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Abstract

This study investigates the mechanical performance and non-destructive evaluation of
oak (Quercus spp.) glued-laminated timber (GLT), manufactured from predominantly
low-quality lamellae (five layers of 20 mm thick lamellae). The other GLT type tested
was a veneer-reinforced configuration (4 mm thick veneers in the first and third layers on
both sides of the reinforced GLT, combined with five layers of 15 mm thick low-quality
lamellae). 18 basic GLT and 5 reinforced GLT beams, with nominal lengths of 2000 mm were
produced using polyurethane adhesive and tested under four-point bending, according to
EN 408. Their average densities and standard deviations were 759 + 23 kg/m? for basic
GLT and 781 4 6 kg/m?3 for reinforced GLT. The reinforced GLT exhibited a substantially
higher modulus of rupture (70.9 &= 4.6 MPa) compared to the basic GLT (37.6 &+ 6.2 MPa),
representing an increase of 89%. The bending modulus of elasticity also increased by 17.2%
(12.0 = 0.6 vs. 10.3 £ 0.6 GPa). The 11.4-12.0 GPa dynamic modulus of elasticity values
were consistent with static results. Strain increased by +66.7% from 0.15% to 0.25% with
reinforcement. Despite similar densities, adhesive-related failures governed performance
in basic GLT. Veneer reinforcement significantly improved their strength, stiffness, and
structural reliability.

Keywords: bending strength; finger joint; GLT; MoR; MoE; NDT; non-destructive testing;
oak; veneer reinforcement

1. Introduction

Numerous engineered wood or wood-based products are available now or under
development. Cross-laminated timber (CLT), glued-laminated timber (GLT), laminated
strand lumber (LSL), laminated veneer lumber (LVL), oriented strand lumber (OSL), solid
structural timber (SST or KVH, German: Konstruktionsvollholz) and other product types
are promising sustainable construction materials of the future [1,2]. This study focuses on
GLT. It can be manufactured with large dimensions and it is increasingly being recognized
for its potential in modern architectural design and construction. The shift from small
laboratory specimens to large-scale GLT applications presents unique challenges and
opportunities in terms of engineering, sustainability, and performance. The utilization of
large-dimension GLT in construction projects is driven by its ability to support substantial
loads, thereby enabling the design of expansive and open architectural spaces. In addition,
it offers a more sustainable, environmentally friendly alternative to concrete-based solutions
in many structures. This enhances the versatility of GLT, allowing it to be used in significant
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structural elements such as beams, columns, and trusses in large commercial buildings,
bridges, and other civil engineering projects [3-5].

1.1. Using Oak Wood in GLT

Oak wood is particularly advantageous for large-scale GLT applications due to its
inherent strength and durability. The high density and mechanical properties of oak, in-
cluding its modulus of elasticity and bending strength, make it ideal for supporting large
loads and spanning wide distances without compromising its structural integrity. Oak
retains mechanical stability over time, suggesting a continued suitability for structural ap-
plications even as the wood ages [6-8]. Additionally, the esthetic appeal of oak adds value
in architecture, where visual impact is as important as structural performance. But oak GLT
production presents significant technological and mechanical challenges compared with
conventional softwood glulam systems. Its high density, elevated extractive content, lim-
ited adhesive penetration, and increased anatomical heterogeneity complicate the bonding
process and increase the risk of delamination and brittle failure. The successful bonding
of oak requires carefully optimized adhesive systems, particularly polyurethane-based
adhesives capable of penetrating dense hardwood tissues [9]. The larger scale of appli-
cation amplifies challenges such as moisture-related deformations, necessitating careful
consideration of environmental conditions [10]. Kral et al. [11] reported that hydrothermal
exposure significantly affects bond strength in oak laminations, highlighting the sensitivity
of hardwood GLT to moisture cycling and adhesive degradation. Moisture-induced dam-
age evolution and delamination in laminated hardwood systems remain major limitations,
especially under cyclic climatic loading conditions in laminated beech systems [12]. For
oak GLTs bonded with PUR adhesive, performance significantly declines under moisture
stress. Pitzner et al. [13] indicate that PUR-bonded oak glulam frequently fails standard
delamination requirements at 18% moisture content, with a total delamination as high
as 93.4%.

Finger jointing in large-scale applications requires meticulous attention to the integrity
of the joint and adhesive performance to ensure that the compounded stresses of large
spans do not compromise structural safety [14]. Innovative techniques in joint design and
adhesive application are crucial to enhance the mechanical properties of finger-jointed
lamellae, supporting their use in large-scale structural elements without sacrificing per-
formance [4]. Finger-jointed oak laminations exhibit lower joint efficiency than softwoods
because their anatomical heterogeneity and vessel structure generate stress concentrations.
Failure in hardwood GLTs frequently begins at finger joints located in the tension zone,
emphasizing the need for optimized joint geometry and lamella grading [15].

However, further research is required with oak, as there is limited published experience
with its structural applications and there are no adhesives specifically developed and
commercially available. Over the past decades, several studies have examined the use of oak
in GLT [16-19], but overall, this number is very small when considered within the broader
field of GLT research. Widespread industrial application would require additional studies
to address these gaps and explore new possibilities. Certified GLT oak products are already
available (Elaborados y Fabricados Gamiz. S.A [20] and Florian Legno s.p.a. [21]). Oak is
highly valued for its excellent appearance and physical-mechanical-durability properties.
Therefore, it would be advisable to incorporate lower-grade oak timber into GLT production
as a strategic choice to optimize cost-effectiveness and resource efficiency [16]. This study
aims to address some of these research gaps mainly by bending- and non-destructive tests.
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1.2. Improving the Mechanical Performance of GLT Beams

Mechanical performance of GLTs can be improved through strategic placement of
lamellae with different strength classes, thicknesses, and stiffness properties within the
beam cross-section. Galff et al. [22] reported that arranging high-quality lamellae in the
outer tension and compression zones significantly increases their bending strength and
modulus of elasticity, while lower-grade material can be efficiently utilized in the core lay-
ers without major reductions in structural performance. Similar findings were presented by
Derkowski et al. [23], who demonstrated that the tensile zone may be strengthened by incor-
porating defect-free timber. Small-sized GLTs reinforced with hardwood face laminations
demonstrated approximately 70% greater strength compared with beams manufactured
exclusively from pine timber. The targeted positioning of higher-grade laminations and
mechanically superior wood species within the tension zone substantially improves the
modulus of rupture (MoR), while simultaneously decreasing stress concentrations across
the beam cross-section. The reinforcement efficiency depends on veneer orientation, thick-
ness, and reinforcement ratio. Finite-element analyses confirm that veneer reinforcement
reduces stress concentrations around local material shortages, thereby increasing structural
robustness. Experimental investigations also indicate that hybrid GLT-LVL systems exhibit
more ductile failure modes than conventional GLT, improving structural reliability under
ultimate loading. Combining optimized lamination grading with strategically positioned
veneer reinforcement maximizes stiffness, strength, and damage tolerance while maintain-
ing efficient timber utilization [24,25]. MoR significantly increased for beams containing
plywood in the tension layer, which is the result of the wood species used (birch plywood,
pine LVL). The change in structure in the tension zone of beams made of GLT results in an
increase in the MoR of elements produced in this way [26].

Several investigations also focused on the utilization of low-quality lamellae for sus-
tainable GLT production. Bader et al. [16] examined oak GLTs manufactured entirely from
low-quality lamellae containing knots, slope of grain, sapwood, and other defects. Their
results showed that mechanical properties can be substantially improved by increasing the
number of layers and by introducing defect-free veneer reinforcement in the tensile zone.
Multi-layer configurations increased bending resistance by up to 36%, demonstrating that
low-grade hardwood resources can be transformed into structurally efficient engineered
timber products. Comparable approaches using mixed-grade laminations in softwood and
hardwood systems confirmed that overlapping defects and strategic cross-sectional arrange-
ment reduce stress concentrations and homogenize structural behavior [27]. Although the
eucalyptus beams exhibited an average density of 813 & 47 kg/m3, the hybrid configura-
tions remained significantly lighter, with densities of 516 4+ 19 kg/m? for eucalyptus-poplar
and 545 4 24 kg/m?3 for enhanced eucalyptus-poplar [28]. Despite their lower density, the
enhanced hybrid beams achieved stiffness values approaching those of the fully hardwood
eucalyptus configuration, indicating an approximately 33% reduction in density. These find-
ings demonstrate that localized reinforcement and selective upgrading of critical zones can
provide high stiffness-to-weight efficiency without requiring full cross-sectional allocation
of higher-value materials. However, the increase in stiffness was not accompanied by a cor-
responding improvement in the MoR, suggesting that structural failure remained controlled
primarily by critical tensile regions and finger-joint discontinuities rather than by the global
elastic stiffness distribution. From another perspective, grade-dependent cross-sectional ar-
rangements are fundamental to GLT, because placing high-strength laminations in the outer
tension and compression zones maximizes bending stiffness and strength while reducing
material consumption. Heterogeneous layups generally outperform homogeneous layups
around openings because stress concentrations are reduced when higher-grade lamina-
tions are strategically positioned within the cross-section [29]. Experimental investigations
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confirm that the spatial distribution of knots and lamina quality significantly influences
GLT failure behavior, demonstrating the importance of optimized lamination arrangements
rather than average material properties alone [30]. Numerical modeling further indicates
that modifying GLT layups can improve bending strength and stiffness without changing
the overall beam dimensions, supporting performance-based cross-sectional design [31].
Currently, various non-wood reinforcement technologies are available. Scientific
research on reinforced GLT primarily focuses on improving bending strength, stiffness,
ductility, and durability through different reinforcement systems [4]. The most common
methods involve steel reinforcement, fiber-reinforced polymers, and prestressed composite
reinforcements. Steel reinforcement uses embedded rods or plates placed in the tensile zone
of glulam beams. This method increases stiffness and ductility while reducing brittle tensile
failure. But steel adds weight and may suffer from corrosion and moisture-related compati-
bility problems with timber [32]. Due to its high tannin content, oak has a strong corrosive
effect, so steel bar reinforcement is not recommended. Fiber reinforcement has become
increasingly important because of its high tensile strength, corrosion resistance, and low
density. Carbon fiber-reinforced polymers provide the greatest mechanical improvement,
significantly increasing flexural stiffness of a beam and its load-bearing capacity. Glass
fiber-reinforced polymers offer a more economical alternative while still enhancing bending
performance and reducing variability of timber [33,34]. Basalt fiber-reinforced polymers are
a newer reinforcement solution combining good mechanical performance with improved
sustainability and thermal resistance. Experimental studies demonstrate that basalt fiber-
reinforced polymers increase stiffness and bending strength while enabling the efficient
use of lower-quality timber lamellae [35,36]. Prestressed fiber-reinforced polymer systems
further improve GLT performance by reducing tensile stresses, minimizing deflection, and
delaying crack formation under loading [37]. The reinforcement methods listed above can
be effectively applied to almost any wood species to further improve their performance.
The appropriate layer structure and bonding methods still remain critical, similarly to
finding adhesives that can form a good bond with both the wood and the reinforcement.

1.3. Mechanical Tests of GLT Beams

The requirements of the EN 14080 [38] standard apply to timber structures, including
GLTs. In most cases, this standard relies on the tests specified in EN 408 and the test results
obtained. As for most structural elements, the MoR from the 4-point bending test and the
modulus of elasticity (MoE) are critical parameters that dictate the suitability for long spans
and heavy loads for large-dimension GLT. Large-scale testing and real-world applications
reveal that GLT provides superior performance in bending and shear properties compared
to other timber products, largely due to its engineered layered structure and the robustness
of its adhesive joints [39]. Accurate modeling and prediction of these properties are
essential for designing large structures, ensuring that they can withstand the dynamic
loading conditions encountered in real-world environments [40]. GLT beams made from
oak wood exhibit a high MOR. Studies have shown that oak GLT beams can achieve
MOR values exceeding 100 N/mm?, depending on the specific adhesive and reinforcement
used [36]. The MoE for oak GLT beams typically ranges from 10 to 16 GPa. This high MoE
suggests that oak GLT beams have a substantial ability to deform elastically under load,
which is crucial for large-span applications [36].

The density of oak wood significantly influences the mechanical properties of a GLT.
Its higher density correlates with enhanced strength and stiffness, which are critical for
supporting large spans and heavy loads. Understanding the distribution of density across
different parts of the oak tree, such as the trunk and upper parts of the trunk, is vital for
optimizing the mechanical performance of GLT. The density of oak wood used in GLT
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can vary significantly, with basic density values often ranging from 550 to 700 kg/m3.
Higher densities correlate with increased mechanical strength and stiffness, making oak a
suitable material for high-load applications [7,41]. Large-scale applications require careful
selection of wood with uniform density to ensure consistent performance across extensive
structural elements [42]. Density as well as the dynamic modulus of elasticity (MoE,,,) can
be measured using non-destructive testing methods.

1.4. Non-Destructive Testing Methods (NDT)

In large-scale GLT applications, NDT methods are indispensable for monitoring struc-
tural conditions. Techniques such as resonance frequency measurement provide detailed
insights into the condition of both lamellae and GLT structures, enabling timely identifica-
tion of wood defects and adhesion problems. There are numerous methods, many of which
are also used on an industrial scale. Some of the most important ones are presented below.

The dynamic modulus of elasticity is derived from the fundamental frequencies of
vibration of a timber beam. When a beam is excited, it vibrates at its natural frequencies,
which are functions of its stiffness and mass distribution. A small impact is typically
applied to the timber, and the resulting vibrations are recorded using accelerometers or
laser vibrometers. The fundamental frequency is identified, and the dynamic modulus
of elasticity is calculated. It provides a quick assessment of the timber’s stiffness without
causing any damage. It is especially useful for large beams that cannot be easily tested
using traditional methods [43,44].

The resonance frequency method involves exciting timber and measuring its resonance
frequencies. Each natural frequency corresponds to a specific mode of vibration, which
is influenced by the timber’s stiffness and geometry. A small impact is applied to the
beam, and sensors such as microphones or accelerometers capture the resulting vibration
data. The resonance frequencies are identified using Fourier transforms or other signal
processing techniques. The MoEy,, is then calculated based on the fundamental frequency
and the beam’s physical properties. This method is particularly suited for in situ testing of
large structural elements [45].

During acoustic emission testing, as timber undergoes stress, micro-cracks or other
internal movements generate acoustic waves, which are detected by sensors placed on
its surface. The speed and characteristics of these waves are influenced by the material’s
stiffness and density. Analyzing the waveforms shows the MoE [46].

With the stress wave timing method, sensors are attached to the timber, and a known
stress is applied. The time taken for the acoustic waves to travel between sensors is mea-
sured. This time, combined with the distance between sensors and the density of the
timber, allows for calculation of wave velocity. The MoE is calculated using the relationship
between wave velocity, density and MoE. It can detect the initiation of micro-cracks and
other defects before they become visible or cause significant damage, allowing for proac-
tive maintenance and repair [47]. These methods are particularly useful for continuous
monitoring of large structures, providing real-time data on changes in structural integrity
and potential damage development [46].

The specific quantitative accuracy metrics are typically project dependent. The inte-
gration of multiple NDT methods enhances accuracy and reliability of the data, offering
comprehensive assessments that are crucial for maintaining safety and functionality in
large-scale construction projects [48,49]. These methods do not cover all possibilities, but
these are important testing techniques. The resonance frequency method was used in this
study, which will be described in detail in the Section 2.
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1.5. Lamellae Adhesion for GLT Production

The gluing of oak wood in large-dimension GLT applications demands careful consid-
eration of adhesive characteristics and application techniques. The strength and durability
of glue lines are critical in maintaining the structural integrity of large spans, especially un-
der variable environmental conditions [10]. Polyurethane adhesives have proven effective
in providing moisture resistance and maintaining bond strength in large-scale applications,
supporting the use of oak GLT in demanding construction environments [50]. As an exam-
ple, shear strength often exceeds 10 N/mm? in optimal conditions. Another important issue
is that proper surface treatment, such as sanding or planing, enhances the wettability and
surface energy of oak wood, leading to improved adhesive performance. The effectiveness
of these preparations is often quantified through increased shear strength and reduced
failure rates in bonded joints [3,10,51]. The selection and application of adhesives must be
optimized to accommodate the increased stress and potential deformations associated with
large-scale GLT structures [36].

The shift to large-dimension glued-laminated timber made from oak wood offers
potential opportunities for modern construction, providing both structural strength and
esthetic appeal. Continued research and innovation in areas such as adhesive technolo-
gies, jointing techniques, material selection and non-destructive testing will enhance the
performance and sustainability of GLT in large-scale applications. This study explores
the properties and applications of GLT, when constructed from low-quality oak wood. It
examines critical factors such as 4-point bending strength, modulus of elasticity, density,
and non-destructive testing, alongside the specific challenges associated with finger-jointed
lamellae in longitudinal applications to fill some research gaps in the field and to open new
directions by the utilization of low-quality oak wood.

2. Materials and Methods
2.1. Material Properties and Strength Grading of the Lamellae

The primary raw material was planed hardwood lamella manufactured from high-
value oak species (predominantly pedunculate oak and sessile oak, Quercus spp.) [52,53],
with low quality and with nominal cross-sectional dimensions of 20 x 50 mm and a length
of 700 mm parallel to the grain. The material was purchased from Zala-Ftirész Wood
Processing and Trading Ltd. (Lenti, Hungary). Owing to limitations in the available stock
and to mitigate size effects, it was not feasible to produce a sufficient quantity of 20 mm
thick lamellae from the raw material; consequently, 15 mm thick lamellae were additionally
produced for a reinforced GLT configuration. The lamellae exhibited various anatomical
and growth-related characteristics, including sapwood, the slope of the grain, and in certain
instances residual sawn surfaces attributable to reduced thickness (Figure 1). Knots of
varying dimensions—both sound and decayed—were also observed. The majority of the
pieces corresponded to the appearance grades QF3 and QF4 as defined in EN 975-1 [54],
indicating limited suitability for high-grade glued laminated structural members. The
second raw material consisted of planed, thin oak boards measuring 4 x 100 x 2000 mm
(the final dimension is along the grain), supplied by Lexim Ltd. (Budakeszi, Hungary).
Within the scope of this investigation, these thin oak boards are hereafter referred as veneers.
The veneers were devoid of visible wood defects, corresponding therefore to the appearance
grade QF1 as defined in EN 975-1 [54].
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Figure 1. The lamellae were glued together to form elements. Images (a,b) show the two sides of
some elements. Typical wood defects can be seen such as pin knots, sound knots extending through
the full cross-section, decayed knots, slope of grain, cracks, and sapwood.

Following kiln drying, all materials were stored under workshop conditions until
reaching an average equilibrium moisture content of 10.7%. Controlled environmental
parameters were maintained consistently during manufacturing. Subsequent to planing,
the lamellae were longitudinally finger-jointed and edge-glued across their width using a
one-component polyurethane adhesive (Henkel LOCTITE HB 5209 PURBOND; Henkel
AG & Co. KGaA, Diisseldorf, Germany). This process yielded structural elements with
cross-sectional dimensions of either 15 or 20 x 100 x 2100 mm, depending on the original
thickness of the lamella. Selected adhesive properties were as follows: kinematic viscosity
at 20 °C: 17,241-27,586 mm?2/s; dynamic viscosity at 20 °C: 20,000-32,000 mPa-s; density
at20°C:1.15-1.17 g/ cm?; maximum permissible wood moisture content: 8%; applicable
wood temperature range: 18-35 °C; maximum adhesive layer thickness: 0.1 mm; spread
rate: 120-160 g/m?; open assembly time at 20 °C and 65% RH: 10 min [55,56].

2.2. Geometry and Manufacturing of the GLT Beams

In total, 750 planed lamellae were glued. Across the width of the elements, finger
joints were shifted with a 100 mm offset to enhance their structural integrity, because
alignment of the joints in a single plane would have produced the lowest load-bearing
performance. Each element consisted of six lamellae. All elements were systematically
photographed to ensure comprehensive qualitative documentation (Figure 1). Subsequently,
the elements were assembled into glued-laminated timber (GLT) beams by face bonding
with the same polyurethane adhesive. Due to the length of the lamellae, the finger-jointed
connections were not located at mid-span, thereby contributing to its increased load-bearing
capacity. All manufacturing procedures were conducted at the production facility of Sokon
Ltd. (Agard, Hungary), a manufacturer of softwood structural GLT beams, employing
industrially certified production technology.
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The technology and parameters used for oak bonding were consistent with the certi-
fied procedures used for the bonding of conifers. Accordingly, proprietary parameters (e.g.,
pressing conditions) cannot be disclosed in this study. The bonding parameters were in
accordance with those specified by the adhesive manufacturer. Two beam configurations
were produced. The first sample referred as “basic GLT” (18 beams) constructed exclu-
sively from five layers of 20 mm thick elements, resulting in a cross-section of 99 x 100 mm
(width x height). The second sample consisted of five veneer-reinforced beams (“rein-
forced GLT”) with cross-sectional dimensions of 99 x 92 mm (width X height). The
difference in the number of specimens may affect the statistical comparison between sam-
ples, particularly considering the natural variability the mechanical properties of timber.
The reinforced configuration followed a symmetrical layup sequence: 4 mm veneer, 15 mm
element, 4 mm veneer, three layers of 15 mm elements, 4 mm veneer, 15 mm element, and
4 mm veneer (Figure 2). Dimensional deviations observed at various production stages
can be attributed to pressing tolerances, cumulative adhesive bond-line thickness, and
subsequent planing operations. The reduced thickness (15 mm) of a part of the elements
incorporated into the reinforced GLT was intentionally selected due to raw material con-
straints and to mitigate size effects, thereby facilitating a more reliable comparison of the
modulus of rupture (MoR) and the modulus of elasticity (MoE) between the two structural
variants. All beams had a nominal length of 2000 mm.
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Figure 2. Schematic drawing of the layer structure of (a) 5-layer and (b) 9-layer samples. All
dimensions are given in millimeters.

2.3. Non-Destructive Testing

Following the conditioning to equilibrium moisture content at 20 °C and 65% relative
humidity, non-destructive evaluation was performed. The longitudinal natural vibration
frequency provides a reliable estimator of the modulus of elasticity [57]. Measurements
were conducted using a Portable Lumber Grader Plus instrument (PLG+, Fakopp LLC.,
Sopron, Hungary), developed for large-scale specimens. The apparatus automatically
calculated the density and the dynamic modulus of elasticity (MoEy,,,) [58,59]. Vibrations
were induced by impact excitation at one end of the specimen using a hammer, while a
microphone positioned at the opposite end captured the acoustic signal. The specimens
were supported on two vibration-isolating pads to minimize signal interference. Each
support incorporated a scale to measure the mass of the specimen, with data transmitted
directly to the analysis software. The length of the specimen was recorded automatically
using a laser distance sensor, whereas cross-sectional dimensions were measured manually
and input into the system. Following signal processing and frequency analysis, the soft-
ware identified the fundamental longitudinal frequency and computed wave propagation
velocity. Their density was derived from mass and geometric dimensions. Subsequently,
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the MoE 3, was determined from their density and wave velocity. Corrections were applied
for influencing parameters, including moisture content [59].

2.4. Static Bending Tests

Thereafter, four-point bending tests were executed in accordance with EN 408:2010 + Al
[60]. The support span (L) was set to 1800 mm, with a load span (L;) of 600 mm positioned
symmetrically, corresponding to the 100 mm specimen depth, using rollers 100 mm in
diameter. The veneer-reinforced specimens (92 mm thickness) were tested under identical
geometric conditions to ensure comparability. The prescribed ratio L = 18-h & 3-h (where h
denotes specimen depth parallel to the bending force) was satisfied: L/h = 18.0 for basic
GLT and 19.6 for reinforced GLT, thus complying with the standard requirements. The
principal objective was to quantify the difference in load-bearing capacity between the two
structural systems. Tests were performed using an Instron 5985 universal testing machine
(Ilinois Tool Works Inc., Norwood, MA, USA) at a loading rate of 8.0 mm/min, consistent
with EN 408:2010 + A1 [60]. Calculations of the MoR and the global MoE were conducted
in accordance with the same standard. The strain (¢) was determined within the linear
elastic range, at 40% of the maximum load from the mid-span deflection (w) following da
Silva [61] using Equation (1), which assumes a constant bending moment and linear elastic

material behavior.
12-h-w

I v

Statistical evaluation was carried out by one-way ANOVA at a significance level of
0.05 using Data Science Workbench version 14.2.0.18 (Cloud Software Group Inc., Fort
Lauderdale, FL, USA).

3. Results and Discussion

The following parameters were analyzed: density, modulus of rupture (MoR), static
bending modulus of elasticity (MoE), dynamically determined modulus of elasticity
(MoE4y,), and strain. On the one hand, the basic GLT and reinforced GLT specimens
were evaluated separately to identify intra-group variability and its underlying causes. On
the other hand, the basic and reinforced samples were compared directly. Notable that
differences in the number of specimens in the two samples can affect the results of the
statistical comparisons. Figure 3 presents box plots of the investigated properties.

Except for cracks, the density of components within oak wood exhibits less variation
than that observed in coniferous species [62,63]. This primarily applies to knots, con-
tributing to the similarity between 711.2 4 33.2 kg/m? literature values [64-69], defect-free
veneer-reinforced specimens (reinforced GLT: 780.9 + 6.1 kg/m?), and specimens composed
solely of lamellae containing wood defects (basic GLT: 759.2 + 23.0 kg/m?). The basic
GLT exhibited a higher coefficient of variation (CV). It is still limited to 3.03%, primarily
attributable to the random occurrence of sapwood, cracks, loose and dead knots, and other
material deficiencies. Although the average densities are similar (Figure 3a), their similarity
is only weakly significant at a 5% significance level (p = 0.052). When compared with
previous research data, the densities of the GLT specimens are in full agreement, including
their standard deviations (Table 1).

The reported average MoR for small, clear, solid wood specimens is 98.4 £ 17.2 MPa
[64-69]. However, due to the substantial size differences and the defect-free, jointless
condition of such small specimens, these values are not directly comparable with the results
of the present study. In contrast, their MoE is a more universal, dimension-independent
material property and is less influenced by wood defects [70]; therefore, comparisons with
the results of the present study are more meaningful and are discussed below.
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Figure 3. The measured properties of the samples. (a) Density; (b) modulus of rupture (MoR);
(c) strain; (d) static modulus of elasticity (MoE) and dynamic modulus of elasticity (MoEdyn) of 5-layer
beams (basic GLT) and 9-layer beams (reinforced GLT). SD denotes standard deviation.
Table 1. The 4-point bending test results of oak glued-laminated timbers with different layer structures.
The results refer to a moisture content of 12%. Following averages, the standard deviations are shown
after the + sign.
This Study Bader et al. [16] Aicher and Stapf [17]
Lamellae 5-Layers 9-Layers 2-Layers 3-Layers 4-Layers 5-Layers 6-Layers
ualit
Q y Weak Quality Lamellae Weak Quality Lamellae Sound Lamellae
Thickness [mm] 92 40 45 40 47 120
Density [kg/ m?3] 759 + 23 781+ 6 764 £+ 36 747 £ 22 777 £+ 28 767 £ 18 740
MoR [MPa] 376 £6.2 709 £ 4.6 59.0 +11.4 63.7 £ 8.9 80.4 £5.0 80.0 £ 8.1 544 +5.7
MOoE [GPa] 10.3 £ 0.6 12.0 £ 0.6 112+14 121 £1.0 11.3 £ 0.8 11.7£1.0 10.8
MoE 4, [GPa] 114+ 0.7 120+ 0.7 126 + 1.0 12.7 £ 09 13.0+1.1 119 £ 0.6 n.a.

Abbreviations: MoR—modulus of rupture; MoE—static modulus of elasticity; MoEdyn—dynamic modulus of
elasticity; n.a.—not available. Weak quality lamellae term indicates lamellae corresponding to appearance grades
QF3 and QF4 as defined in EN 975-1 [28]. Sound lamellae term indicates appearance grade QF1 (EN 975-1 [28]).
The “thickness” refers to the total thickness of the beam.

The average 70.9 MPa MoR of the reinforced GLT was 89% higher than that of the basic
GLT (Figure 3b). The substantially lower average value of the basic GLT was associated
with a higher CV of 16.7% compared to the reinforced GLT (6.5%). This clearly reflects the
beneficial effect of defect-free veneers in contrast to lamellae containing various wood de-
fects. The more layers provide better overlapping of wood defects [27], and improvement in
mechanical performance can also be attributed to the use of defect-free veneers with higher

https://doi.org/10.3390/buildings16153116


https://doi.org/10.3390/buildings16153116

Buildings 2026, 16, 3116

11 0f 18

mechanical properties. Notably, only 17.6% was the ratio of the veneer in the reinforced
GLT, indicating that a relatively small proportion of high-quality, joint-free wood substan-
tially increase performance, if it is properly positioned within the cross-section. Compared
to previous GLT studies, the reinforced GLT exhibited above-average MoR values (Table 1),
whereas the basic GLT showed the lowest (37.6 MPa). In thinner structures, GLT made
from lamellae containing wood defects performed significantly better, reaching bending
strengths comparable to those made from sound lamellae (54.4 MPa) [16,17]. In the recent
study, failure was predominantly governed by delamination of adhesive layers, typically
starting in the outer tensile zone (Figure 4a). Forces acting parallel to bending often led to
the opening of finger joints, or occasionally led to failure due to slope of grain, ultimately
resulting in the failure of the most highly stressed bonded surfaces. Thus, failure was not
primarily caused by wood defects; rather, the performance of the adhesive and the glue
lines may have contributed to the premature failure of the beams. In solid wood and lay-
ered beams without finger joints, failure typically initiates as brittle fracture on the tension
face, propagating through a cascading pattern of longitudinal and transverse tensile failure.
The typical failure mode observed for glued beams without finger-joint shows identical
crack initiation (by tensile failure of the lower face) but the crack propagation is, sometimes,
preferentially appeared through the glued layer interfaces. The finger joint is consistently
identified as the critical “weakest link” in structural hardwood assemblies [17,18]. The
finger joint is unable to activate the high tensile capacity of superior solid wood, leading to
premature fracture at loads below the actual potential of wood. Oak joints often exhibit
wood fracture observed at the finger joints, indicating high bond quality, species like beech
frequently show adhesive-line separation, which authors attribute to a higher density of
720 kg/m? impeding adhesive penetration compared to oak (620 kg/m?) [17,18]. By the
same analogy, these results suggest that the high density of the oak used in this study
(759-781 kg/m?) also inhibits the penetration of the adhesive, leading to the failure of
the bonding layers (Figure 4). The ring-porous structure of oak also restricts adhesive
penetration [19,71]. But finite element modeling demonstrates that the “lamination effect”
of a GLT can postpone total failure even after initial crack onset at a weak finger joint [27].
The datasheet of the adhesive used specifies only softwood species (Picea abies, Abies alba,
Pinus sylvestris, Larix decidua, Pseudotsuga menziesii), explaining its suboptimal performance
with oak [55]. In contrast, Horvath and Csiha [51] reported that a one-component structural
PUR adhesive can be suitable for hardwood bonding. This suggests that its applicability
depends either on the specific adhesive type or the hardwood species, or both. There
are also many other influencing factors of the properties of the adhesion. As examples,
the adhesive anchorage within the wood substrate; permeability of the wood, because
wood with good permeability allows usually better adhesion penetration and thus, better
bonding quality; porosity, because it matters how much the adhesive can grip the surface
of the material; surface preparation; pressure during the adhesion curing; moisture content
of the wood, and other curing conditions. Most of these conditions are specified in the
datasheet of the glue, and during the manufacturing these were followed, since the same
procedure was used as for conifers. The company manufactures high-quality, certified
structural components from conifers, so they are familiar with the use of this type of adhe-
sive. It is also known that adhesives developed for softwoods may not perform adequately
even for certain softwood species (e.g., larch, in many cases), let alone with hardwood
species. Oak is particularly problematic in this regard. According to Purba et al. [19],
both one-component and two-component PUR adhesives represent a formaldehyde-free,
eco-friendly alternative for bonding structural oak members. While these systems achieve
high shear strength, their effectiveness is often constrained by the high density of oak,
the ring-porous structure, the surface acidity, which limit adhesive penetration and the
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bond integrity [19,71]. The susceptibility of oak to swelling and shrinkage induces high
glue-line stresses, so performance significantly declines under elevated moisture content.
Research indicates that PUR-bonded oak glulam frequently fails standard delamination
requirements at 18% moisture content, with some studies recording total delamination as
high as 93.4% [13]. Furthermore, finger joints remain a critical weakness; oak joints bonded
with PUR often exhibit failure at the adhesive line rather than wood failure, preventing
the full activation of the wood’s high tensile potential [13,17]. Consequently, the possibili-
ties available are even more limited for deciduous wood species that are used much less
frequently for GLT beams. Optimization may be achieved by specialized manufacturing
techniques. The use of primers in combination with PUR adhesive can enhance bond
durability [19]. Additionally, hybrid structural members—such as 3-ply CLT with oak
outer layers and a poplar middle layer—have demonstrated superior resistance to delam-
ination compared to pure oak specimens, offering a promising approach for structural
hardwood applications [19]. An alternative approach is to develop suitable adhesives. Only
recently have wood adhesives been developed for a broader range of species, and most
commercially available products are still optimized for traditional softwoods [3,72].

). S

TP -

- po--
\

e

Figure 4. Typical bending test failure of GLTs made exclusively of oak lamellae (a) and of oak lamellae
reinforced with veneer layers (b).

The reinforced GLT incorporated a beam-length, joint-free veneer layer on the tension
side, which significantly reduced delamination during bending. This configuration yielded
superior performance: the beam-length veneer acted as a unifying element, effectively
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restraining the opening of finger joints, similarly to a tension tie. A comparable effect was
observed in lamellae with grain deviation, where failure occurred only after substantial
force (89% higher MoR) and deflection due to the restraining effect of the veneer (Figure 4b).

Beyond its superior MoR performance, the reinforced GLT demonstrated a lower CV.
This study clearly demonstrates the potential of using reinforced GLTs. Current design
standards as EN 14080 do not yet account for layer configuration, structural composition,
or the quality of constituent elements. As hardwood species are increasingly utilized in
structural applications, the development and refinement of grading methods will become
essential [38,73-77]. Furthermore, the present study highlights that high-performance struc-
tural elements can be produced even from lower-quality raw materials. This conclusion
is supported by the relatively small differences in the MoE values between basic GLT and
reinforced GLT samples and the almost identical CV, although the MoE values are not
statistically identical. The fundamental material property—elasticity—indicates similar
quality of the material when comparing basic GLT and reinforced GLT.

The average MoE of the reinforced GLT was 12.0 & 0.6 GPa, which is 17.2% higher
compared to the basic GLT (Figure 3d). The latter slightly exceeds the literature average
for GLTs (11.4 & 0.4 GPa), indicating that both materials fall within the expected range
of elasticity [16,17]. This is further supported by the comparison with solid wood values:
the average MoE for small, clear oak specimens is 12.6 = 0.4 GPa [64-69], which is slightly
higher than the MoE of the reinforced GLT and more notably higher than the basic GLT. This
difference is expected, since small, sound specimens generally exhibit superior properties
compared to bonded elements made from lower-quality wood.

The lower average of 10.3 GPa MoE of the basic GLT and its slightly higher CV
(5.4%) can be attributed to bonding problems, which may have contributed to lower
performance. Micro-cracks at finger joints may have formed even at low deflections within
the measurement range of MoE, reducing the effective stiffness and resulting in average
values only slightly above 10 GPa.

The MoE 4, results provided a more uniform assessment of the specimens (Figure 3d).
The transmission of vibrations caused by the hammer impact is impeded along the grain
by wood defects; for instance, knots may deflect vibrations, but these vibrations can bypass
the knots with relatively low energy loss. As a result, dynamic testing emphasizes the
properties of sound wood while partially neglecting defects [78-80]. The average MoE,,
values were 11.4 + 0.7 GPa for the basic GLT and 12.0 & 0.7 GPa for the reinforced GLT,
closely matching literature values for solid oak GLTs (12.6 £ 0.4 GPa) [16].

The MoE,,, determined via longitudinal natural vibration frequency measurements,
typically yields higher values than static methods [78-80], likely due to its reduced sen-
sitivity to wood defects. From a structural design perspective, this may be considered
a limitation. It is essential that in this study, the static and dynamic MoE values for the
reinforced GLT were identical (12.0 & 0.6 GPa), with nearly matching standard deviations.
This can be attributed to the optimally positioned, high-quality veneer layers. In contrast,
the basic GLT exhibited a 10.6% difference between static and dynamic values, consistent
with or better than literature findings [78,79,81].

The average strain at 40% of the maximum load for the basic GLT was 0.15% with a CV
of 17.1%, whereas the reinforced GLT exhibited a significantly higher strain (0.25%) with
much lower CV (5.2%) (Figure 3c). For defect-free solid oak, the strain at maximum stress
ranges between 0.57% and 1.44%, with an average of 1.07% =+ 0.27% [66]. As discussed
above, the basic GLT failed at 49.0% lower deflections compared to the reinforced GLT
due to the failure at finger joints in the tension zone (Figure 4a). The early signs of the
failure—for example micro-cracks—likely appeared while the specimen was still within
its elastic range. The veneer reinforcement acted as an effective tie on the tension side,
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holding together lamellae that would otherwise fail prematurely, thereby significantly
increasing strain by 66.7%, as well as the maximum load. Although the ability for high
deflection is not necessarily advantageous in load-bearing structures, it becomes relevant
when associated with substantial increases in load capacity. In such cases, it is essential
to verify whether the structure can accommodate the predicted displacements or whether
alternative solutions—such as fiber reinforcement in the tension zone—should be employed.
Unfortunately, the introduction of additional materials complicates adhesive selection and
may reduce environmental sustainability.

Based on density values, the selection of raw materials was appropriate. The under-
performance of beams composed of low-quality lamellae—particularly in terms of MoR—is
primarily attributed to the performance of the adhesive and the glue lines, which may have
contributed to the premature failure of the beams, rather than wood defects, based on the
observed failure modes. Both static and dynamic MoE values remained within the expected
ranges, with a low CV, although the inferior performance of the basic GLT was still evident.

It would be worthwhile to conduct further tests that would help determine whether
the bond strength exceeded the wood strength and whether the mechanical performance of
the beams was governed by the veneer reinforcement, the lamellae, or the quality of the
bonded interfaces. Thus, both shear strength test in glue line and delamination resistance
test should be done.

4. Conclusions

This study assessed the mechanical behavior and non-destructive properties of oak
(Quercus spp.) glued-laminated timber (GLT) manufactured from predominantly low-
quality lamellae, with veneer reinforcement (4 mm thick veneers in the first and third layers
on both sides combined with five layers of 15 mm thick lamellae) and without veneer
reinforcement (five layers of 20 mm thick lamellae). A total of 23 beams (2000 mm long)
were tested using longitudinal vibration and four-point bending according to EN 408,
enabling a comparison of density, modulus of rupture (MoR), modulus of elasticity (MoE),
dynamic modulus of elasticity (MoEg,,), and strain at 40% of the maximum load.

The results demonstrated that veneer reinforcement significantly enhances structural
performance. The average MoR and the standard deviation increased from 37.6 £ 6.2 MPa
(basic GLT) to 70.9 & 4.6 MPa (reinforced GLT), corresponding to an 89% improvement,
while the CV decreased from 16.7% to 6.5%. Despite only 17.6% of the cross-section
consisting of defect-free veneer, this configuration effectively mitigated premature failure
mechanisms, particularly delamination and finger-joint opening in the tension zone. The
average MoE increased by 17.2% (from 10.3 £ 0.6 to 12.0 £ 0.6 GPa), while the 11.4-12.0 GPa
MOoEy, closely matched static measurements, especially in reinforced beams. The density of
759-781 kg/m?> was consistent with the literature and showed a low 3.03% CV, confirming
appropriate material selection. The relatively low performance, and the failures of basic
GLT were primarily attributed to the performance of the adhesive and the glue lines,
that may have contributed to the premature failure of the beams rather than inherent
wood defects.

Strain increased markedly from 0.15% to 0.25% (+66.7%) with veneer reinforcement,
reflecting improved load redistribution and delayed failure. The findings demonstrate that
the performance of GLT beams made exclusively from lower grade lamellae is low, while
high-performance structural elements can be produced using lower-grade hardwood raw
materials when combined with strategically positioned, defect-free reinforcement layers.
This approach enhances both their strength and reliability, although further development
of adhesives optimized for hardwood species remains essential for broader structural
application, while preserving the largely natural character of the product.
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