcement method for specimen number 1 (1N) steel
rope reinforcement method is illustrated in Fig. 2. The
rope is brought into the V-form with the steel material
placed in the middle of the wood in this method.
The steel rope reinforcement method for specimen 2
(2N) steel rope reinforcement method is illustrated in
Fig. 3. In this method, a rope is formed into an inverted
trapezoid with two different steel materials placed under

the loading points.

300_150
[

400 900 | 900 | 900 400

400 1350 \ 1350 400

400 2700 400
3500

Fig. 2. Specimen IN steel rope-reinforced wooden
beam (mm).

300_150
[——

| 400
| 400

400 | 900 900 900
400 | 2700
3500

Fig. 3. Specimen 2N steel rope-reinforced wooden
beam (mm).
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The steel rope reinforcement method for specimen
number 3 (3N) is shown in Fig. 4. In this method, a V
form with V-shaped steel material was placed at the
lower part of the loading points.

It was fixed by compression to avoid damage to the
wood while fixing the ropes on the wood using 8 mm
steel plates. The unit weights and breaking loads of the
ropes are listed in Table 3. Simultaneously, these areas
were cut into certain dimensions using a laser cutting
method to prevent the steel elements from affecting the
support and loading points. The planks were fixed to the
wood surface by tightening them with mutual bolts and
nuts (Fig. 5). A steel rope with a diameter of 6 mm was
used in this study. Special clip elements and a key that
can apply a tension force at the desired loads were used

to fix the steel rope.

2.5. Timber beam reinforced with carbon
fiber reinforced polymer and steel rope

Laminated wood material is a structural element

300150
T

400 900 | s00 | 900 400

400 1350 l 1350 400

400 2700 400
3500

Fig. 4. Specimen 3N steel rope-reinforced wooden
beam (mm).

Table 3. Mechanical and physical properties of steel
rope

Rope Unit Tensile strength (MPa)

Variable diameter weight
(mm)  (kg/m)

Minimum breaking load
(metric ton)

Steel 1,770 N/mm? 1,960 N/mm?>
wire 6 0.138
rope 2.2 24

Fig. 5. Fixing the steel rope to the wood surface.

obtained by gluing wood lamellae, especially fibers, in
parallel. It is a building element produced by joining
solid timbers at the ends, side-by-side, and on top of
each other to create large dimensions. It is necessary to
arrange the structural elements parallel to the fiber
direction. In this study, a carbon-fiber construction mate-
rial was applied between the laminated layers and corner
joints in wood using various methods (Fig. 6). Fig. 7
shows the laminated timber beams reinforced with both
CFRP and steel ropes.

2.6. Test setup and testing procedures

Wooden building elements can be produced on a large
scale using the lamination process for wide-span wooden
structures. In this study, different reinforcement methods
were applied using steel ropes and FRP composites as
laminated wood structural elements. These structural ele-
ments were tested using a loading system in accordance
with TS EN 408 + Al standards. Based on the findings
obtained in this study, the aim was to reduce the cross-
sectional area required for the required strength condi-
tions of the structural laminated wood material in wide
openings. The experimental setup was created in accor-
dance with the regulation of TS 5497 EN 408, “Wood
Structures - Structural Timber and Glued Laminated
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90mm

Fig. 6. Laminated timber beam member reinforced with CFRP. CFRP: carbon fiber reinforced polymer.

——
T
—

Fig. 7. Test specimens reinforced with CFRP and
steel ropes. CFRP: carbon fiber reinforced polymer.

Timber - Determination of Some Physical and Mechani-
cal Properties,” according to the measurement ratios
given in Fig. 8(a). According to this regulation, a four-
point loading system was used to examine the bending
behavior of laminated wood elements. The distance be-
tween the two supports was 18 times greater than their
heights. During the breaking of the beams, displacement
measurements were made from three points, as shown in
Fig. 8(b). While the deflection-measuring device num-
bered 1 (LVDT-1) was used by the device located on
the loading mechanism, the deflection-measuring devices

numbered 2 and 3 were also placed and loaded.
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Fig. 8. Flexural strength tests of timber beams. (a) Laminated wooden beam experimental setup measurement
points, (b) four-point loading test setup according to TS EN 408 + Al standard.

3. RESULTS and DISCUSSION

3.1. Load-deflection curve of timber
beams reinforced with steel rope

Reinforcement variations were created using steel
ropes on laminated wooden beams. These wide-span
beams are widely used in large-span roofs, trusses, and
bridge systems. This study aimed to reduce the maximum
bending moment of a reinforced beam. A load/deflection
graph of the steel-rope-reinforced laminated beams with
three different variations is shown in Fig. 9. The expe-
rimental findings showed that the normal laminated tim-

ber beam (ON) specimen had a maximum load of 14 kN

ON

—2N

—3N

Deflection (mm)

Fig. 9. Effect of steel rope reinforcement methods
on normal laminated timber beams.

and a deflection of 36 mm. Conversely, the highest
increase in the values of the laminated beams reinforced
with steel ropes was obtained with the specimen (2N)
reinforcement, with a maximum load of 38 kN and a
displacement of 137 mm. The structural behavior of
laminated wood was investigated using steel tension
rods with intermediate supports. The bending moment in
the intermediate supports reduces the bending moment
in the span. The intermediate support exhibited elastic
behavior, and the studs and tension rods were deformed
by flexion under a load (Rescalvo et al., 2017, 2018a).
In this way, a load increase of 168% and a deflection
increase of 275% compared to the reference sample
were obtained. Because of the axial clamping force, the
working length was shortened, and the tension rods were
elongated (Raftery and Whelan, 2014). Owing to these
deformations, the intermediate support was not vertically
fixed as it was with normal supports at its two ends
(Klasson et al., 2018; Valluzzi et al., 2007). Carbon
fiber fabrics were evenly applied to the interlayers of
the beams. Conversely, steel ropes are designed based
on load points that affect the beams. In the specimens
reinforced with steel ropes at different points on wooden
beams, the shear force, which brings the beam to its
bending capacity, remained low in regions with large
shear gaps. These composites, which have a high tensile
strength, exhibit ductile behavior by absorbing high
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energy and causing large displacements under the effects
of earthquakes (Kim and Hong, 2011; Song et al., 2017).

3.2. Crack pattern and failure modes of
timber beams reinforced with steel
rope

Typical failure modes and damage patterns of wooden
beams under bending loads were determined and com-
pared with the reference sample [Fig. 10(a)]. The steel-
rope-reinforced samples showed a significant increase in
the load-deformation curves. Cracks in the laminated
wooden beams form in the junction areas of the solid
panel, which are the weakest. In the normally laminated
(ON) timber beam specimen, cracks progressed rapidly
from the lowest to the upper layers. Because the steel
rope absorbed the load of the steel-rope-reinforced
samples, the formation of cracks and their transfer to the
upper layers were prevented. In this way, while obtain-
ing more load and deflection, significant increases in
energy absorption were also achieved. It is stated that it
is possible to partially restore the bending capacity of
damaged wooden beams by strengthening them (Corradi
et al., 2021; Gribanov et al., 2020). When a steel rope
reinforcement specimen of IN was examined under the
influence of the four-point loading mechanism, the cracks
progressed to the upper layers, starting from the points
where the load was applied. Although the steel material
used in the specimen 1IN wire rope strengthening me-
thod in the middle of the wooden beam prevented the
formation of cracks under the effect of the load, it was
less effective than the other methods [Fig. 10(b)]. Speci-
men 2N wire rope reinforcement contributed much more
than specimen IN reinforcement by placing the steel
elements just below the point where the loads were
applied to the wood [Fig. 10(c)]. In the 3N sample steel
rope-reinforced beam [Fig. 10(d)], steel elements placed
directly below the loading points have a better effect

than reinforcement sample 1N, but this is more difficult

@

©

(d

Fig. 10. Typical failure modes of timber beams rein-
forced with steel rope. (a) Crack image of reference
specimen (ON) laminated wooden beam, (b) damage
pattern of laminated timber beam reinforced with
specimen 1IN steel rope, (c) crumbling image of
laminated wooden beam reinforced with specimen
2N steel rope, (d) crack development of laminated
timber beam reinforced with specimen 3N steel rope.

compared to reinforcement sample 2N; low strength was
obtained. Similarly, as the flexural strength, bond length,
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and bond width of reinforced wooden beams increase,
the ultimate load-carrying capacity also improves signi-
ficantly (Vahedian ef al., 2019). When we examined the
damaged areas, it was determined that the position of
the steel elements had a significant effect on the spread
of the beam at two different points in reinforcement
specimen 2N. However, the formation of the crack zone
occurred at a single point in reinforcement specimens
IN and 3N. The use of reinforced laminated wood
beams has made it possible to obtain a structural mate-
rial with higher quality control and less variation in final
loads, thereby reducing the timber defects in wood-
based composite materials (Cai and Ross, 2010; Philbin
and Gordon, 2006). Similarly, it has been shown that
increasing the stress reinforcement ratio can change the
failure mode from bending to shear with a reduced
maximum midspan deflection (de la Rosa Garcia et al.,
2013). The application of plates in the external reinfor-
cement significantly increases the shear strength of the
beam compared to its normal shear capacity (Jasienko
and Nowak, 2014).

3.3. Load-deflection curve of timber
beams reinforced with carbon fiber
reinforced polymer and steel rope

The structural behavior of wooden beams reinforced
with CFRP and steel ropes under four-point loading was
investigated. Fig. 11 shows the load/deflection graphs of
the steel rope- and CFRP-reinforced laminated beams
with three different variations. The experimental results
demonstrated that the reference laminated timber beam
specimen (OF) had a maximum load of 19 kN and a
displacement of 125 mm. Specimen (1F) timber beam
had a maximum load of 27 kN and a deflection of 120
mm. Wooden beams reinforced with FRP composites
significantly increase the ductility of beams with an inc-
reasing moment capacity (Rescalvo et al., 2018b; Yang
et al., 2013). The 3F beam reinforced with CFRP and

oad (kN)

—2F

3F

Fig. 11. Load-deformation curve of laminated timber
beams reinforced with steel rope and CFRP. CFRP:
carbon fiber reinforced polymer.

steel ropes exhibited a maximum load of 28 kN and
displacement of 152 mm. It was shown that beams rein-
forced with CFRP composites limit wood defects and
prevent severe damage (Khelifa ef al., 2015; Yang et al.,
2014). The highest increase in the values of the lamina-
ted beams reinforced with steel rope and CFRP was
determined with reinforcement number 2 (2F), with a
maximum load of 32 kN and a displacement of 143
mm. Thus, a load increase of 92% and displacement inc-
rease of 14% were obtained compared with the reference
sample. In many studies, reinforcing wooden beams with
FRP layers (more than three layers) reduced efficiency
and increased costs (Isleyen et al., 2021; Ling et al,
2020; Rescalvo et al., 2018a). It was observed that the
CFRP-reinforced wooden beams increased the load-bear-
ing capacity by more than 50% and exhibited ductile
behavior. Nowak (2007) investigated the load capacities
of solid wood beams reinforced with CFRP strips and
noted that the greatest increase (approximately 80%)
was obtained in the beam regions where the strips were
placed. Similarly, Corradi et al. (2017). The use of
regional reinforcement CFRP plates only in weak areas
also showed mechanical properties above the old bearing

capacity where it was efficient.
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3.4. Failure modes of timber beams
reinforced with carbon fiber reinforced
polymer and steel rope

Damage to unreinforced wooden beams typically
occurs in the lower part of a section close to the loading
point. Subsequently, the cracks expanded further and
gradually progressed as the shear cracks reached the
loading point. The crack propagation process in wooden
beams varies depending on the section height and crack
opening surface (de Moura ez al., 2006, 2008). However,
the fabrics placed between the layers with CFRP preven-
ted crack development and provided a significant inter-
layer connection. The fiber polymer composites did not
cause damage and contributed significantly to the load-
carrying capacity of the wooden beams (Saad and
Lengyel, 2022). An increase in displacement was obser-
ved in the reference CFRP wood sample (OF) [Fig. 12(a)]
compared with the normal wood sample (ON). The
CFRP material placed between the layers increased the
strength and deformation by satisfying the tensile forces
in the lower parts of the beam. These composites with
high toughness did not break, contributing significantly
to the structural element by exhibiting ductile behavior
under bending loads (Ghanbari-Ghazijahani ef al., 2020;
Vahedian et al., 2019; Wei et al., 2022). When steel
rope systems were used, a greater increase was observed
compared with steel reinforcements in normal wooden
beams. The most significant factor observed was that the
transition of cracks to the upper layers was greatly re-
duced; by providing significant adherence between the
laminated plates, severe damage did not occur, and the
bearing capacity and ductility of wooden elements rein-
forced with steel ropes increased significantly. In similar
studies, it has been concluded that the use of steel ropes
contributes significantly to this behavior and signifi-
cantly improves their mechanical properties (Borri and
Corradi, 2011; Bulleit et al., 1989).

(d

Fig. 12. Typical failure modes of timber beams rein-
forced with CFRP and steel rope. (a) Crack forma-
tion in the reference sample (OF) laminated timber
beam reinforced with CFRP, (b) crack formation in
specimen (1F) laminated timber beam reinforced with
CFRP and steel rope, (c) crack formation in speci-
men (2F) laminated timber beam reinforced with
CFRP and steel rope, (d) crack formation in speci-
men (3F) laminated timber beam reinforced with
CFRP and steel rope. CFRP: carbon fiber reinforced
polymer.
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3.5. Toughness

The toughness is an important parameter that measures
the energy absorption capacity of all columns until failure
under an axial load (Munch et al., 2008; Soderholm,
2010). In this study, the toughness capacities of hybrid-
reinforced laminated timber beams under axial loading
were compared. The load-deformation graph and tough-
ness values of all the samples were determined. Thus, a
load increase of 168% and displacement increase of
275% compared with the reference sample were obtained.
In addition, considering the toughness, a value of 214
was obtained in the reference sample, and a value of
3,393 in the specimen 2N reinforcement, an increase of
1,486% was obtained. It was observed that laminated
timber beams reinforced with CFRP prevent local buckl-
ing and provide a significant increase in ductility, axial
load carrying, and toughness capacities. In addition, stu-
dies have shown that increasing the fiber ratio increases
the ductility and toughness of wood elements (Borrega
and Kérenlampi, 2008; Fragiacomo et al., 2011).

Compared with the reference sample, a load increase

of 92% and a displacement increase of 14% were ob-
tained. In addition, considering the toughness, a value of
1,045 was obtained for the reference sample, and a value
of 3,779 was obtained for the strengthened specimen 2F;
an increase of 262% was obtained. These results indicate
that reinforced wooden beams increase their toughness
and absorb more energy (Abdulla et al., 2020; Sumardi
et al., 2022). It was revealed that when the fibrous poly-
mer composite ratio increased, the fracture and impact
energies, toughness, and ductility increased. It is gene-
rally known that the bond strength between wood and
FRP is lower than that between woods. In this case, by
applying a composite reinforcement method to wooden
beams, the steel ropes continued to carry loads, showing
high toughness and energy absorption capacity, even if
the CFRP lost a certain load effect (Fig. 13).

4. CONCLUSIONS

This study discusses the structural performance of
wood beams reinforced with hybrid reinforcements. In

this study, high ductility was developed to strengthen

Load (kN)

Deflection (mm)

0 10 20 30 40 50 60 70 80 20 100 110 120 130 140 150 160 170

Toughness
ON: oN 0 214
—1N: IN 1,293
—2N: 2N N 3 393
—3N: C 3N p— 1,839
—OF:
¢ oF NN 1,045
—4F:
1F I 2,265
=2F:
3E: 2F I 3,779

3F I 3,316

Value

Fig. 13. Flexural toughness test results.
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wooden beams using hybrid-reinforced composite me-
thods.

In this study, environmentally friendly and sustainable
wooden structural beam elements that can be used in the
passage of wide spans of buildings were designed.

In addition, the mechanical properties of the beam
elements were improved by combining the hybrid
strengthening method with a laminated wooden beam
element.

In the specimens reinforced with steel ropes at
different points on wooden beams, the shear force,
which brings the beam to its bending capacity, remained
at a low level in regions with large shear gaps.

- Cracks in the laminated wooden beams were formed
in the junction areas of the solid panel, which were
the weakest areas.

- CFRP-reinforced wooden beams increased load-
bearing capacity by more than 50% and exhibited

ductile behavior.

- The CFRP material placed between the layers
increased the strength and deformation values by
satisfying the tensile forces in the lower parts of
the beam.

- Carbon fabrics placed between the layers of CFRP
prevent the development of cracks, do not spoil
aesthetics, and will be able to reduce the effects of

earthquake forces.

CONFLICT of INTEREST

No potential conflict of interest relevant to this article

was reported.

ACKNOWLEDGMENT

The authors are grateful to the Inonu University Project
of Scientific Investigation (PSI) for the financial support
of this project (FYL-2022-2883).

REFERENCES

Abdulla, A.l, Mahmoud, R.T., Khazaal, A.S. 2020.
Toughness of timber beams strengthened with jute
fibers. Tikrit Journal of Engineering Sciences 27(3):
94-112.

Ahmed, S., Arocho, I. 2020. Mass timber building mate-
rial in the U.S. construction industry: Determining
the existing awareness level, construction-related
challenges, and recommendations to increase its
current acceptance level. Clean Engineering and
Technology 1:100007.

Akter, S.T., Bader, T.K. 2020. Experimental assessment
of failure criteria for the interaction of normal stress
perpendicular to the grain with rolling shear stress
in Norway spruce clear wood. European Journal of
Wood and Wood Products 78: 1105-1123.

Ansell, M.P. 2015. Hybrid Wood Composites: Integra-
tion of Wood with Other Engineering Materials. In:
Wood Composites, Ed. by Ansell, M.P. Elsevier,
Amsterdam, Netherlands. pp. 411-426.

Asdrubali, F., D’Alessandro, F., Schiavoni, S. 2015. A
review of unconventional sustainable building insu-
lation materials. Sustainable Materials and Techno-
logies 4: 1-17.

Asiz, A., Smith, I. 2009. Demands placed on steel
frameworks of tall buildings having reinforced con-
crete or massive wood horizontal slabs. Structural
Engineering International 19(4): 395-403.

Borrega, M., Kédrenlampi, P.P. 2008. Mechanical beha-
vior of heat-treated spruce (Picea abies) wood at
constant moisture content and ambient humidity.
Holz als Roh- und Werkstoff 66(1): 63-69.

Borri, A., Corradi, M. 2011. Strengthening of timber
beams with high strength steel cords. Composites
Part B: Engineering 42(6): 1480-1491.

Bulleit, W.M., Sandberg, L.B., Woods, G.J. 1989. Steel-
reinforced glued laminated timber. Journal of Struc-
tural Engineering 115(2): 433-444.

- 537 -



Mehmet Faruk OZDEMIR et al.

Cai, Z., Ross, R.J. 2010. Mechanical Properties of
Wood-based Composite Materials. In: Wood Hand-
book: Wood as an Engineering Material, Ed. by
Ross, R. Department of Agriculture, Forest Service,
Madison, WI, USA.

Cha, M.S., Yoon, S.J., Kwon, J.H., Byeon, H.S., Park,
H.M. 2022. Mechanical properties of cork compo-
site boards reinforced with metal, glass fiber, and
carbon fiber. Journal of the Korean Wood Science
and Technology 50(6): 427-435.

Choi, G.W., Yang, SM., Lee, HJ., Kim, J.H., Choi,
K.H., Kang, S.G. 2021. Evaluation of flexural per-
formance according to the plywood bonding method
of ply-lam CLT. Journal of the Korean Wood
Science and Technology 49(2): 107-121.

Corradi, M., Borri, A., Righetti, L., Speranzini, E. 2017.
Uncertainty analysis of FRP reinforced timber
beams. Composites Part B: Engineering 113: 174-
184.

Corradi, M., Mouli Vemury, C., Edmondson, V.,
Poologanathan, K., Nagaratnam, B. 2021. Local FRP
reinforcement of existing timber beams. Composite
Structures 258: 113363.

Crowther, P. 1999. Historic trends in building disassem-
bly. In: Montreal, QC, Canada, Proceedings of
ACSA/CIB 1999 International Science and Tech-
nology Conference.

de la Rosa Garcia, P., Escamilla, A.C., Garcia, M.N.G.
2013. Bending reinforcement of timber beams with
composite carbon fiber and basalt fiber materials.
Composites Part B: Engineering 55: 528-536.

de Moura, M.F.S.F., Morais, J.J.L., Dourado, N. 2008.
A new data reduction scheme for mode I wood
fracture characterization using the double cantilever
beam test. Engineering Fracture Mechanics 75(13):
3852-3865.

de Moura, MLF.S.F., Silva, MLA.L., de Morais, A.B.,
Morais, J.J.L. 2006. Equivalent crack based mode II

fracture characterization of wood. Engineering Frac-

ture Mechanics 73(8): 978-993.

Dias, A., Skinner, J., Crews, K., Tannert, T. 2016. Tim-
ber-concrete-composites increasing the use of tim-
ber in construction. European Journal of Wood and
Wood Products 74: 443-451.

Dominguez-Santos, D., Mora-Melia, D., Pincheira-
Orellana, G., Ballesteros-Pérez, P., Retamal-Bravo,
C. 2019. Mechanical properties and seismic per-
formance of wood-concrete composite blocks for
building construction. Materials 12(9): 1500.

Falk, A. 2005. Architectural aspects of massive timber:
Structural form and systems. https://www.diva-port
al.org/smash/get/diva2:999695/FULLTEXTO1.pdf

Falk, R.H., 2009. Wood as a sustainable building mate-
rial. Forest Products Journal 59(9): 6-12.

Fragiacomo, M., Dujic, B., Sustersic, 1. 2011. Elastic
and ductile design of multi-storey crosslam massive
wooden buildings under seismic actions. Engineer-
ing Structures 33(11): 3043-3053.

Frangi, A., Fontana, M., Hugi, E., Jibstl, R. 2009.
Experimental analysis of cross-laminated timber
panels in fire. Fire Safety Journal 44(8): 1078-1087.

Ghanbari-Ghazijahani, T., Russo, T., Valipour, H.R.
2020. Lightweight timber I-beams reinforced by
composite materials. Composite Structures 233:
111579.

Gribanov, A., Glebova, T., Roschina, S. 2020. Restora-
tion of destructive wood in supporting zones of
wooden beams. Lecture Notes in Civil Engineering
70: 157-166.

Hadi, Y.S., Massijaya, M.Y., Abdillah, 1.B., Pari, G,
Arsyad, W.O.M. 2020. Color change and resistance
to subterranean termite attack of mangium (Acacia
mangium) and sengon (Falcataria moluccana) smo-
ked wood. Journal of the Korean Wood Science and
Technology 48(1): 1-11.

Herzog, T., Natterer, J., Schweitzer, R., Volz, M. Winter,
W. 2012. Timber Construction Manual. Walter de

Gruyter, Berlin, Germany.

- 538 -



J. Korean Wood Sci. Technol. 2023, 51(6): 526-541

Hoyle, R.J. 1975. Steel-reinforced wood beam design.
Forest Product Journal 25(4): 17-23.

Huang, C.L., Lindstrom, H., Nakada, R., Ralston, J.
2003. Cell wall structure and wood properties deter-
mined by acoustics: A selective review. Holz als
Roh- und Werkstoff 61: 321-335.

Isleyen, UK., Ghoroubi, R., Mercimek, O., Anil, O.,
Erdem, R.T. 2021. Behavior of glulam timber beam
strengthened with carbon fiber reinforced polymer
strip for flexural loading. Journal of Reinforced
Plastics and Composites 40(17-18): 665-685.

Jasienko, J., Nowak, T.P. 2014. Solid timber beams
strengthened with steel plates: Experimental studies.
Construction and Building Materials 63: 81-88.

Kantarci, M., Maras, M.M., Ayaz, Y. 2023. Experi-
mental performance of RC beams strengthened with
aluminum honeycomb sandwich composites and
CFRP U-jackets. Experimental Techniques 47: 767-
786.

Kasal, B., Drdacky, M., Jirovsky, 1. 2003. Semi-destruc-
tive Methods for Evaluation of Timber Structures.
In: Structural Studies, Repairs and Maintenance of
Heritage Architecture VIII, Ed. by Brebia, C.A.
WIT Press, Southampton, UK.

Khelifa, M., Auchet, S., Méausoone, P.J., Celzard, A.
2015. Finite element analysis of flexural strengthen-
ing of timber beams with carbon fibre-reinforced
polymers. Engineering Structures 101: 364-375.

Kim, K.H., Hong, S.I. 2011. Bonding performance of
glulam reinforced with textile type of glass- and
aramid-fiber, GFRP and CFRP. Journal of the
Korean Wood Science and Technology 39(2): 156-
162.

Klasson, A., Crocetti, R., Bjornsson, I., Frithwald
Hansson, E. 2018. Design for lateral stability of
slender timber beams considering slip in the lateral
bracing system. Structures 16: 157-163.

Kurtoglu, A., Zorlu, A. 1979. Bonded stratified wood
materials. Journal of the Faculty of Forestry Istanbul

University 2(1):65-69.

Lee, HW., Jang, S.S. 2023. Bending properties of
parallel chord truss with steel-web members. Jour-
nal of the Korean Wood Science and Technology
51(3): 197-206.

Lee, L.H., Song, Y.J., Song, D.B.,, Hong, S.I. 2019.
Results of delamination tests of FRP- and steel-
plate-reinforced larix composite timber. Journal of
the Korean Wood Science and Technology 47(5):
655-662.

Lestari, A.S.R.D., Hadi, Y.S., Hermawan, D., Santoso,
A. 2018. Physical and mechanical properties of
glued laminated lumber of pine (Pinus merkusii)
and jabon (Anthocephalus cadamba). Journal of the
Korean Wood Science and Technology 46(2): 143-
148.

Ling, Z., Liu, W., Shao, J. 2020. Experimental and theo-
retical investigation on shear behaviour of small-
scale timber beams strengthened with fiber-reinfor-
ced polymer composites. Composite Structures 240:
111989.

Maier, D. 2021. Building materials made of wood waste
a solution to achieve the sustainable development
goals. Materials 14(24): 7638.

Maras, M.M. 2021. Characterization of performable geo-
polymer mortars for use as repair material. Struc-
tural Concrete 22(5): 3173-3188.

Maras, M.M., Kantarci, F. 2021. Structural performance
of reinforced concrete (RC) moment frame connec-
tions strengthened using FRP composite jackets.
Arabian Journal for Science and Engineering 46:
10975-10992.

Munch, E., Launey, M. E., Alsem, D.H., Saiz, E.,
Tomsia, A.P., Ritchie, R.O. 2008. Tough, bio-ins-
pired hybrid materials. Science 322(5907): 1516-
1520.

Nowak, T. 2007. Analysis of the static work of bent
wooden beams reinforced with CFRP (in Polish).
Ph.D. Thesis, Technical University of Wroctaw,

- 539 -



Mehmet Faruk OZDEMIR et al.

Poland.

Nurdiah, E.A. 2016. The potential of bamboo as build-
ing material in organic shaped buildings. Procedia -
Social and Behavioral Sciences 216: 30-38.

Pei, S., van de Lindt, J.W., Popovski, M., Berman, J.W.,
Dolan, J.D., Ricles, J., Sause, R., Blomgren, H.,
Rammer, D.R. 2016. Cross-laminated timber for
seismic regions: Progress and challenges for research
and implementation. Journal of Structural Engineer-
ing 142(4): E2514001.

Philbin, P., Gordon, S. 2006. Recent research on the
machining of wood-based composite materials.
International Journal of Machining and Machinabi-
lity of Materials 1(2): 186-201.

Raftery, G.M., Whelan, C. 2014. Low-grade glued
laminated timber beams reinforced using improved
arrangements of bonded-in GFRP rods. Construction
and Building Materials 52: 209-220.

Ramage, M.H., Burridge, H., Busse-Wicher, M., Fereday,
G., Reynolds, T., Shah, D.U, Wu, G.,, Yu, L,
Fleming, P., Densley-Tingley, D., Allwood, J.,
Dupree, P., Linden, P.F., Scherman, O. 2017. The
wood from the trees: The use of timber in construc-
tion. Renewable and Sustainable Energy Reviews
68(1): 333-359.

Rescalvo, F.J., Suarez, E., Abarkane, C., Cruz-Valdivieso,
A., Gallego, A. 2018a. Experimental validation of a
CFRP laminated/fabric hybrid layout for retrofitting
and repairing timber beams. Mechanics of Advan-
ced Materials and Structures 26(22): 1902-1909.

Rescalvo, F.J., Valverde-Palacios, 1., Suarez, E., Gallego,
A. 2017. Experimental comparison of different car-
bon fiber composites in reinforcement layouts for
wooden beams of historical buildings. Materials
10(10): 1113.

Rescalvo, F.J., Valverde-Palacios, 1., Suarez, E., Gallego,
A. 2018b. Experimental and analytical analysis for
bending load capacity of old timber beams with

defects when reinforced with carbon fiber strips.

Composite Structures 186: 29-38.

Saad, K., Lengyel, A. 2022. Strengthening timber struc-
tural members with CFRP and GFRP: A state-of-
the-art review. Polymers 14(12): 238]1.

Schmid, J., Brandon, D., Werther, N., Klippel, M. 2019.
Technical note: Thermal exposure of wood in stan-
dard fire resistance tests. Fire Safety Journal 107:
179-185.

Soderholm, K.J. 2010. Review of the fracture toughness
approach. Dental Materials 26(2): e63-¢77.

Song, D.B., Kim, K.H. 2023. Influence of composition
of layer layout on bending and compression strength
performance of larix cross-laminated timber (CLT).
Journal of the Korean Wood Science and Techno-
logy 51(4): 239-252.

Song, Y.J., Hong, S.I. Suh, J.S., Park, S.B. 2017.
Strength performance evaluation of moment resis-
tance for cylindrical-LVL column using GFRP rein-
forced wooden pin. Wood Research 62(3): 417-426.

Sumardi, 1., Alamsyah, E.M., Suhaya, Y., Dungani, R.,
Sulastiningsih, .M., Pramestie, S.R. 2022. Develop-
ment of bamboo zephyr composite and the physical
and mechanical properties. Journal of the Korean
Wood Science and Technology 50(2): 134-147.

Todoroki, C.L., Rénnqvist, EM. 1999. Combined primary
and secondary log breakdown optimisation. Journal
of the Operational Research Society 50(3): 219-229.

Vahedian, A., Shrestha, R., Crews, K. 2019. Experimen-
tal and analytical investigation on CFRP streng-
thened glulam laminated timber beams: Full-scale
experiments. Composites Part B: Engineering 164:
377-389.

Valdes, M., Giaccu, G.F., Meloni, D., Concu, G. 2020.
Reinforcement of maritime pine cross-laminated
timber panels by means of natural flax fibers.
Construction and Building Materials 233: 117741.

Valluzzi, M.R., Garbin, E., Modena, C. 2007. Flexural
strengthening of timber beams by traditional and

innovative techniques. Journal of Building Appraisal

- 540 -



J. Korean Wood Sci. Technol. 2023, 51(6): 526-541

3: 125-143.

Wei, Y., Chen, S., Tang, S., Peng, D., Zhao, K. 2022.
Mechanical response of timber beams strengthened
with variable amounts of CFRP and bamboo scrim-
ber layers. Journal of Composites for Construction
26(4): 04022038.

Yang, S.M., Lee, H.H.,, Kang, S.G. 2021. Research
trends in hybrid cross-laminated timber (CLT) to
enhance the rolling shear strength of CLT. Journal
of the Korean Wood Science and Technology 49(4):
336-359.

Yang, X., Yang, Z., Wen, Q. 2014. Bending of simply-

supported circular timber beam strengthened with

fiber reinforced polymer. Applied Mathematics and
Mechanics 35(3): 297-310.

Yang, Y., Liu, J., Xiong, G. 2013. Flexural behavior of
wood beams strengthened with HFRP. Construction
and Building Materials 43: 118-124.

Yilmaz, H., Yildirim, K., Hidayetoglu, M.L. 2022. The
effect of carrier system materials used in an Olympic
swimming pool on the perceptual evaluations of
respondents. Facilities 40(9/10): 675-695.

Yu, Z.L., Qin, B, Ma, Z.Y., Gao, Y.C.,, Guan, Q.F,
Yang, HB., Yu, S.H. 2021. Emerging bioinspired
artificial woods. Advances Materials 33(28): 2001086.

- 541 -



