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Abstract: Wood, notably in the forms of sawn lumber and glued laminated (glulam) timber, serves as a prevalent
structural material for lightweight constructions and bridges with short spans. Over time, timber structures might
experience deterioration due to factors such as biological attack, ageing, and escalated service loads. In such cases,
reinforcing or repairing the compromised timber components can often be more economical than full replacement.
Fiber-reinforced polymer (FRP) composites, particularly those strengthened using carbon fiber, present significant
potential in enhancing the stiffness or load-carrying capacity of these timber systems. In the present investigation,
the bending behavior of both solid and glulam beams, reinforced with carbon FRP composites in a ”U” shape
at the bottom layer, was studied experimentally and numerically. It was observed that reinforced glulam beams
exhibit superior load-carrying capacity, displacement, modulus of rupture, and modulus of elasticity as compared
to their unreinforced solid beam counterparts. Even though both types of beams are fabricated from identical
materials, the laminated beams demonstrated markedly enhanced bending characteristics. Moreover, the addition of
reinforcement to glulam beams showed a substantial improvement in bending performance. Consistency between
numerical simulations, conducted using a finite element analysis program, and experimental outcomes was noted.
This research suggests that timber materials, when strengthened with fiber-augmented polymer fabrics, can be
accurately represented using numerical tools.
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1 Introduction

Composite materials have played a pivotal role, stretching from early civilizations to the present era. The
integration of materials to form composites has historically aimed at harnessing properties superior to their individual
components, encompassing enhanced strength, corrosion resistance, flexible designs, durability, and improved
strength-to-weight ratios [1-3]. Typically, a composite material consists of one continuous phase interspersed with
one or more discontinuous phases [4—7]. The continuous phase is termed the matrix, while the discontinuous phase
is labeled as the reinforcement [8—11]. Significant enhancements in mechanical and thermal properties can be
achieved when reinforcements, characterized by high modulus and tensile strength, are integrated into a polymer
matrix [12, 13].

Composite materials are often categorized based on the matrix used: organic, mineral, or metallic. Examples of
organic composites include cardboard (comprising resins and cellulose fibers), laminated tires (a fusion of rubber,
steel, organic resins, and fibers such as glass, carbon, and boron), and reinforced plastics (blended with resins and
short fibers) [14-16]. Mineral composites are further divided into carbon-carbon composites (combining carbon
with carbon fibers), ceramic composites (involving ceramics and ceramic fibers), and concrete (a mixture of cement,
sand, and additives) [17]. The last category, metallic composites, typically involves combinations such as aluminum
with carbon or boron fibers [18-22].

Such composites have found profound applications across diverse sectors, ranging from packaging and automotive
to aviation, biomedicine, and aerospace. Notably, the construction sector has recently identified as a promising avenue
for the application of FRP due to attributes like lightweight, corrosion resistance, high strength-to-weight ratios,
and exemplary durability [23-25]. FRP, often classified under advanced polymer composites, primarily consists of
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fibers like glass (GFRP), basalt (BFRP), carbon (CFRP), and aramid, encapsulated within polymer matrix resins
like epoxy, polyester, and vinyl esters. Among these, GFRP is predominantly utilized, attributed to its commendable
tensile strength relative to steel and cost-effectiveness when juxtaposed with CFRP and BFRP. However, a limitation
of GFRP is its elastic modulus, which is observed to be substantially lower than that of structural steel, leading to
increased deformations in GFRP-strengthened elements [26, 27].

Historically, wood has been revered as a fundamental construction material [28-32]. Despite the advent of
contemporary materials, wood, owing to its lightweight nature, ease of fabrication, and environmental advantages,
continues to be prominently utilized. Innovations have led to engineered products like glued-laminated timber,
crafted from laminations of graded sawn timber bonded structurally. Glulam offers the advantage of repurposing
shorter timber pieces into full-length laminations through structural adhesives. Further, its versatility in terms of
shape and size is noteworthy. The structural integrity and strength of glulam beams often surpass those of their
individual laminations [33].

However, over time, wood structures are susceptible to deterioration due to factors such as increased service loads,
ageing, and biological factors [34-37]. Unlike the corrosion process in steel or concrete, the biological degradation
of timber, mediated by enzymatic activity, presents a unique challenge. In such instances, rather than opting for
complete replacement, reinforcements or repairs might be more cost-effective [38]. Conventional reinforcement
techniques for timber involve steel plates, aluminum plates, or timber patches [39-42], but these can introduce
additional dead loads and installation costs. Furthermore, steel elements can undergo corrosion under thermal
stresses [43]. In such contexts, FRP composites emerge as a potential solution for timber structures, especially when
enhanced stiffness or load-bearing capacities are sought.

An exhaustive review of the literature indicated a focus on the mechanical properties of FRP-reinforced beams,
predominantly centered around glued laminated timbers. The current study aims to bridge this gap, offering a
comprehensive comparison of solid and bonded laminated timbers. Herein, both experimental and computational
approaches are employed to evaluate the bending properties of FRP-reinforced composite beams sourced from spruce
tree species. The ensuing sections delineate the material properties, experimental design, and findings, concluding
with a summary of insights gained.

Table 1. Mechanical properties of spruce timber and glulam GL24h as per DIN 1052:2008 (values in MPa)

Properties Spruce Glulam GL 24h
Bending 11 24
Tension parallel 8.5 16.5
Tension rectangular 0.2 0.5
Pressure parallel 8.5 24
Pressure rectangular 2.5-3 2.7
Shear and torsion 0.9-1.6 2.5
Modulus of elasticity parallel 11000 11,600

Modulus of elasticity rectangular 350 390
Shear modulus 550 720
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Figure 1. Delineation of beams: (A) The 3-layer glulam beam; (B) The solid glulam beam

2 Methodology
2.1 Materials Properties

For the purposes of this study, 3-layer glulam beams, each measuring 50 mmx80 mmx 1500 mm and sourced from
Spruce timber, were utilized. These beams were procured from Nasreddin Forest Products (Naswood) located within
the Antalya Organized Industrial Zone. Mechanical properties of both the spruce timber and the GL24h glulam, as
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outlined by DIN 1052:2008, are presented in Table 1. Prior to their utilization in the bending tests, the Spruce beams
were conditioned in an environment maintained at 65% relative humidity until an equilibrium humidity of 12% was
reached at a consistent temperature of 25°C.

A schematic representation, distinguishing between the solid and glulam beams, is depicted in Figure 1.

The respective serial properties of both solid and composite beams are provided in Table 2.

Table 2. Serial characteristics of the beams under study

Serial-Code  Glulam Solid Reinforcement Moisture Content (%)

S08-10-G-UR + - - 11.62
S08-10-S-UR - + - 11.60
S08-10-G-R + - + 11.71
S08-10-S-R - + + 11.37

To fortify the beams, a carbon FRP composite fabric, labeled as MasterBrace FIB 600/100 CFS, was employed.

2.2 Reinforcement of Solid and Glulam Beams

The reinforcement procedure utilizing FRP fabrics can be delineated in four sequential stages. Initially, the
beam surface was meticulously cleaned to ensure the absence of impurities. Following this, a primer was uniformly
administered onto the cleansed surface. Approximately 1 to 1.5 hours post the primer application, an adhesive was
spread over the primed area. Concluding this preparatory process, fiber polymer fabrics were meticulously wound
onto the surface with the freshly applied adhesive. The lower section of the beam received reinforcement in a
distinctive U-shape configuration, a schematic of which is portrayed in Figure 2. The carbon-infused MasterBrace
FIB 600/100 CFS fabrics, instrumental in the reinforcement, were procured from UNAL TEKNIK® Practice
Construction Industry and Trade. Ltd. Sti. The technical specifications associated with this fiber-reinforced fabric
can be perused in Table 3.

Table 3. Technical specifications of the carbon FRP composite (CFRPC) (MasterBrace FIB 600/100 CFS)

Structure of the Material Carbon
Modulus of elasticity (MPa) 230000
Tensile Strength (MPa) 4900
Design section thickness (mm) 0.337
Elongation at Break (%) 600
Width (mm) 2,1

For reinforcement, the FRP fabric was methodically applied in three distinct phases, with each phase encom-
passing three layers of the fabric. A visual representation of the fully reinforced beam is illustrated in Figure 2.

Figure 2. Depiction of the comprehensively reinforced beam

Subsequent to the reinforcement procedure, the beams were left undisturbed for a seven-day duration, after which
the bending test was conducted.
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2.3 Experimental Flexural Analysis

To ascertain the flexural properties of both solid and composite beams, a 3-point loading method was employed.
For precise displacement measurement, an LVDT was strategically positioned at the beam’s midpoint. The load
cell utilized in the bending tester boasted a capacity of 50 kN, ensuring protection against rupture. Loading was
executed at a consistent rate of 6 mm/min. Support points were demarcated at intervals of 300 mm during the tests.
Load application and displacement data acquisition were facilitated via a dedicated computer system. A detailed
schematic representation of the experimental setup is illustrated in Figure 3, while Figure 4 presents a photograph of
the actual setup.

Figure 3. Schematic illustration of the experimental apparatus

Datalogger

Figure 4. Photographic representation of the experimental apparatus

The flexural strength (o, ) and the modulus of elasticity (F};,4;) [44] at maximum load break (E) can be represented
by:
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where, E, F, L, b, h and f denote the modulus of elasticity (N/ mm?), differential of applied forces (N), interval
between support points (mm), ¢ (mm) represents the height of the test specimen, and the displacement magnitude
(mm), respectively.

Following the experimental procedures, finite element analyses were conducted. Subsequently, comparisons
between experimental outcomes and finite element analysis results were drawn.

2.4 Finite Element Analysis

Numerical simulations were executed using the ANSYS 18.1 Standard Solver and the finite element method.
Models were developed for both unreinforced and reinforced beams, ensuring that the geometries and loading
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configurations of these models accurately represented the experimentally tested beams. End conditions were set with
pinned and roller supports to confine the vertical movement of the beams. A 25mm rectangular mesh was selected
during the modeling phase.

The interface between laminated timbers and FRP was postulated to have a flawless bond. To accurately simulate
the simply-supported boundary conditions, restrictions were imposed on select nodes within the beam model.

Utilizing the SOLID45 element, a model was constructed for the timber, an element renowned for 3-D modeling
of solid structures1. This element encompasses eight nodes, each equipped with three degrees of freedom across the
X, ¥, and z dimensions. Despite SOLID45’s extensive capabilities, encompassing plasticity, stress stiffening, and large
deflection among others, capturing the intricate anisotropic behavior of timber remains challenging. Therefore, to
approximate the timber’s response, orthogonal elastic properties were fed into the software, as portrayed in Figure 5.

Linear Orthotropic Properties for Matesial Nurnber 1 % H Linear Orthotropic Properties for Material Mumber 1 X
Linear Orthotropic Material Properties for Material Number 1 Linear Orthotropic Material Properties for Material Number 1
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Figure 5. Linear orthotropic material properties: a) Glulam beam; b) Spruce Timber, measured in MPa

The modeling of FRP was undertaken using SOLIDG65, an eight-node element with three degrees of freedom at
each node. Chosen for its capability to forecast tension cracking and compression crushing, SOLIDG6S is typically
employed for modeling reinforced composites including CFRP, concrete, and geological rocks. Given that FRP
materials predominantly undergo minute plastic deformation, they were presumed to have linear elastic properties
culminating in a brittle failure. The simplified modeling approach highlighted FRP materials as displaying uniaxial
linear isotropic behavior. Taking into account the material properties and underlying assumptions, SOLID65 emerged
as an apt choice for the accurate representation of their performance. Material properties values were integrated into
the software, as depicted in Figure 5.

As the wood laminations in glulam beams were distinctively modeled, it was feasible to incorporate all material
attributes. Building upon previous research, which had established impeccable connections between laminations,
the ultra-thin melamine formaldehyde adhesive layer was omitted from the model. It was further surmised that the
bonds, both between epoxy and FRP and between epoxy and timber, were immaculate, a conclusion derived from
the high-quality bonding observed during experimentation. Both wood and FRP were represented as solid finite
elements, possessing eight nodes and reduced integration. A mesh of higher granularity was generated around the
lamination areas proximate to the FRP reinforcement, which was the principal site for stress transmission from the
FRP plate to the glulam. The “’tie constraint” was employed to delineate the bond between wood laminations and the
wood/epoxy/FRP interfaces. Representative illustrations of these modeled beams can be found in Figure 6.

It should be noted that a linear load, uniformly distributed across the width of the beam, was utilized. Vertical
displacement increments were progressively employed for the static small displacement analysis until the pre-specified
failure condition was achieved.

3 Results and Discussion

Experimental and numerical investigations were conducted on the bending properties of FRP-reinforced solid
and glulam beams derived from spruce tree species. From the numerical analysis, displacement values in relation to
single-point loading were observed and are illustrated in Figure 7.
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Figure 6. Depictions of the modeled glulam and solid beams
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Figure 7. Displacement values derived from ANSYS in relation to single-point loading

Load-displacement curves for S08-10-S-UR (E and A), S08-10-S-R (E and A), S08-10-G-UR (E and A), and
S08-10-G-R (E and A) have been provided in Figure 8.
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Figure 8. Curves depicting load versus displacement for FRP-reinforced solid and glulam beams

The beam coded as S08-10-G-R exhibited the highest load-carrying capacity, measured experimentally at 54.99
kN, while the beam coded as S08-10-S-UR registered the lowest at 25.14 kN. It was noted that the S08-10-S-R
beam demonstrated an increased load-carrying capacity by 65.55% when juxtaposed with the S08-10-S-UR beam.
Similarly, a 23.60% increase was discerned in the SO8-10-G-R beam in comparison to the SO8-10-G-UR beam. An
intriguing observation was that the beam coded S08-10-G-UR displayed a surge in load-carrying capacity by 76.96%
when contrasted with the S08-10-S-UR beam.

In terms of displacement values, the highest (measured experimentally at 36.18 mm) was attributed to the
S08-10-G-R beam. In contrast, the lowest displacement (23.56 mm) was associated with the SO8-10-S-UR beam.
The S08-10-S-R beam displayed a displacement that was 38.92% greater than its SO8-10-S-UR counterpart. A
6% increment in displacement was registered for the S08-10-G-R beam as compared to the S08-10-G-UR beam.
An interesting comparison between glulam and solid reference beams revealed that the displacement value for the
S08-10-G-UR beam surpassed that of the S08-10-S-UR beam by 30.94%.

Detailed data resulting from the experiments and ANSYS analysis have been tabulated in Table 4, and are visually
represented in Figure 9 and Figure 10.

MOE (MPa)

16000
14000

12000 @ B, MR Lyttt I
10000 parst
8000
6000
4000
2000
0
E A E A E A E A

S08-10-S-UR = S08-10-S-R  S08-10-G-UR = S08-10-G-R

Figure 9. Representation of modulus of elasticity values for FRP-reinforced solid and glulam beams
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Figure 10. Visualization of modulus of rupture values for FRP-reinforced solid and glulam beams
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Table 4. Comprehensive data from experimental outcomes and ANSYS analysis

Experimental
Sample-Code Max Load (kN) Max Deflection (mm) MOE (MPa) MOR (MPa)
S08-10-S-UR 25.14 23.56 9961 67.87
S08-10-S-R 41.62 32.73 11865 112.37
S08-10-G-UR 44.49 34.12 12117 119.58
S08-10-G-R 54.99 36.18 14182 148.47
ANSYS
Sample-Code Max Load (kN) Max Deflection (mm) MOE (MPa) MOR (MPa)
S08-10-S-UR 25.24 23.57 9992 68.14
S08-10-S-R 41.64 32.75 11864 112.42
S08-10-G-UR 44.88 34.06 12082 120.96
S08-10-G-R 55.09 36.20 14200 148.74

Within the study parameters, the highest modulus of elasticity, quantified at 14,182 MPa, was attributed to the
beam coded as S08-10-G-R. In contrast, the lowest recorded modulus, amounting to 9,961 MPa, was associated
with the beam bearing the code S08-10-S-UR. A noteworthy observation was made where the modulus of elasticity
for the S08-10-S-R coded beam exhibited an increment of 16% when compared to the S08-10-S-UR counterpart.
Similarly, the S08-10-G-R beam displayed a modulus 17.85% greater than the SO8-10-G-UR beam. Upon evaluating
FRP-reinforced solid and glulam beams, it was discerned that the modulus of elasticity for the SO8-10-G-UR coded
beam surpassed that of the S08-10-S-UR beam by 17.04%.
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Figure 11. Correlation coefficient (R2) values comparing experimental and ANSYS modulus of elasticity findings
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Figure 12. Correlation coefficient (R?) values comparing experimental and ANSYS modulus of rupture
determinations

Regarding the modulus of rupture, the highest recorded value, standing at 148.47 MPa, was associated with
the S08-10-G-R beam. The least value, determined at 67.87 MPa, pertained to the beam designated by the code
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S08-10-S-UR. The modulus of rupture for the S08-10-S-R coded beam was found to be 39.60% more elevated
than its SO8-10-S-UR equivalent. The S08-10-G-R coded beam manifested a modulus of rupture 24.15% higher
than the S08-10-G-UR coded beam. When the FRP-reinforced solid and glulam beams were juxtaposed, a striking
observation was made: the S08-10-G-UR coded beam presented a modulus of rupture 43.24% greater than its
S08-10-S-UR counterpart.

Significant coherence was observed between the ANSYS and experimental analysis results, as vividly depicted
in Figure 11 and Figure 12.

It was established that the coherence between experimental and ANSYS analyses stood impressively at 0.94 for
modulus of rupture values. Furthermore, when scrutinizing the modulus of elasticity values, an almost perfect match
at the level of 0.95 was discerned.

4 Conclusion

In the study conducted, bending properties of FRP-reinforced solid and glulam beams derived from spruce tree
species were rigorously examined both experimentally and numerically. Superior values in terms of load-carrying
capacity, displacement, modulus of rupture, and modulus of elasticity were attributed to the reinforced glulam beams.
Conversely, the unreinforced solid beams demonstrated the least values across these parameters.

Upon the reinforcement of solid beams, a surge in the modulus of elasticity by 16% was observed, while the
modulus of rupture showcased an increment of 39.60%. Meanwhile, the process of strengthening glulam beams led
to a rise in the modulus of elasticity by 17.04% and an ascent in the modulus of rupture by 24.15%. A comparative
analysis between solid and glulam beams revealed that the glulam beams’ load-bearing capacity exceeded that of
solid beams by a staggering 76.96%, and their displacement surpassed by 30.94%. Furthermore, glulam beams
presented a modulus of elasticity and a modulus of rupture that were higher by 17.04% and 43.24% respectively,
when juxtaposed with their solid counterparts.

From these observations, it was inferred that, despite being fabricated from identical materials, the bending
attributes of laminated beams significantly overshadowed those of solid beams. A marked enhancement in bending
properties was discernible when glulam beams underwent reinforcement. Both numerical and experimental method-
ologies yielded congruent outcomes. The augmentation of both glulam and solid materials using fiber fortified with
polymer fabrics was determined to be effectively modeled using finite element analysis software.

To bolster the implications of this study, future research could potentially explore how these observed benefits
translate into real-world applications, particularly in construction and architectural ventures. Establishing a link
between the current findings and existing literature or benchmark studies may also provide a richer context and
solidify the research’s standing in the academic community.
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>SN Ty

ps]

169


https://doi.org/10.4152/pea.201802101
https://doi.org/10.4152/pea.201802101
https://doi.org/10.4152/pea.201804259

	1 Introduction
	2 Methodology
	2.1 Materials Properties
	2.2 Reinforcement of Solid and Glulam Beams
	2.3 Experimental Flexural Analysis
	2.4 Finite Element Analysis

	3 Results and Discussion
	4 Conclusion

