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and Pavel Král
Quebracho Tannin Bio-Based Adhesives for Plywood
Reprinted from: Polymers 2022, 14, 2257, doi:10.3390/polym14112257 . . . . . . . . . . . . . . . . 9

Johannes Jorda, Günther Kain, Marius-Catalin Barbu, Alexander Petutschnigg and Pavel
Král
Influence of Adhesive Systems on the Mechanical and Physical Properties of Flax Fiber
Reinforced Beech Plywood
Reprinted from: Polymers 2021, 13, 3086, doi:10.3390/polym13183086 . . . . . . . . . . . . . . . . 23
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Wood is a natural material that is available in large quantities and is easy to produce,
making it the perfect material to consider for the circular economy. Its importance has
dramatically increased in recent years. This increase is accompanied by the development of
new research methods that open new possibilities in the areas related to wood and wood
products in the process of their production, processing, and final use. The main topics of
this Special Issue were knowledge of the quality of wood and other lignocellulose materials;
the processes of their effective utilization and processing for more efficient processing; the
adoption of techniques and research around using wood for environmentally friendly com-
posite production and the positive impact of this on the environment; wood’s interaction
with solid substances and with different mechanical loads, chemicals and other substances;
and the different forms of energy and surface modification of wood and wood composites.

Section 1 Wood-Based Panels

Over the last 50 years, the use of wood adhesives in the manufacturing of wood-based
panel goods has increased the efficiency of wood resources. Wood adhesives are becoming
more popular as the need for wood-based panels grows [1]. Traditional wood-based panels
are produced with synthetic, formaldehyde-based adhesives that are commonly made
from fossil-derived constituents, such as urea, phenol, melamine, etc. Along with their
numerous advantages, such as chemical versatility, high reactivity, and excellent adhesive
performance, these adhesives are characterized by certain problems, and connected with
hazardous volatile organic compounds (VOCs) [2,3]. Recently, increased amounts of
biobased adhesives have been used in the production of wood composites to meet the
current need for the development of sustainable and innovative materials which will
make the wood-based panel industry more sustainable and lower its dependence on fossil
fuels [4]. Increased interest in developing sustainable adhesives from different renewable
biomass feedstock focuses mostly on lignin, tannin, starch, and proteins [5].

Authors Jorda et al. [6] focused their research on bio-based adhesive formulation
consisting of Quebracho tannin extract and furfural. They investigated its usability as
an adhesive for five-layered beech (Fagus sylvatica L.) plywood, detailing its press pa-
rameters and their influence on its physical and mechanical properties. The prepared
fully bio-based adhesive formulation showed good viscosity and curing behavior at a
relatively low temperature (100 ◦C), good bending, and acceptable tensile shear strength
in a dry environment, which was comparable to industrial applicated PF adhesive. The
authors have concluded that the proposed Quebracho tannin and furfural formulation
can improve and contribute to recyclability for specific interior plywood applications as
a key element of the bio-based circular economy. Another piece of research conducted
by Jorda et al. [7] focused on using adhesive systems for flax fiber-reinforced beech ply-
wood. Epoxy resin, urea-formaldehyde, melamine-urea formaldehyde, isocyanate MDI
prepolymer, and polyurethane had a different role in improving its mechanical properties.
Epoxy resin showed excellent properties in the case of flax fiber reinforcement, while
urea-formaldehyde, melamine urea-formaldehyde, and isocyanate MDI prepolymer helped
improve the modulus of elasticity, modulus of rupture, shear strength, and screw with-
drawal resistance. On the other hand, the tensile strength was lowered in the case of
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these adhesive systems. Polyurethane was the last tested adhesive system that showed the
lowered mechanical properties of flax fiber-reinforced plywood. As the authors concluded,
further research is mandatory to determine the influence of press parameters, in addition to
factors such as veneer and flax fiber manufacturing, and pre-treatment of the flax fiber [8,9].
Research in the area of fiber reinforcement used for veneer-based products has become
recently very popular. Alongside flax fibers, several natural fibers such as hemp or ke-
naf, or synthetic fibers such as carbon have shown very good potential in increasing the
mechanical properties of veneer-based products [10–12].

Alongside plywood, particleboards are another major wood-based product in global
trade. Their global popularity and production have seen an upward trend in recent
years [13–15]. In terms of quality assessment, particleboards have only a few disadvantages,
and flammability is among them [16]. Several researchers have evaluated the flammability
of wood-based composite materials [17–19]. The assumption of a fire hazard requires
an appropriate description of the fire ignition and fire development [20,21]. The authors
Turekova et al. [22] focused in their research on the significance of the influence of heat flux
density and particleboards’ properties on their thermal resistance (time to ignition). The
obtained results showed that the time to ignition depended significantly on the thickness
of the particleboard. Additionally, the linear dependence of the distance of the sample from
the heat source was confirmed.

Glued-laminated timber (Glulam) is a wood-based product preferred for wide-span
timber structures due to its lower variability in strength properties, and the possibility
of producing it in almost any length and shape [23]. Hollow glulam beam has some
advantages compared to traditional solid glulam beams, such as the convenience for
wiring construction, comparably lightweight, and higher strength-to-weight ratio [24].
Perkovic et al. in their paper [25] presented innovative hollow Glulam elements intended
for log-house construction. The research also involved testing the compression strength
of elliptical hollow cross-section Glulam specimens made of softwood and hardwood, as
well as full cross-section glue-laminated softwood timber specimens. The results showed
that the compression strength perpendicular to the grain of hollow specimens decreased by
about 55% compared to the full cross-section. By removing the holes in the central part of
the cross-section, the stress was reduced. Additionally, the distance of the holes from the
edges defined the local cracking. This research followed the long-term research focused on
innovative hollow Glulam elements [26,27].

Cross-laminated timber (CLT) as a structural, plate-like timber product gained global
recognition in the last three decades. The cross-laminated configuration improves the
stability, rigidity, and mechanical properties of the product [28]. CLT is commonly utilized
as a wall, roof, floor diaphragm, and other structural components. The connections between
structural components (wall to wall, wall to floor, floor to floor, wall to foundation, and
wall to concrete cores) must be designed for adequate strength, stiffness, and ductility when
CLT panels are used in structures [29,30]. Research conducted by Abdoli et al. [31] was
focused on the withdrawal resistance of nine types of conventional fasteners (stainless steel
nails, concrete nails and screws, drywall screws, three types of partially and fully threaded
wood screws, and two types of lag screws) with three loading directions and two-layer
arrangements in 3-ply CLTs made of poplar and fir. Research results confirmed that the
fastener type had the most significant impact on the withdrawal resistance, so changing the
fastener type from nails to screws increased it by about 5–11 times, which is in accordance
with other studies.

Wood frame walls have also gained popularity in recent decades. The frames are
usually made from spruce or pine timber surrounded (mostly) by OSB casing and filled
with thermal insulation material [32,33]. Szcepanski et al. [34] tested three walls of different
widths, with and without two different sizes of openings, in several locations, to monitor
the change in their natural frequencies under dynamic loads. The results showed that
the effect of the size and location of the openings on the natural frequency is significant
(and more sensitive for the location than for the sizes). The relative change in the natural
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frequencies of a wall without and with an opening in a specific place could be up to 30%.
The authors concluded that the appropriate size and place were found to be small openings
at the top of the walls.

Section 2 Wood

Wood is a valuable industrial and building material with many excellent properties in
its natural state. Modification of wood is applied to overcome weak points that are mainly
related to hygroscopicity, low dimensional stability, hardness, wear resistance, low resis-
tance to different forms of radiation (UV, IR, etc.), and low resistance to bio-deterioration
against fungi and termites [35–37]. Though many aspects of wood modification treatments
are known, the fundamental influence of the process on product performance, the envi-
ronment, and end-of-life scenarios remains relatively unknown [38,39]. A very popular
and ecological method is the thermal modification of wood. Thermal modification is a
well-established commercial technology for improving the durability and dimensional
stability of wood [40–42].

The unique mechanical and acoustical properties of wood and its aesthetic appeal
still make it the material of choice for musical instruments. The desire of musical in-
strument manufacturers to reduce the negative characteristics of raw material wood
through special modification processes has existed for a century now [43,44]. In research
by Danihelova et al. [45], the authors investigated the suitability of thermally modified
(ThermoWood process) Norway spruce and sycamore maple for special wood products,
mainly for musical instruments. Selected physical and acoustical characteristics (PACHs)
including density, dynamic modulus of elasticity along the wood grain, specific modulus,
speed of sound along the wood grain, resonant frequency, acoustic constant, logarithmic
decrement, loss coefficient, acoustic conversion efficiency, sound quality factor and the
timbre of sound were evaluated. Fast Fourier transform was used to analyze the sound
produced. Based on the results, the mild thermal modification resulted in a decrease in
mass and density, and in an increase in the speed of sound and dynamic modulus of
elasticity at all temperatures of modification. The thermally modified wood showed higher
sound radiation and lower loss coefficients than unmodified wood, and influenced the
timbre of sound of both wood species.

Wood is one of the most sustainable, aesthetically pleasing, and environmentally
friendly materials; however, the hazards of fire make wood a very desirable material for
further investigation. As well as having ignition resistance and a low heat release rate,
wood products are required to resist burn-through and maintain structural integrity when
exposed to fire or heat. The changes in the residential fire environment, and the lack of
fire behavior training are significant factors that are contributing to the continued climb
in traumatic deaths and injuries to firefighters [46–50]. In research by Gaff et al. [51], the
authors investigated the effect of synthetic and natural flame retardants on the flammability
characteristics and chemical changes in thermally modified meranti wood. The basic
chemical composition was evaluated to clarify the relationships between temperature
modifications and incineration. Weight loss, burning speed, the maximum burning rate,
and the time taken to reach the maximum burning rate were evaluated. The thermal
modification did not confirm a positive contribution to the flammability and combustion
properties of meranti wood. The effect of synthetic retardant on all combustion properties
was significantly higher compared to that of natural retardant.

Some significant factors affecting the behavior of wood during exposure to fire are its
chemical composition, wood species, density, moisture content, permeability, anatomy, and
aging process [52–54]. Authors Zachar et al. [55] provided research dealing with the effect of
the age of oak wood (0,10,40,80, and 120 years) on its fire resistance. The authors determined
the chemical composition of wood by the wet chemistry method, and elementary analysis
was performed according to ISO standards. From the fire’s technical properties, the flame
ignition, spontaneous ignition temperature, and mass burning rate were evaluated. Results
showed that lignin content did not change, the content of extractives and cellulose increased
and the content of holocellulose decreased with the higher age of the wood. The elementary
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analysis confirmed the lowest proportional content of nitrogen, sulfur, and phosphor,
and the highest content of carbon in the oldest wood. The difference among the values of
spontaneous ignition activation energy is clear evidence of higher resistance to the initiation
of older wood in comparison with younger wood. The research confirmed that the oldest
sample is the least thermally resistant, due to the different chemical compositions.

Steam treatment is often applied to wood to improve the stability and permeability of
the wood, obtain a desirable color and soften the wood [56–58]. In the paper by authors
Dudiak et al. [59], the differences in the color changes of unsteamed and steamed beech
wood were caused by long-term exposure to sunlight on the surface of the wood in interiors
for 36 months. The lower value of the total color difference of steamed beech wood
indicated the fact that steaming of beech wood with saturated water steam had a positive
effect on the color stability and partial resistance of steamed beech wood to the initiation
of photochemical reactions induced by UV–VIS wavelengths of solar radiation. Spectra
ATR-FTIR analyses declared the influence of UV–VIS components of solar radiation on
unsteamed and steamed beech wood, and confirmed the higher color stability of the
steamed beech wood. Another study, conducted by Dzurenda et al. [60], dealt with maple
wood steamed with a saturated steam-air mixture to give a pale pink-brown, pale brown,
and brown-red color. Subsequently, samples of unsteamed and steamed maple wood
were irradiated with a UV lamp in a Xenotest after drying to test the color stability of the
steamed maple wood. The results showed that the surface of unsteamed maple wood
changes color far more markedly under the influence of UV radiation than the surface of
steamed maple wood. Differential ATR-FRIT spectra confirmed the effect of UV radiation
on unsteamed and steamed maple wood and confirmed the higher color stability of the
steamed maple wood.

The protection of wood is particularly demanding in adverse environments. The
use of wood in marine environments is a major challenge due to the high sensitivity
of wood to both water and marine microorganisms [61,62]. Another interesting study
by Filgueira et al. [63] focused on the development of a new green methodology based
on the laccase-assisted grafting of lauryl gallate onto wood veneers, to improve their
marine antifouling properties. Different wood species (beech, pine, and eucalyptus) were
effectively hydrophobized through the enzymatic treatment. The reaction condition played
an important role in the extent of hydrophobization; the treated wood species were also
a major factor. The results observed in the study confirmed the potential efficiency of
laccase-assisted treatments to improve the marine antifouling properties of wood.

With increasing energy demand and requirements for environmental conservation,
the replacement of petroleum-based materials with bio-based materials is an interesting
opportunity. Transparent wood is an example of a multifunctional wood composite. Opti-
cally transparent wood integrates mechanical and optical properties, and is a promising
contender for intelligent buildings, structural optics, and photonics applications [64–68].
In research conducted by Wachter et al. [69], the effect of monochromatic UV-C radiation
on transparent wood was evaluated. Samples of basswood were treated using a lignin
modification method to preserve most of the lignin, and subsequently impregnated with
refractive-index-matched types of acrylic polymers. Optical and mechanical properties
were measured to describe the degradation process over 35 days. Results confirmed that
exposure to UV-C radiation has a significant effect on the color of transparent wood. Sam-
ples became darker with increasing exposure time, and their color shifted towards shades
of red and yellow; this can be possibly explained by the reactivation of chromophores.
Additionally, the transmittance of light was significantly affected by UV-C radiation. The
influence of UV-C radiation on hardness was significantly lower than in the case of optical
properties. The measured values showed that the resulting hardness of transparent wood
depends mainly on the hardness of the acrylic polymer used.

We would like to thank our Section Managing Editor, Chris Chen for his professional
attitude and assistance with publishing.
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Abstract: Wood-based products are traditionally bonded with synthetic adhesives. Resources avail-
ability and ecological concerns have drawn attention to bio-based sources. The use of tannin-based
adhesives for engineered wood products has been known for decades, however, these formulations
were hardly used for the gluing of solid wood because their rigidity involved low performance. In
this work, a completely bio-based formulation consisting of Quebracho (Schinopsis balancae) extract
and furfural is characterized in terms of viscosity, gel time, and FT-IR spectroscopy. Further, the
usability as an adhesive for beech (Fagus sylvatica) plywood with regard to press parameters (time and
temperature) and its influence on physical (density and thickness) and mechanical properties (modu-
lus of elasticity, modulus of rupture and tensile shear strength) were determined. These polyphenolic
adhesives presented non-Newtonian behavior but still good spreading at room temperature as well
as evident signs of crosslinking when exposed to 100 ◦C. Within the press temperature, a range
of 125 ◦C to 140 ◦C gained suitable results with regard to mechanical properties. The modulus of
elasticity of five layered 10 mm beech plywood ranged between 9600 N/mm2 and 11,600 N/mm2,
respectively, with 66 N/mm2 to 100 N/mm2 for the modulus of rupture. The dry state tensile shear
strength of ~2.2 N/mm2 matched with other tannin-based formulations, but showed delamination
after 24 h of water storage. The proposed quebracho tannin-furfural formulation can be a bio-based
alternative adhesive for industrial applicability for special plywood products in a dry environment,
and it offers new possibilities in terms of recyclability.

Keywords: plywood; quebracho; tannin furfural; biogenic adhesives

1. Introduction

Lignocellulosics are abundant bio-resources, nowadays perceived as a gamechanger in
the scope of the climate crisis. Wood products contribute as carbon dioxide (CO2) storage
sinks due to increasing the time that CO2 captured in forests is kept out of the atmosphere.
Encouraging more forest growth, wood products enhance the efficiency of forest sinks by
acting as carbon stores [1]. Indeed, numerous studies have emphasized the environmental
benefits of wood-based materials compared to mineral-based compounds [2,3], due to
the low embodied emissions and the lower material intensity of wood [4]. Within wood-
based products, wood panels cover a major assortment of applications in the construction,
packaging, and furniture sectors [5]. In order to achieve well-distinct properties, wood
panel manufacturing adapts the dimensions of engineered wood products (EWPs) through
the intelligent (re)assembly of wooden parts. Assembly that is regularly done with the
application of adhesive resins. The high market that EWPs are gaining have caused
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environmental concerns related to the emissions from formaldehyde and other volatile
compound that underlie the main adhesives used [6]. Consequently, workable alternatives
are required in accordance with environmental standards and safety and market demands to
direct future development through a sustainable use of wood. For instance, the generation
of adhesives from bio-resources enables both a reduction in the use of chemical reagents
harmful to health and a further move away from petroleum derivatives, thus decreasing
the carbon footprint of the final product [7]. Actually, recent market forecasts highlight the
importance of the bio-adhesives field and a growth from between USD 3.7–6.0 billion in
2020 to USD 5.2–9.7 billion by 2025–2028 is expected [8,9]. Different renewable substances
have been proposed as a building block to manufacture bio-resins, from plant protein
such as soy, starch based polysaccharides, and lignocellulosic molecules such as lignin
and tannins [10,11]. Additionally, to overcome issues related to toxic reagents such as
the formaldehyde traditionally used to manufacture wood-based products [12], different
bio-based formaldehyde free formulations have been developed. Oktay et al. (2021)
used bio-based corn-starch Mimosa tannin sugar adhesives for panels to meet the EN
312:2010 particleboard (P2) standard requirements for interior fittings in a dry state [13].
Similar results are given by Paul et al. (2021) for particleboard bonded with lignin-based
adhesives [14]. Plywood, for example, assembled with PVOH–lignin–hexamine showed a
dry tensile shear strength of 0.95 N/mm2 [15] or with a soybean meal-based adhesive, which
displayed excellent water resistance with a tensile shear strength exceeding 1 N/mm2 [16].
Ghahri et al. (2022) reported a wet state tensile shear strength of ~0.8 N/mm2 for a
Quebracho tannin and isolate soy protein adhesive without hardener [17]. According to
the mentioned research, tannins are of particular interest due to their chemical structure
and good reactivity [18,19], which make these compounds great candidates. Tannins are
classified into hydrolysable and condensed, the former class are mixtures of simple phenols,
such as pyrogallol and ellagic acid, and esters of glucose, with gallic and digallic acids [20].
The latter, also known as proanthocyanins or flavanol, constitutes more than 90% of world
production [20], which due to its reactivity is more suitable for industrial application.
Condensed tannins are polyhydroxy-flavan-3-ol oligomers bonded together mostly by
C-C bonds between the A rings of the flavanol units and the pyran rings of other flavanol
units [19]. Particularly, the polyphenolic structure suggests the comparison and the possible
replacement of phenol-formaldehyde (PF) synthetic resins used for gluing EWPs, whose
production has seen a sharp increase in the last decade [21]. Moreover, during processing,
PF resins have the highest environmental impact of all major synthetic resins [22], ranking
tannins as a potential prime substitute.

Deep research has been carried out on the application of tannin adhesives [23–26].
However, it is useful to mention that a synthetic crosslinker is almost always required to
form the three-dimensional polymeric structure. In the current study, an entirely renewable
tannin-based adhesive is proposed, using furfural as hardener. Furfural, belonging to the
furan compounds, is produced through the acid hydrolysis of biomass [27], and agricultural
residues can be used, too [28]. The renewability and the abundance of lignocellulosic
biomass make it a viable resource.

This study proposes a new Quebracho tannin-furfural adhesive formulation to be
used for the production of plywood. The aim of our investigation is to characterize the
Quebracho tannin-furfural adhesive, previously studied and compared with the main
synthetic and non-synthetic hardeners [29], in terms of gel time, viscosity, and FT-IR
spectroscopy as well as to determine the mechanical performance of five layered beech
(Fagus sylvatica) plywood with regard to the press parameter of time and temperature,
which consequently contribute to the production and the use of bio-based adhesives.

2. Materials and Methods
2.1. Materials

The tannin-based adhesives were prepared using Quebracho (Schinopsis balancae) tan-
nin extract (Fintan 737B), kindly provided by the company Silvateam (S. Michele Mondovì,
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Cuneo, Italy) and furfural (99%) obtained by International Furan Chemical IFC (Rotterdam,
The Netherlands). Sodium hydroxide was purchased from Alfa Aesar (Thermo Fisher,
Waltham, MA, USA) and it was applied to change the pH of the formulation.

Pre-conditioned (20 ◦C, 65% relative air humidity) rotary cut defect free beech
(Fagus sylvatica) veneers, purchased from Europlac (Topolčany, Slovakia,), with a nom-
inal thickness of 2.2 mm, an average density of 0.72 g/cm3, and an average moisture
content of 12% were used to prepare the plywood for this study.

2.2. Methods
2.2.1. Adhesive Preparation

The tannin-furfural formulation was prepared by mixing under vigorous stirring the
commercial extract with water to obtain a 65% homogeneous suspension. The starting pH
of 6.7 was adjusted to 8 by adding a 33% sodium hydroxide solution and finally 10% of
furfural calculated on solid tannin was added.

2.2.2. Adhesive Characterization

Gel time: 5 g of the formulation were inserted into a glass test tube which was
immersed in an oil bath at 100 ◦C. The transition time to obtain a solid was recorded using
a stopwatch. The tests were repeated three times.

Viscosity: A freshly prepared formulation was analyzed with Rheometer Kinexus Lab
from Malvern Panalytical (Malvern, UK). The measurement was conducted at 25 ◦C using
cone-shaped geometry spindles with a diameter of 4 cm and a gap between the plates of
0.15 mm. The rotational speed was set from 10 s−1 to 300 s−1.

FT-IR: A Frontier ATR-FT-MIR from Perkin Elmer (Waltham, MA, USA) was used
for scanning the industrial Quebracho powder, Quebracho furfural formulation dried
at room temperature for 24 h and the same formulation cross-linked at 100 ◦C for 24 h.
Every spectrum was acquired with the ATR diamond device with 32 scans from 4000 to
600 cm−1 and the fingerprint spectral region between 1800 and 600 cm−1 was considered
after normalization and baseline correction.

2.2.3. Plywood Preparation

The plywood consisted of five layered 90◦ crosswise oriented 2.2 mm thick beech
veneer plies. Adhesive application was carried out manually by weighing the required
adhesive amount of 150 g/m2 per glue line with a KERN ITB 35K1IP device (Balingen-
Frommern, Germany). Pressing was conducted using a Höfler HLOP 280 (Taiskirchen,
Austria). Pressure was set to 3 N/mm2; press-time was 10 min, 15 min, respectively 20 min
and press-temperature was 110 ◦C, 125 ◦C and 140 ◦C.

A pretest to determine the time depended temperature behavior within the glue line
during hot pressing as well as in order to check temperature difference between press and
glue line was conducted using a Lutron electronic enterprise BTM 4208SD (Taipei City,
Taiwan) datalogger with K-couple thermo-wired sensors. The sensors were placed on the
outer plies surfaces and within the glue lines between the singular plies. The temperature
at the press control unit was adjusted according to the pretest results.

After pressing, the boards were stored until mass constancy under a climate of 20 ◦C
and 65% relative humidity. Test specimen were cut from the plywood boards for the
determination of density, bending strength (MOR), stiffness (MOE), and tensile shear
strength (TSS).

2.2.4. Plywood Characterization

The density was determined according to EN 323:2005, and it was obtained from the
bending test specimen [30].

The density profile was measured with a DENSE-LAB X (EWS, Hammeln, Germany)
and the specimen dimensions 50 mm × 50 mm. The thickness was obtained from the bend-
ing test specimens. The “Degree of compression” (DoC) was calculated by the percentage
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based difference between the theoretical thickness of 11 mm of non-compressed veneer ply
stack before pressing and the actual thickness of the bending test specimens according to
Spulle et al. (2021) [31].

Dry state tensile shear strength (TSS) and 24 h water soaking TSS was determined
according to EN 314:2005 with specimen dimensions 100 mm × 25 mm [32]. Modulus of
rupture (MOR) and modulus of elasticity (MOE) were determined by a three-point bending
test according to EN 310:2005 with specimen dimensions 250 mm × 50 mm [33].

All mechanical properties (SS, MOE, and MOR) were determined using a Zwick/Roell
250 8497.04.00 test device (Ulm, Germany) under constant climatic conditions (rel. humidity
65%, ambient temperature 20 ◦C). The set-up and the number of specimens of the conducted
tests is given in Table 1.

Table 1. Number of test specimen for the physical and mechanical properties testing of Quebracho
tannin-furfural bonded five layered beech plywood.

Time [min]

10 15 200

Temperature [◦C] 110 125 140 110 125 140 110 125 140

Number of Test Specimens N

Density 5 5 5 5 5 5 5 5 5
Density profile 5 5 5 5 5 5 5 5 5

Thickness 5 5 5 5 5 5 5 5 5
MOE/MOR 5 5 5 5 5 5 5 5 5

TSS dry state and 24 h 5 5 5 5 5 5 5 5 5

2.2.5. Data Analysis

For statistical evaluation IBM SPSS (Armonk, NY, USA) was used for descriptive data
exploration and univariate and multivariate methods for the evaluation of the different Que-
bracho tannin-furfural bonded plywood test specimen. To determine differences between
the press parameters, an ANOVA at a significance level of 95% was used. Multivariate
ANOVA was used to determine the influence of “Temperature” and “Press-time” with the
“Density” as covariant. The significance of correlations (Pearson) were evaluated using
two-sided confidence intervals of 95%.

3. Results & Discussion
3.1. Adhesive Characterization

Tannin-furfural adhesives showed the most favorable hardening conditions at pH 8 [29].
Due to the limited viscosity of the adhesive at 50% solid content (s.c.), in this work tannin
formulations with 65% s.c. were tested for their viscosity, gel time, and hardening. It was
observed that concentrated tannin-furfural formulation presents a non-Newtonian pseu-
doplastic behavior (Figure 1), described as an increase of shear rate leading to a decrease
of viscosity.

In these conditions, the formulation easily resulted in being homogeneously spread on
wood. The curing behavior of the formulation was measured through gel time at 100 ◦C,
which was 238 (+/−10) seconds that is slightly slower than commercial urea-formaldehyde’s
(UF) as it hardens after 127 s [34] but rather faster than phenol-formaldehyde’s (PF) with a
gelation time ranging within 10 min [35].
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Figure 1. Viscosity of a 65% tannin furfural formulation.

From the chemical point of view, the curing process was observed comparing the
spectra of the resin exposed 24 h at 25 and 100 ◦C. Figure 2 reports the spectra of the dry
resin before and after curing. Comparing the two spectra, the most evident difference
is that after curing the bands become broader suggesting the formation of polymeric
structures, in particular the region at lower wavenumber become almost flat due to the
steric hindrance for out of plane C-OH wagging and C-H bending vibrations [36,37].
Further major observations are the decreasing/disappearing of some signals such as those
at 1670, 1392, 1018, 929, and 758 cm−1, which are related to furfural compounds [38,39].
According to these observations, the crosslinking process could be similar to that observed
for the polymer with Mimosa extract, involving the bridging through methylene–furanic
units [40].
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Figure 2. ATR-FTIR of Quebracho tannin furfural formulations at room temperature (black) and
cured at 100 ◦C (red).

The main differences between Mimosa and Quebracho tannin is related to the nature of
the B ring where the former bonds three hydroxyl groups (pyrogallic unit) [40]. Conversely,
the B ring of Quebracho bonds principally two hydroxyl groups (catechol unit) decreasing
the reactivity due to the chemistry of phenol [29]. Thus concluding, the reaction between
Quebracho and furfural mainly involves the benzene ring A, as reported in Figure 3.
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temperatures, demonstrating differing bonding behavior. The specimen for the press 
temperature of 110 °C reveals delamination within the glue line (GL) 4 due to a significant 
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indicates inappropriate bonding behavior. Test specimen for the press temperature of 
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3.2. Plywood Characterization
3.2.1. Density

Density is one of the major physical parameters influencing the mechanical properties
of plywood while enhancing MOE and tensile strength (TS) [41]. The mean density of the
tested groups range between 0.768 g/cm3 (press temperature 140 ◦C; press time 10 min)
and 0.810 g/cm3 (press temperature 125 ◦C; press time 20 min) (Figure 4a). The gained
results are within the range compared to the values mentioned in the literature for identical
five-layered beech plywood set-ups [42,43]. Testing of the density specimen for 110 ◦C press
temperature and 10 min press time was not possible due to delamination after pressing
and conditioning.

Polymers 2022, 14, 2257 6 of 14 
 

 

reaction between Quebracho and furfural mainly involves the benzene ring A, as reported 
in Figure 3. 

 
Figure 3. Possible product from Quebracho tannin and furfural reaction. 

3.2. Plywood Characterization 
3.2.1. Density 

Density is one of the major physical parameters influencing the mechanical 
properties of plywood while enhancing MOE and tensile strength (TS) [41]. The mean 
density of the tested groups range between 0.768 g/cm3 (press temperature 140 °C; press 
time 10 min) and 0.810 g/cm3 (press temperature 125 °C; press time 20 min) (Figure 4a). 
The gained results are within the range compared to the values mentioned in the literature 
for identical five-layered beech plywood set-ups [42,43]. Testing of the density specimen 
for 110 °C press temperature and 10 min press time was not possible due to delamination 
after pressing and conditioning. 

  
(a) (b) 

Figure 4. (a) Density grouped by time and temperature. Dots and stars within the box plot indicate 
outliers and (b) density profile for the 5-layers plywood glued for 15 min with Quebracho tannin-
furfural adhesives at different temperature. 

The density profile, plotting density against thickness, displays a method to gain 
information of the bonding performance within the adhesive layer [44,45]. The selected 
density profiles (Figure 4b) of specimen from the test set 15 min and three different 
temperatures, demonstrating differing bonding behavior. The specimen for the press 
temperature of 110 °C reveals delamination within the glue line (GL) 4 due to a significant 
sharp declined density gap and wider thickness. Further, a double peaking at glue line 3 
indicates inappropriate bonding behavior. Test specimen for the press temperature of 
125 °C illustrates a deeper adhesive penetration into the plies adjacent to the glue line due 
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outliers and (b) density profile for the 5-layers plywood glued for 15 min with Quebracho tannin-
furfural adhesives at different temperature.

The density profile, plotting density against thickness, displays a method to gain infor-
mation of the bonding performance within the adhesive layer [44,45]. The selected density
profiles (Figure 4b) of specimen from the test set 15 min and three different temperatures,
demonstrating differing bonding behavior. The specimen for the press temperature of
110 ◦C reveals delamination within the glue line (GL) 4 due to a significant sharp declined
density gap and wider thickness. Further, a double peaking at glue line 3 indicates inap-
propriate bonding behavior. Test specimen for the press temperature of 125 ◦C illustrates a
deeper adhesive penetration into the plies adjacent to the glue line due to wider and slightly
lower density peaks than the selected specimen of the press temperature 140 ◦C. Compared
to the previous described samples, the specimen for 140 ◦C has a sharper curvature of the
density peaks indicating a reduced adhesive penetration into the adjacent wood layers, and
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a higher degree of compression is visible due to the lower thickness (<10 mm) compared to
the other test specimen (>10 mm) with a lower temperature (Figure 5a).
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Figure 5. (a) Mean thickness and (b) mean degree of compression (DoC) of five layered Quebracho
tannin furfural bonded plywood. The brackets within the figure indicate the interval ± 1 standard
deviation (SD).

The thickness of the Quebracho tannin-furfural bonded five layered plywood ranges
between 9.74 mm (press temperature 140 ◦C; press time 20 min) and 10.21 mm (press
temperature 125 ◦C; press time 15 min) (Figure 5a), respectively, and between 11.45% and
7.18% for the degree of compression (DoC) (Figure 5b). This is according to Bekhta et al.
(2009), stating a compression of ~10% for plywood manufacturing [46].

Thickness and therefore the degree of compression is influenced by the moisture
content of veneers, press time and temperature. An elongated press time with a higher tem-
perature influences the chemical wood structure due to a shift toward the glass transition
of the singular chemical wood constituents while softening the natural polymeric cellular
fiber composite character of wood [47].

3.2.2. Bending Properties

Modulus of elasticity (MOE) ranges between 448 (SD = 34) N/mm2 (press-time
15 min/-temp. 110 ◦C) and 11,628 (SD = 592) N/mm2 (press-time 10 min/-temperature
140 ◦C) (Figure 6a). Modulus of rupture (MOR) ranges between 18.73 (SD = 2.65) N/mm2

(press-time 15 min/-temperature 110 ◦C) and 104.61 (SD = 20.67) N/mm2 (press-time
15 min/-temperature 140 ◦C) (Figure 6b). Testing of specimen of test-group press time
10 min and press temperature 110 ◦C could not be carried out due to delamination after
pressing and within conditioning. All tested specimen regardless of the test group failed
within the adhesive layers, indicating low cohesive strength. Notable is the shift of the
failure pattern from the pressure zone to the tension zone of the three-point bending test
specimens, with increasing press-temperature and time. This fact reveals an improved
adhesive performance with increasing press-time and temperature (Figure 7).

The modulus of elasticity is clearly affected by the combination of temperature and
time. At a higher temperature, similar MOE are achieved independently of the press-
ing time.

Applying 20 min curing time, 110 ◦C is already sufficient to exceed 9000 N/mm2,
while at 140 ◦C with 10 min already a modulus of elasticity exceeding 11,000 N/mm2 is
reached. Hence, an increase of the temperature above 15 min does not further influence the
final MOE. Additionally, the modulus of rupture (MOR) is dependent on the combined
effect between temperature and time, where temperature is still crucial (Figure 6b). It can
be observed that, the overall preferable pressing conditions for the bending properties
require higher temperature (140 ◦C) and a pressing time of 10 to 15 min.
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resin (150 g/m2) bonded plywood at 140 °C press temperature, 10 min of pressing and a 
pressure of 1 N/mm2 [52]. This is 20% lower compared to the presented mean MOE of 
11,628 N/mm2 for 10 min and 140 °C of the current study. The variation within the 
numbers can be explained by the natural variation of native wood and its anisotropic 
behavior. Lohmann (2008) stated for the MOE of Fagus sylvatica a range between 10,000 to 
18,000 N/mm2 and for MOR 74 to 210 N/mm2 [53]. Additionally, the mechanical 
performance of wood-based materials is influenced by the press parameters, according to 
Réh et al. (2021), as well as the specific lay-up of laminar wood-based products [54]. 
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The top of the column indicates the means and the bars within the figure represent the standard
deviation (SD).

Polymers 2022, 14, 2257 8 of 14 
 

 

6b). It can be observed that, the overall preferable pressing conditions for the bending 
properties require higher temperature (140 °C) and a pressing time of 10 to 15 min. 

 

 

 
(a)  (b) 

Figure 6. Influence of press time and press temperature of five layered Quebracho Tannin furfural 
bonded beech plywood on (a) Modulus of elasticity (MOE) and (b) Modulus of rupture (MOR). The 
top of the column indicates the means and the bars within the figure represent the standard 
deviation (SD). 

 
Figure 7. Stress-deformation behavior of selected samples for 15 min press time and three different 
temperatures. 

Comparing the presented MOE and MOR values to the literature, there is a general 
divergent picture. Niemz (1993) stated general values for MOE between 1500 and 7000 
N/mm2 for plywood without regard to adhesives [48]. Values for MOE according to DIN 
68 705-5 range between 5900 and 9600 N/mm2 [49]. Hrazsky and Kral (2005) stated a mean 
MOE of 12,493 N/mm2 and a mean MOR of 77.50 N/mm2 for seven layered foiled 10 mm 
thick beech plywood [50]. Biadala et al. (2020) obtained a mean MOE of 13,720 N/mm2 for 
three layered phenol-formaldehyde bonded beech plywood with a nominal veneer 
thickness of 1.7 mm and a MOR of 158.4 N/mm2 [51]. Lower values are given by Dieste et 
al. (2008) for MOE with a mean of 9369 N/mm2 of Fagus sylvatica five layered phenolic 
resin (150 g/m2) bonded plywood at 140 °C press temperature, 10 min of pressing and a 
pressure of 1 N/mm2 [52]. This is 20% lower compared to the presented mean MOE of 
11,628 N/mm2 for 10 min and 140 °C of the current study. The variation within the 
numbers can be explained by the natural variation of native wood and its anisotropic 
behavior. Lohmann (2008) stated for the MOE of Fagus sylvatica a range between 10,000 to 
18,000 N/mm2 and for MOR 74 to 210 N/mm2 [53]. Additionally, the mechanical 
performance of wood-based materials is influenced by the press parameters, according to 
Réh et al. (2021), as well as the specific lay-up of laminar wood-based products [54]. 

Figure 7. Stress-deformation behavior of selected samples for 15 min press time and three
different temperatures.

Comparing the presented MOE and MOR values to the literature, there is a gen-
eral divergent picture. Niemz (1993) stated general values for MOE between 1500 and
7000 N/mm2 for plywood without regard to adhesives [48]. Values for MOE according
to DIN 68 705-5 range between 5900 and 9600 N/mm2 [49]. Hrazsky and Kral (2005)
stated a mean MOE of 12,493 N/mm2 and a mean MOR of 77.50 N/mm2 for seven layered
foiled 10 mm thick beech plywood [50]. Biadala et al. (2020) obtained a mean MOE of
13,720 N/mm2 for three layered phenol-formaldehyde bonded beech plywood with a nom-
inal veneer thickness of 1.7 mm and a MOR of 158.4 N/mm2 [51]. Lower values are given
by Dieste et al. (2008) for MOE with a mean of 9369 N/mm2 of Fagus sylvatica five layered
phenolic resin (150 g/m2) bonded plywood at 140 ◦C press temperature, 10 min of pressing
and a pressure of 1 N/mm2 [52]. This is 20% lower compared to the presented mean MOE
of 11,628 N/mm2 for 10 min and 140 ◦C of the current study. The variation within the
numbers can be explained by the natural variation of native wood and its anisotropic
behavior. Lohmann (2008) stated for the MOE of Fagus sylvatica a range between 10,000 to
18,000 N/mm2 and for MOR 74 to 210 N/mm2 [53]. Additionally, the mechanical perfor-
mance of wood-based materials is influenced by the press parameters, according to Réh
et al. (2021), as well as the specific lay-up of laminar wood-based products [54]. Further,
the type of adhesive has a significant influence on MOE and MOR [55], concluding that
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the presented adhesive formulation can compete with synthetic phenolic resins in terms of
MOE and MOR.

3.2.3. Tensile Shear Strength

Tensile shear strength had been tested in the dry state and after 24 h water storage.
The results for the dry state tensile shear strength range between 0.00 N/mm2 (press-
time 10 min; press-temperature 110 ◦C), respectively, 1.74 (SD = 0.32) N/mm2 (press-time
10 min; press-temperature 140 ◦C) and 2.29 (SD = 0.69) N/mm2 (press-time 15 min; and
press-temperature 125 ◦C) (Figure 8). It has to be noted that specimens of test group
110 ◦C/10 min failed subsequently before testing due to delamination and only two spec-
imen per test group 125 ◦C/10 min and test group 110 ◦C/15 min due to delamination
during specimen cutting could be tested. This indicates a poor bonding behavior within
the glue line. Tensile shear strength testing at dry state revealed excellent results even at
moderate curing temperature (125 ◦C) with limited influence of the press time.
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All tested specimens regardless of the test group failed within the glue line without
displaying a wood fracture pattern according to EN 314 [56].

Testing of tensile shear strength for class 1 plywood applications according to EN 314
with 24 h water storage could not be carried out due to delamination failure of all test
specimens within the 24 h of immersion into water [32].

Compared to the literature, Xi et al. (2020) gained values for tensile shear strength at
a dry state between 0.98 and 1.99 N/mm2 for three layered poplar (Populus tremuloides)
plywood bonded with different Mimosa tannin glucose mixtures [57]. Similar results are
stated by Hafiz et al. (2020) for tannin phenol-formaldehyde (TPF) co-polymer bonded
rubber wood (Hevea brasiliensis) plywood in a range between 1.71 and 2.58 N/mm2 and
3.41 N/mm2 for the phenol-formaldehyde (PF) bonded reference [58]. Compared to indus-
trial applicated adhesives, Jorda et al. (2021) stated for five layered beech (Fagus sylvatica)
urea-formaldehyde (UF) bonded plywood a mean tensile shear strength in a dry state of
5.47 N/mm2, for melamine-urea formaldehyde (MUF) 6.29 N/mm2 and polyurethane
(PUR) of 6.74 N/mm2 [42]. Biadala et al. (2020) obtained a tensile shear strength value for
phenol formaldehyde resin bonded beech plywood after 24 h water soaking of 2.99 N/mm2,
respectively 2.44 N/mm2 after the boiling test [51]. Concluding that the presented Quebra-
cho tannin-furfural adhesive formulation is capable of preserving with other mentioned
tannin adhesives formulations for dry state tensile shear strength. Compared to industrial
applicated adhesives, the dry-state performance is significantly lower and after 24 h water
exposure incapable in terms of water resistance. This could be related to tensions induced
by swelling of the singular veneer plies, especially beech (Fagus sylvatica L.) reacts sensitive
to moisture induced swelling and shrinkage, resulting in low stress transfer capability
within the glue line due to the brittle structure of the hardened Quebracho tannin-furfural
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adhesive. This is in line with several studies mentioning the brittle behavior of tannin-based
adhesive formed glue lines [59–61].

3.2.4. Statistical Considerations

Significant correlations between thickness and MOE (R = −0.609; p-value 0.001),
thickness and MOR (R = −0.823; p-value 0.001) and the correlation between MOE and MOR
(R = 0.831; p-value 0.001) could be stated. The correlation of MOE versus density (R = 0.098;
p-value 0.546) and MOR versus density (R = −0.025; p-value 0.876) is not detected. No
correlation between tensile shear strength versus MOE (R = −0.147; p-value 0.456) and
tensile shear strength versus MOR (R = −0.105; p-value 0.596) are detected.

The selected press parameters “time” and “temperature” have been accessed by uni-
and multivariate methods to determine the influence on density, thickness, modulus of
elasticity, modulus of rupture, and tensile shear strength (Table 2).

Table 2. Results of statistical significance for one-way ANOVA.

Properties Variable Mean Square F-Value p-Value

Density Temperature 0.001 4.671 0.016 *
Time 0.001 6.021 0.005 *

Thickness
Temperature 0.654 90.577 <0.001 *

Time 0.036 0.876 0.425

MOE
Temperature 130,074,609 7.985 0.001 *

Time 489,227,828.8 2.360 0.108

MOR
Temperature 17,277.397 47.926 <0.001 *

Time 609.421 0.483 0.621

TSS
Temperature 0.360 1.850 0.178

Time 0.206 0.994 0.384
* The p-value lower than α = 0.05 displays significant influence on the physical and mechanical plywood properties.

The one-way ANOVA for the factor “temperature” reveals the influence on density
(p-value = 0.016; η2 0.202), thickness (p-value < 0.001; η2 0.830), modulus of elasticity
(p-value = 0.001; η2 0.301) and modulus of rupture (p-value < 0.001; η2 0.721). It does not
influence tensile shear strength (p-value = 0.178; η2 0.129). A significant influence can be
stated for the factor “time” on density (p-value = 0.005; η2 0.246) but not for thickness
(p-value = 0.425; η2 0.045), tensile shear strength (p-value = 0.384; η2 0.074), modulus of
elasticity (p-value = 0.108; η2 0.113) and modulus of rupture (p-value = 0.621; η2 0.025).

The multivariate test conducted for the factors “time” and “temperature” with the
covariant “density” displays a similar picture for the factor “temperature” significantly
influencing thickness (p-value < 0.001), modulus of elasticity (p-value < 0.001), modulus of
rupture (p-value < 0.001) and tensile shear strength (p-value 0.048). The factor “time” does
significantly influence the thickness (p-value < 0.001) but not tensile shear strength (p-value
0.127), modulus of elasticity (p-value 0.428) and modulus of rupture (p-value 0.271).

Comparing the trend of the estimated marginal means trends for temperature, in-
creasing the temperature between 110 ◦C to 125 ◦C increases thickness. A further increase
in temperature significantly decreases the thickness. This can be explained by the glass
transition of the singular chemical constituents of wood resulting in a shape change of the
cellular structure [45]. The factor press time displays a similar trend.

Interaction effects between the factors “time” and “temperature” are given for thick-
ness and the mechanical properties of modulus of elasticity and modulus of rupture with a
p-value < 0.001 but not for tensile shear strength with a p-value of 0.303.

For MOE, the “time” has a great influence at a low temperature; but, reaching a tem-
perature between 125 and 140 ◦C, the increase of pressing time does not lead to improving
properties. Similar behavior is found for MOR, but the temperature must reach 140 ◦C
to achieve best features. Tensile shear strength is influenced by time only at 110 ◦C. With
increasing temperature no similar trends are observed, as stated for MOE and MOR.
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Concluding the importance of the factor “temperature” on the performance of the
mechanical properties led to suggest a temperature range between 125 ◦C and 140 ◦C in
order to gain sufficient bonding quality. It can be explained by the phenolic character
of tannin. The industrial applicated temperature for hot pressing of plywood with PF
adhesives is ~130 ◦C [62].

4. Conclusions

The aim of the study was to determine the adhesive characteristics gel time and
viscosity as well as the influence of the press parameters, time and temperature, on the
selected physical and mechanical properties—density, thickness, modulus of elasticity, mod-
ulus of rupture and tensile shear strength—of a totally bio-based sustainable Quebracho
tannin-furfural bonded, five-layered beech plywood.

The presented adhesive formulation has shown good viscosity and curing behavior
at a relatively low temperature (100 ◦C), producing polymers after curing. The non-
reactivity at room temperature has to be highlighted as a clear advantage in terms of
industrial application due to a prolonged open-time and storage duration. Their use as a
fully bio-based sustainable adhesive for plywood displayed good bending (modulus of
elasticity range ~9600 to ~11,600 N/mm2; modulus of rupture range 66 to 100 N/mm2)
and acceptable tensile shear strength (~2.2 N/mm2) in a dry environment, especially for
the test specimens in the temperature range 125–140 ◦C, concluding that the presented
formulation is comparable to industrial applicated PF adhesives. Depending on the field of
application, as a negative drawback, the low water-resistance due to the brittle character
of the adhesive layer structure has to be mentioned as it limits the use of the proposed
Quebracho tannin-furfural formulation. On the other hand, it can improve and contribute
to recyclability for specific interior plywood applications, as a key element of the bio-based
circular economy.

Further research should focus on improving the elastic character of the glue line and
enhancing the water resistance of the adhesive, likewise by adding some proportion of
isocyanate or epoxy resins in order to further improve the mechanical properties of the
adhesive. Additionally, the usability of different wood species, due to the fact that beech
(Fagus sylvatica) reacts sensitively to moisture induced swelling and shrinkage. Further
investigation of press parameters such as pressure and adhesive amount per layer should
be taken into consideration. This study used 3 N/mm2 as press pressure whereas other
studies about tannin-based adhesives range between 1.2 N/mm2 [63] and 1.6 N/mm2 [64]
as well as ~1.4 N/mm2 [51] for phenol formaldehyde plywood. For industrial application,
the adhesive amount per layer could be further optimized.
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54. Réh, R.; Krišt’ák, L’.; Sedliačik, J.; Bekhta, P.; Božiková, M.; Kunecová, D.; Vozárová, V.; Tudor, E.M.; Antov, P.; Savov, V. Utilization

of Birch Bark as an Eco-Friendly Filler in Urea-Formaldehyde Adhesives for Plywood Manufacturing. Polymers 2021, 13, 511.
[CrossRef] [PubMed]

55. Bal, B.C.; Bektaþ, Ý. Some Mechanical Properties of Plywood Produced from Eucalyptus, Beech, and Poplar Veneer. Maderas.
Cienc. Tecnol. 2014, 16, 99–108. [CrossRef]

56. EN 314-2; Plywood—Bonding Quality—Part 2 Requierments. European Committee for Standardization: Brussels, Belgium, 2005.
57. Xi, X.; Pizzi, A.; Frihart, C.R.; Lorenz, L.; Gerardin, C. Tannin Plywood Bioadhesives with Non-Volatile Aldehydes Generation by

Specific Oxidation of Mono- and Disaccharides. Int. J. Adhes. Adhes. 2020, 98, 102499. [CrossRef]
58. Hafiz, N.L.M.; Tahir, P.M.D.; Hua, L.S.; Abidin, Z.Z.; Sabaruddin, F.A.; Yunus, N.M.; Abdullah, U.H.; Abdul Khalil, H.P.S. Curing

and Thermal Properties of Co-Polymerized Tannin Phenol-Formaldehyde Resin for Bonding Wood Veneers. J. Mater. Res. Technol.
2020, 9, 6994–7001. [CrossRef]

59. Pizzi, A.; Scharfetter, H.O. The Chemistry and Development of Tannin-based Adhesives for Exterior Plywood. J. Appl. Polym. Sci.
1978, 22, 1745–1761. [CrossRef]

21



Polymers 2022, 14, 2257

60. Ayla, C.; Parameswaran, N. Macro- and Microtechnological Studies on Beechwood Panels Bonded with Pinus Brutia Bark Tannin.
Holz Roh-Werkst. 1980, 38, 449–459. [CrossRef]

61. Ferreira, É.D.S.; Lelis, R.C.C.; Brito, E.D.O.; Iwakiri, S. Use of Tannin from Pinus oocarpa Bark for Manufacture of Plywood. In
Proceedings of the LI International Convention of Society of Wood Science and Technology, Concepción, Chile, 10–12 November
2008; pp. 10–12.
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Abstract: In order to improve the acceptance of broader industrial application of flax fiber reinforced
beech (Fagus sylvatica L.) plywood, five different industrial applicated adhesive systems were tested.
Epoxy resin, urea-formaldehyde, melamine-urea formaldehyde, isocyanate MDI prepolymer, and
polyurethane displayed a divergent picture in improving the mechanical properties—modulus of
elasticity, modulus of rupture, tensile strength, shear strength and screw withdrawal resistance—of
flax fiber-reinforced plywood. Epoxy resin is well suited for flax fiber reinforcement, whereas urea-
formaldehyde, melamine urea-formaldehyde, and isocyanate prepolymer improved modulus of
elasticity, modulus of rupture, shear strength, and screw withdrawal resistance, but lowered tensile
strength. Polyurethane lowered the mechanical properties of flax fiber reinforced plywood. Flax fiber
reinforced epoxy resin bonded plywood exceeded glass fiber reinforced plywood in terms of shear
strength, modulus of elasticity, and modulus of rupture.

Keywords: wood-based composite; fiber reinforced plywood; flax fiber

1. Introduction

Wood is a natural, polymeric, cellular fiber composite that is broadly available and
has been used for all kinds of application purposes throughout the history of mankind [1].
To overcome solid wood disadvantages of anisotropy, biodegradability, and dimensional
limitations, respectively, various wood-based products such as cross laminated timber
(CLT), plywood, oriented strand board (OSB), particleboard (PB), or medium/high density
fiberboard (MDF/HDF) have been developed. Natural caused solid wood inhomogeneity
are thereby reduced by downsizing raw material geometry [2] and creating homogeneous
composite material products with the support of joining materials [3].

Plywood is considered to be the oldest wood-based composite material based on a
laminar structure with two distinct fields of application for structural construction purposes
and furniture/interior design products [3], and also for several applications for niche
market products like transportation, construction, sport equipment, etc. [4]. To enhance
the mechanical properties of wood-based products such as plywood and laminated veneer
lumber (LVL), fiber reinforcement is well discussed and several experimental studies have
been conducted, primarily focusing on synthetic glass and carbon fiber reinforcement,
dating back to the 1960s [5].

Bal et al. (2015) reinforced phenol-formaldehyde (PF) bonded poplar (Samsun I-77/51
clone) plywood with woven glass fiber (GF) fabric, significantly improving the modulus
of elasticity and modulus of rupture for perpendicular samples, and noted a decreasing

Polymers 2021, 13, 3086. https://doi.org/10.3390/polym13183086 https://www.mdpi.com/journal/polymers23



Polymers 2021, 13, 3086

factor for inequalities between parallel and perpendicular specimens. In addition, density
increased whereas thickness swelling and water absorption decreased [6]. Furthermore,
screw withdrawal resistance, screw-head pull-through, and lateral nail resistance of glass-
fiber reinforced phenol-formaldehyde bonded plywood improved significantly aside from
increasing maximum load capacity [7]. Liu et al. (2019) conducted research on different
experimental plies of poplar (Populus euramenicana), eucalyptus (Eucalyptus grandis),
poplar/eucalyptus, and carbon fiber reinforced plywood for construction formwork [8].
Veneers were bonded with PF resin, whereas carbon fiber fabric was impregnated with
epoxy resin and used for bonding carbon fiber to veneer. The combination of different
wood species improved flexural plywood performance, which was surpassed by carbon
fiber reinforcement. The position of the fiber reinforcement over the plywood cross section
is significant for its performance. Surface fiber reinforcement increases the longitudinal
modulus of elasticity and the modulus of rupture. In addition, it improves the ultimate load
carrying capacity of plywood and influences the failure mode to shear delamination failure
caused by the strengthened surface layer. Auriga et al. (2020) studied the effect of ran-
domly unidirectional parallel and perpendicular orientated carbon fiber (CF) reinforcement
located internal of the melamine-formaldehyde (MUF) glue line of veneer plies. CF rein-
forcement was located at two different positions: external at the outer glue line and internal
surrounding the core veneer ply. The results displayed increasing modulus of rupture
(MOR) and modulus of elasticity (MOE) and the influence of fiber reinforcement location
on MOR and MOE [9]. Guan et al. (2020) evaluated the three point bending performance of
unidirectional CF (EL 203,631 N/mm2) reinforced eucalyptus (EL 11,619 N/mm2)/poplar
(EL 6751 N/mm2) epoxy resin bonded plywood (thickness 17.5 mm, 17.8 mm, 17.65 mm,
18.0 mm) by digital image correlation (DIC) and finite element analysis (FEA), concluding
the usability of FEA for the prediction of material failure behavior [10].

The studies display the effectivity of fiber reinforcement in order to improve physical
and mechanical properties of laminar structured wood-based products. Due to rising
consumer awareness and resource scarcity, fiber reinforcement based on natural fibers such
as flax, hemp, ramie, or basalt can be used in this multilayer laminar composite structure
to overcome negative impacts on environmental and resource availability issues. While the
concept of natural fiber reinforcement such as flax is not new, research efforts of the last
decades have been dominated by synthetic based fiber reinforcement [11].

Several studies have been conducted to investigate the influence of different natural
non-/lignocellulose-based fibers in improving the mechanical and physical properties of
solid wood and wood-based products. Speranzini and Tralascia (2010) reinforced LVL and
solid wood with (FRP) fiber reinforced plastic glass and carbon fibers and natural fibers
such as basalt, flax, and hemp. The four point bending test revealed a lower MOR and
MOE for natural fibers compared to FRP reinforcement, but still significant improvements
compared to the non-reinforced samples [12]. Moezzipour et al. (2017) studied the effect of
kenaf and date palm fiber reinforcement on the mechanical and physical properties of horn
beam plywood bonded with urea-formaldehyde (UF). Concluding the effectivity of utiliz-
ing natural fibers for reinforced plywood products to enhance mechanical performance [13].
Kramár et al. (2020) used non-/impregnated basalt scrim with an area weight of 360 g/m2

to enhance the mechanical properties of MUF bonded PB. The effects of different fiber
reinforcement positions within the structure on MOR, MOE, internal bond (IB) strength,
screw withdrawal resistance (SWR), and thickness swelling (TS) were examined. The study
revealed that basalt fiber scrim located at the outer positions significantly improved the
strength-to-weight-ratio of particleboards [14]. Jorda et al. (2020) investigated the influ-
ence of flax-fiber-reinforcement bonded with epoxy-resin on three-dimensional molded
plywood. Improved load capacity and stiffness of flax-fiber reinforced molded plywood
structures could be measured [15]. Valdes et al. (2020) reinforced CLT with flax fiber
fabrics bonded with bicomponent thixotropic epoxy resin [16]. The study showed that rein-
forcement of three-layered solid wood panels (SWP) significantly improved load-carrying
capacity and stiffness, while the effect for five-layered panels was negligible.
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Concluding from the studies, epoxy resin is the main source for bonding fiber rein-
forced wood-based composites with synthetic and natural fibers. Some attempts had been
made to use PF, UF, and MUF [6–9,13,14]. For broader industrial production applications,
the use of different adhesives is desirable due to the high production costs of epoxy resin
systems. Based on its lignocellulosic origin, flax fiber may be bonded with standard in-
dustrial plywood adhesives to improve mechanical properties and contribute to broader
industrial applications due to limited production process changes and investment costs.

The aim of this study was to investigate the influence of standard industrial adhesives
such as UF, MUF, polyurethane (PU-K), isocyanate MDI based pre-polymer (PU-AN),
and epoxy resin on the mechanical properties (modulus of elasticity, modulus of rupture,
bending strength, tensile strength shear strength, screw withdrawal resistance) of woven
flax fiber fabric reinforced beech (Fagus sylvatica L.) plywood. The effect of resin type
and fiber reinforcement on the panel characteristics named before were evaluated using
multivariate statistics.

2. Materials and Methods
2.1. Materials and Sample Preparation

Pre-conditioned (20 ◦C, 65% relative air humidity) zero defect rotary cut beech (Fa-
gus sylvatica L.) veneers (distributed by Europlac, Topolčany, Slovakia) with the dimensions
of 0.75 m × 0.75 m, a thickness of 2.2 mm, an average density of 0.72 g/cm3, and an average
moisture content of 12% were used in this study as wooden raw material.

Twill woven flax fabric LINEO FlaxPly Balanced Fabric 200 (Ecotechnilin, Valli-
querville, France) with a thickness of 0.4 mm, a density of 1.27 g/cm3, and a grammage
of 200 g/m2 acted as fiber reinforcement. For epoxy resin synthetic fiber reinforcement,
textile reference samples of a twill woven e-glass fabric (distributed by DD Composite, Bad
Liebenwerda, Germany) with a thickness of 0.5 mm and a grammage of 200 g/m2 was
used (Figure 1a).

Figure 1. (a) Flax fiber vs. glass fiber fabric (b) Lay up of 5 × 90◦ reinforced plywood.

Five different commercially available and industrially applied adhesives were used
to bond the veneer plies and the flax and glass fiber fabric. Epoxy resin SR GreenPoxy 56
(Sicomin, Chateneuf les Matigues, France) with hardener SD 7561 was used. Specifications
were: density of 1.198 g/cm3 and 0.971 g/cm3, respectively, initial viscosity of 0.7 Pa*s
and a resin/hardener ratio of 100:36 g were used (press time 13 h, temperature 20 ◦C).
The adhesive application per glue line was set to 200 g/m2. Polyurethane adhesive (PUR)
Polyurethan 501 Kleiberit (Kleiberit, Weingarten, Germany) with a density of 1.13 g/cm3

and viscosity of 7.50 Pa*s (press time 1 h, temperature 20 ◦C, pressure 0.6 N/mm2). The
adhesive application per glue line was set to 150 g/m2. Isocyanate MDI based prepolymer
adhesive PUR system 2010 AkzoNobel (Akzo Nobel, Stockholm, Sweden) (PU-AN) was
used with a density of 1.160 g/cm3 and viscosity of 6.0 to 19.0 Pa*s (press time 22 min,
temperature 20 ◦C, pressure 2 N/mm2). Adhesive application per glue line was set to
200 g/m2. Urea-formaldehyde (UF) 1274 Akzo Nobel (Akzo Nobel, Stockholm, Sweden)
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with hardener 2545 Akzo Nobel with a density of 1.300 g/cm3 and 1.450 g/cm3, respectively,
was used with a viscosity of 1.5 to 3.5 Pa*s/2.0 to 10.0 Pa*s and a resin/hardener ratio
100:20 g (press time 10 min, temperature 90 ◦C, pressure 1.8 N/mm2). Glue amount per
glue line was set to 160 g/m2. Melamine urea-formaldehyde (MUF) 1247 Akzo Nobel
(Akzo Nobel, Stockholm, Sweden) was also used with hardener 2526 Akzo Nobel, a density
of 1.270 g/cm3, respectively, 1.070 g/cm3, a viscosity of 10 to 25 Pa*s/1.7 to 2.7 Pa*s, and a
resin/hardener ratio 100:50 g (press time 12 min, temperature 65 ◦C, pressure 2 N/mm2).
Glue amount per glue line was set to 300 g/m2.

Two lay-ups of plywood were introduced (Figure 1b). The reference samples consisted
of five 90◦ cross laid veneers layers, whereas the fiber reinforced samples consisted of the
identical five 90◦ cross laid veneers layers with two layers of flax or glass fabric (Figure 1b),
respectively. These were located in the first glue line on each side in order to improve
tensile strength under bending and to minimize the effect of shear stress.

Based on the lay-up, boards with dimensions of 600 mm × 600 mm and a thickness
of 10 mm for the non-fiber reinforced reference samples and respectively 11.2 mm for the
flax and glass fiber reinforced were produced using a Höfler HLOP 280 press (Taiskirchen,
Austria). Lay-up and adhesive application were carried out manually. Adhesive application
was controlled by weighing with a KERN ITB 35K1IP device (Baligen-Frommern, Austria).
The boards were pressed according to the specific parameters given for each singular
adhesive type. Before further testing, the boards where stored for conditioning until mass
constancy under constant climate conditions (relative humidity 65%, 20 ◦C) was achieved.
Test specimens were cut from these boards for density, moisture content (MC), tensile- (TS),
shear strength (SS), and screw withdrawal resistance (SWR) (Table 1).

Table 1. Design of the experiment for the influence of adhesive systems on flax fiber reinforced plywood.

Adhesive Type of Reinforcement
Adhesive Applic. Board Thickn. Density MC TS SS MOE MOR SWR

(g/m2) (mm) Number of Specimens (N)

Epoxy non
200

10 10 3 5 9 10 10 9
flax 11.2 10 3 5 9 10 10 9

glass 11.2 10 3 5 9 10 10 9
UF non

160
10 10 3 5 9 10 10 9

flax 11.2 10 3 5 9 10 10 9
MUF non

300
10 9 3 5 9 10 10 9

flax 11.2 9 3 5 9 10 10 9
PU-AN non

200
10 10 3 5 9 10 10 9

flax 11.2 10 3 5 9 10 10 9
PUR non

150
10 10 3 5 9 10 10 9

flax 11.2 10 3 5 9 10 10 9

2.2. Testing

The density was determined according to EN 323:2005 [17], the moisture content
according to EN 322:2005 [18] with the specimen size 50 mm × 50 mm, and obtained from
bending test specimens after testing. The tensile strength (TS) was measured according to
DIN 52377 [19] with specimen dimensions given in Figure 2.

Figure 2. Tensile strength specimen dimensions.

The shear strength (SS) was determined based on EN 314:2005 [20,21] with specimen
dimensions of 100 mm × 25 mm (Figure 3).
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Figure 3. Shear test specimen made of five veneer plies both sides fiber reinforced.

Modulus of rupture (MOR) and modulus of elasticity (MOE) were determined by
a three-point bending test according to EN 310:2005 [22] with specimen dimensions of
250 mm × 50 mm for reference samples and 274 mm × 50 mm for fiber reinforced samples.
The screw withdrawal resistance (SWR) was measured according to EN 320:2011 [23]
with specimen dimensions of 50 mm × 50 mm and thread screws of ST 4.2 mm. TS, SS,
MOR, MOE, and SWR was determined using a Zwick/Roell 250 8497.04.00 test device
(Zwick/Roell, Ulm, Germany) and constant climatic conditions (relative humidity 65%,
ambient temperature 20 ◦C). For the statistical analysis, IBM SPSS was used for the descrip-
tive statistics, correlation, and two-way ANOVAs with the consideration of the first order
interaction effects for determining the influence of the factors “type of fiber reinforcement”
and “adhesive type”.

3. Results and Discussion
3.1. Density

The results (Table 2) displayed a low effect Pearson correlation between density and
applied amount of glue (p-value 0.01; R2 = 0.065) as well as the significant influence of
the factors “type of adhesive” (p-value 0.00) and the influence of “fiber reinforcement”
(p-value 0.00).

Table 2. Density of different specimens.

Adhesive Reinforcement N
Density (g/cm3)

Min Mean Max SD

Epoxy non 10 0.79 0.80 0.81 0.01
flax 10 0.83 0.84 0.86 0.01

glass 10 0.85 0.87 0.89 0.02
UF non 10 0.77 0.78 0.79 0.01

flax 10 0.79 0.81 0.83 0.01
MUF non 9 0.77 0.79 0.81 0.01

flax 9 0.82 0.84 0.86 0.01
PU-AN non 10 0.75 0.77 0.78 0.01

flax 10 0.80 0.82 0.83 0.01
PUR non 10 0.77 0.79 0.80 0.01

flax 10 0.77 0.79 0.81 0.01

Epoxy resin bonded flax fiber reinforced samples with a mean density of 0.843 (stan-
dard deviation (SD) = 0.009) g/cm3 increased up to 5.5%, respectively 8.8% for glass fiber
reinforcement with a mean density of 0.870 (SD = 0.015) g/cm3 compared to the reference
with a mean density of 0.799 (SD = 0.007) g/cm3. The urea-formaldehyde flax reinforce-
ment with a mean density of 0.808 (SD = 0.013) g/cm3 increased up to 4.1% compared to
the reference mean density of 0.776 g/cm3. The melamine urea-formaldehyde bonded flax
reinforced sample mean density 0.844 (SD = 0.012) g/cm3 increased by 7.0% compared to
the reference mean density of 0.789 (SD = 0.012) g/cm3. The isocyanate MDI based prepoly-
mer adhesive (PU-AN) flax reinforcement mean density 0.816 (SD = 0.009) g/cm3 increased
by 6.7% compared to the reference mean density with 0.765 (SD = 0.008) g/cm3. PUR
bonded flax fiber reinforcement increased by 0.5% with a mean density of 0.794 (SD = 0.014)
g/cm3 in comparison to the reference mean density of 0.790 (SD = 0.012) g/cm3.

The mean density of flax fiber reinforcement increased between 0.032 g/cm3 (4.1%)
and 0.055 g/cm3 (7.0%) with the exception of PUR with 0.004 g/cm3 (0.5%). Enhanced
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mean density for the fiber reinforcement specimen can be explained by the additional
amount of adhesive for the supplementary glue lines and the layers of woven fiber fabric.
In addition, density of the different test groups was influenced by the specific adhesive
density. The resin density range was 1.13 g/cm3 to 1.3 g/cm3. In detail, the density for
epoxy resin was 1.198 g/cm3, UF 1.3 g/cm3, MUF 1.270 g/cm3, PU-AN 1.16 g/cm3, and
PUR 1.130 g/cm3.

According to Wagenführ and Scholz (2008), density is one of the main influencing
parameters for plywood properties, besides the veneer thickness and the solid resin content.
Increasing board density correlates with increasing compression strength, enhancing MOE
and TS [24].

The low standard deviation values for each test group indicates an even glue applica-
tion and plywood board production process.

3.2. Moisture Content

Epoxy resin bonded flax fiber reinforced MC mean of 9.46 (SD = 0.14)% decreased by
3.76%, respectively 18.31% for the fiber reinforced specimen, compared to the reference mean
of 9.83 (SD = 0.14)%. UF bonded flax fiber reinforced MC mean of 10.27 (SD = 0.14)% increased
slightly by 0.58% in contrast to the reference mean of 10.27 (SD = 0.09)%. MUF bonded flax
fiber reinforced MC mean of 11.42 (SD = 0.04)% decreased by 3.63% compared to the reference
MC mean of 11.85 (SD = 2.00)%. Comparability is to be questioned by the standard deviation
of SD = 2.00. Isocyanate MDI based prepolymer adhesive (PU-AN) flax fiber reinforced
MC mean of 9.75 (SD = 0.32)% decreased by 6.7% in contrast to the reference MC mean of
10.45 (SD = 0.15)%. The PUR bonded flax fiber reinforced MC mean of 8.84 (SD = 0.04)%
decreased by 15% compared to the reference MC mean of 10.04 (SD = 0.05)% (Table 3).

Table 3. Postproduction moisture content.

Adhesive Reinforcement N
Moisture Content (%)

Mean SD

Epoxy non 5 9.83 0.14
flax 5 9.46 0.23

glass 5 8.03 0.15
UF non 5 10.27 0.09

flax 5 10.33 0.14
MUF non 5 11.85 2.00

flax 5 11.42 0.04
PU-AN non 5 10.45 0.15

flax 5 9.75 0.32
PUR non 5 10.04 0.05

flax 5 8.84 0.04

It was concluded that for epoxy resin, PU-AN adhesive, and PUR that flax fiber
reinforcement reduced the moisture content by 3.76%, 6.7%, and 15%. MUF bonded
plywood displayed the highest moisture content of 11.85% and also a high standard
deviation of 2.00.

Moisture content (MC) is influenced by the type of adhesive with a p-value 0.000
and fiber reinforcement (p-value 0.001). The influence of fiber reinforcement on the mois-
ture content was questioned for urea formaldehyde (p-value 0.568) and melamine urea
formaldehyde (p-value 0.731).

Moisture content of wood and wood based products influence several mechanical
properties such as MOE, MOR, compression-, and TS within the hygroscopic region [25].
Aydin et al. (2006) displayed the influence of veneer MC on the mechanical properties of
UF and MUF bonded poplar and spruce plywood. Increased veneer MC lowered the MOR,
SS, and MOE with the positive effect of decreasing formaldehyde emissions [26]. The effect
of decreasing equilibrium moisture content is stated by Bal et al. (2015) for the PF adhesive
bonded GF reinforced poplar plywood compared to the control group specimens [6].
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3.3. Tensile Strength

The results for ultimate tensile strength ft and maximum tensile force Fmax were evaluated
with an ANOVA including the factors adhesive type and fiber reinforcement. The influence of
the adhesive type was slight given the ft with a p-value of 0.057 and R2 of 0.165. The maximum
tensile force Fmax was independent of the applied type of adhesive (p-value 0.303; R2 = 0.091).
The factor “fiber reinforcement” slightly influenced ft due to a p-value of 0.054 with R2 0.106,
whereas Fmax was independent (p-value 0.788; R2 = 0.009). The interaction between adhesive
type and fiber reinforcement was significant (p = 0.001) (Table 4).

Table 4. Tensile strength ft.

Adhesive Reinforcement N
Tensile Strength (N/mm2)

Min Mean Max SD

Epoxy non 5 69.94 76.47 82.46 4.68
flax 5 76.20 83.50 88.71 4.92

glass 5 73.76 88.81 93.65 8.48
UF non 5 88.57 93.16 98.44 3.56

flax 5 78.04 90.51 94.28 7.00
MUF non 5 70.70 86.78 96.72 10.00

flax 5 72.93 79.64 90.74 7.15
PU-AN non 5 82.13 94.47 99.62 7.28

flax 5 74.02 85.32 91.92 7.37
PUR non 5 91.66 95.46 97.24 2.20

flax 5 65.38 78.25 89.56 8.64

For epoxy resin bonded plywood with a mean ft of 76.47 (SD = 4.68) N/mm2, the flax
fiber reinforcement increased by 9.18% with a mean of ft 83.50 (SD = 4.93) N/mm2 and
16.14% for the mean ft of 76.47 (SD = 4.68) N/mm2 for glass fiber reinforced specimens.
Excluding one outlier and comparing the median ft 93.11 (SD = 7.00) N/mm2 for UF
flax fiber reinforced with median reference sample with 92.94, there was a slight increase
of 0.18%.

In contrast to MUF, the isocyanate MDI based prepolymer adhesive and PUR revealed
a negative influence of flax fiber reinforcement on tensile strength ft. In detail, MUF flax
fiber reinforced samples with a mean ft of 79.64 (SD = 7.15) N/mm2 reached 91.77% of
the reference sample with a mean ft of 86.78 (SD = 9.99) N/mm2, displaying a decline
of 8.23%. The isocyanate MDI based prepolymer adhesive bonded flax fiber reinforced
plywood mean ft declined by 9.62% compared to the reference mean ft of 94.47 (SD = 7.28)
N/mm2. PUR flax fiber reinforced mean ft of 78.25 (SD = 8.643) N/mm2 decreased by
18.03% compared to the reference mean ft of 95.47 (SD = 8.64) N/mm2.

The maximum tensile force Fmax was reached at approximately 20.00 kN for all test
groups excluding the epoxy references with a Fmax of 17.42 kN.

The Pearson correlation between moisture content and tensile strength ft was signifi-
cant for the PUR flax fiber reinforced specimen (p-value 0.01, R2 = 1.00). No correlation
was found for epoxy (p-value 0.645; R2 = 0.281), UF (p-value 0.850; R2 = 0.054), MUF
(p-value 0.183; R2 = 0.910), and the isocyanate MDI based prepolymer adhesive (PU-AN)
flax fiber reinforced specimen (p-value 0.889; R2 = 0.030).

The general stated correlation between increasing density and tensile strength accord-
ing to Niemz (1993) could not be manifested due to the Pearson correlation with R2 = 0.070
and a p-value of 0.051 (Figure 4a). Comparing the TS to the range given by Niemz (1993)
for plywood between 30 to 60 N/mm2, the results exceeded the range by 16.47 (76.47) to
35.46 (95.36) N/mm2 [27].
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Figure 4. (a) Tensile strength vs. density and (b) tensile vs. shear strength.

Further research is mandatory for a better understanding of the decline of the tensile
strength for MUF, PU-AN, and PUR bonded flax fiber reinforced plywood. The decline
could not be explained by bonding performance if compared to the values of the tensile
shear strength. Nevertheless, there was a correlation between tensile strength ft and shear
strength ft (p-value 0.029; R2 = 0.087) (Figure 4b). In addition, influences of high moisture
content on tensile strength, and maximum tensile strength in the range 5 to 10% MC [27]
have to be neglected if compared to the measured moisture content.

3.4. Tensile Shear Strength

Shear strength ft (Table 5) was significantly influenced by the type of the adhesive
(p-value 0.000). Fiber reinforcement had no significant influence on shear strength ft
(p-value 0.561). Interactions between fiber reinforcement and the applied adhesive type
were slight for shear strength ft (p-value 0.045).

Table 5. Shear strength.

Adhesive Reinforcement N
Shear Strength (N/mm2)

Min Mean Max SD

Epoxy non 9 5.20 6.28 6.92 0.58
flax 9 4.80 6.81 7.70 0.86

glass 9 6.03 6.51 6.88 0.28
UF non 9 5.01 5.47 5.83 0.29

flax 9 5.29 6.40 6.83 0.44
MUF non 9 5.03 6.29 7.18 0.78

flax 9 5.82 6.45 7.17 0.50
PU-AN non 9 6.99 7.61 8.14 0.32

flax 9 2.59 7.20 8.82 1.96
PUR non 9 6.49 6.74 7.19 0.23

flax 9 6.08 6.39 6.84 0.28

A general correlation between moisture content, respectively density and shear
strength ft was not detected (MC vs. ft: R2 0.070; p-value 0.697/density vs. ft: R2 0.036;
p-value 0.722).

Comparing the SS means of the applied adhesives, a divergent picture is given
(Table 5). Epoxy flax fiber reinforced specimens increased ft by 8.4%, respectively by
3.7% for glass fiber reinforcement in comparison with the mean of the reference samples.
UF glued flax fiber reinforced plywood enhanced shear strength ft by 17.0%. MUF bonded
flax fiber reinforcement increased by 2.5%. The isocyanate MDI based prepolymer adhesive
(PU-AN) bonded flax fiber reinforced plywood mean of 7.20 (SD = 1.96) N/mm2 decreased
by 5.4% in comparison to the non-reinforced reference mean of 7.61 (SD = 7.61) N/mm2. A
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different picture is seen in the comparison of the median enhancing fiber reinforcement
(median 8.07 N/mm2) by 6.5%, in contrast to the reference median of 7.58 N/mm2. Due
to eliminating the influence of the outlier and standard deviation of 1.96, PUR flax fiber
reinforced plywood lowered shear strength ft by 5.2%, indicating complications with the
glue line.

Bonding strength between veneers is mainly determined by the properties of the
adhesives. All specimens exceeded the limit value of 1 N/mm2 for the shear strength mean
indicated in EN 314-2 [21]. For example, the mean value of UF bonded non fiber reinforced
beech plywood with a shear strength of 5.47 N/mm2 was three times higher than the
findings of Bekhta et al. (2020), with a shear strength mean of 1.51 N/mm2 [28]. UF proved
to be satisfactory with flax fiber and the adhesive matrix. MUF and PU-AN displayed ac-
ceptable improvements. UF is widely used for plywood production due to low price, high
bonding strength, and desirable water resistance [29]. The difference between flax and glass
fiber for epoxy resin indicates that flax is well suitable. One method to improve the bonding
performance between flax fiber and epoxy resin is given by Sbardella et al. (2021), suggest-
ing the use of zinc oxide (ZnO) nanorods [30]. The decrease in PUR indicates adhesive
application problems during the manufacturing process. Further testing is mandatory to
make a final statement on the suitability of PUR and flax fiber reinforcement. This is due to
the fact that polyurethane based adhesives are commonly used for all kinds of applications
because of their self-supporting excellent bond strength, fast curing, and environmental
influence resistance [31]. In addition, according to Somarathna et al. (2018), several studies
have proven the suitability of polyurethane adhesives surpassing the performance of epoxy
resins in terms of quasi-static, dynamic, impact, and cyclic loading. Furthermore, the lower
costs of polyurethane adhesives compared to epoxy resins [32] should be mentioned. One
explanation for the weak bonding performance could be that binding of natural fibers
is strongly influenced by their lignocellulosic origin and inherent hydrophilic character,
causing weak binding between the fiber and the polymeric adhesive [33]. This is in line
with the decreasing post-production moisture content of 15% for PUR compared to the
non-reinforced reference, displaying the lowest moisture content value with 8.84% for
references and flax fiber reinforced samples. In addition, Lavalette et al. (2016) mentioned
an optimum wood moisture content between 30 and 60% for efficient bonding of veneer
plies with polyurethane adhesives [34]. To improve the understanding of interaction effects
of bonding performance, Li et al. (2020) suggested the combination of lap-shear tests
with digital image correlation (DIC) as a valuable investigation method to determine the
bonding strength of plywood [29].

3.5. Modulus of Elasticity and Modulus of Rupture

The MOE and MOR (Table 6) were significantly influenced by the applied type of
adhesive (p-value 0.00), whereas fiber reinforcement in general had no significant influence
on MOE (p-value 0.219) and MOR (p-value 0.253). Interaction effects between the factors
“type of adhesive” and “fiber reinforcement” are given with a p-value of 0.00.

Based on the different adhesives, the influence of the factor fiber reinforcement tested
by ANOVA varies. For the epoxy resin bonded plywood, no significant influence of fiber
reinforcement on MOE (p-value 0.198; R2 = 0.113) and MOR (p-value 0.008; R2 = 0.304)
could be stated. MOE (p-value 0.480; R2 = 0.028) and MOR (p-value 0.151; R2 = 0.111) of the
UF bonded plywood was not influenced by the fiber reinforcement. MOE of MUF bonded
plywood was slightly influenced by fiber reinforcement (p-value 0.003; R2 = 0.431) and
for MOR (p-value 0.107; R2 = 0.154), the effect could not be stated. Fiber reinforcement
did not affect MOE (p-value 0.829; R2 = 0.003) and MOR (p-value 0.747; R2 = 0.006) of the
isocyanate MDI based prepolymer adhesive (PU-AN) bonded plywood. Fiber reinforce-
ment significantly influenced MOE (p-value 0.000; R2 = 0.769) and MOR (p-value 0.001;
R2 = 0.461) of the polyurethane bonded plywood.
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Table 6. MOE and MOR.

Adhesive Reinforcement N
MOE (N/mm2) MOR (N/mm2)

Min Mean Max SD Min Mean Max SD

Epoxy non 10 11,011 11,738 12,099 323 87.00 99.30 109.59 6.41
flax 10 11,297 12,071 13,000 555 84.84 113.57 137.57 13.24

glass 10 10,762 11,772 12,277 416 92.31 109.99 122.92 8.04
UF non 10 9995 11,259 12,317 623 109.63 114.84 121.24 3.05

flax 10 9448 11,056 11,663 638 106.39 112.15 119.93 4.78
MUF non 9 9976 10,917 11,700 508 87.43 99.44 109.87 6.63

flax 9 11,055 11,620 12035 330 94.25 105.58 115.29 8.52
PU-AN non 10 8997 9530 10,130 366 90.19 95.65 101.92 4.26

flax 10 3885 9384 10,742 2075 50.31 97.50 111.09 17.33
PUR non 10 11,427 11,962 12,360 319 97.77 110.87 130.24 12.16

flax 10 9745 10,477 11,355 517 75.33 91.64 103.76 9.63

Comparing the median for MOE, flax fiber reinforcement increased by 2.6%, respec-
tively by 0.3% for the glass fiber reinforced sample. The UF bonded flax fiber reinforced
plywood MOE mean decreased by 2.3%. The MUF bonded flax fiber reinforced specimen
increased by 6.5%. The MOE of the isocyanate MDI based prepolymer (PU-AN) bonded
flax fiber reinforced plywood increased by 8.9% and the PUR flax fiber reinforced specimen
decreased by 11.2%.

The epoxy resin bonded flax fiber reinforced MOR compared by the median increased
by 16.65%, respectively by 11.09% for glass fiber reinforcement. The median of MOR for
the UF bonded flax fiber reinforced sample lowered by 2.91%. The MUF based flax fiber
reinforced plywood increased MOR by 4.65%. The isocyanate MDI based prepolymer flax
fiber reinforced specimen improved MOR by 8.20% and for the PUR samples, it decreased
by 14.72%.

The correlation between density and MOE is given (p-value 0.000; R2 = 0.125) (Figure 5a).
A correlation between moisture content and MOE was not detected (p-value 0.203; R2 = 0.052)
(Figure 5b). Within the singular types of adhesives, a correlation for MOE and density was
only significant for MUF bonded plywood (p-value 0.001; R2 = 0.917) and for moisture content
(p-value = 0.001; R2 = 0.854). The general correlation between MOR and MOE is given by a
p-value 0.000; R2 = 0.463 (Figure 6).

Figure 5. (a) MOE vs. density (b) MOE vs. MC.
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Figure 6. MOE vs. MOR.

MOE is influenced by density, as stated in the literature [25,27]. Flax fiber rein-
forcement improves MOE, depending on the type of adhesive. The position of the fiber
reinforcement within the lay-up strongly influenced the improvements. Fiber reinforce-
ment located closer to the outer layers or at the outside can better contribute to MOE
performance due to higher tensile strength within the tension zone [8,14]. In contrast, MOR
is strongly dependent on the strength of the surface layer [14].

3.6. Screw Withdrawal Resistance

The influence of fiber reinforcement (p-value 0.001) and the type of adhesive (p-value
0.000) as well as the interaction of both (p-value 0.000) are significant. The results for the
screw withdrawal resistance display a divergent picture (Figure 7b). Fiber reinforcement
improved the screw withdrawal resistance (SWR) median with the exception of PUR
bonded flax reinforced plywood (Table 7).

Figure 7. (a) SWR vs. density and (b) SWR grouped by type of adhesive.
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Table 7. SWR and MSWF.

Adhesive Reinforcement N
SWR (N/mm) MSWF (kN)

Min Mean Max SD Min Mean Max SD

Epoxy non 9 206.75 241.78 266.98 20.32 2.253 2.643 2.926 0.223
flax 9 235.33 266.28 282.72 13.98 2.829 3.173 3.378 0.160

glass 9 261.06 274.36 294.26 10.84 2.937 3.058 3.240 0.104
UF non 9 202.07 217.53 233.21 11.21 2.186 2.322 2.488 0.113

flax 9 199.32 232.79 262.20 17.72 2.268 2.627 2.894 0.180
MUF non 9 184.91 213.04 231.10 15.41 1.993 2.292 2.507 0.181

flax 9 221.70 233.37 258.95 14.02 2.498 2.665 2.952 0.158
PU-AN non 9 219.24 229.14 236.55 6.59 2.331 2.444 1.522 0.067

flax 9 201.40 228.36 243.71 15.63 2.348 2.638 2.807 0.175
PUR non 9 217.40 241.56 257.15 14.80 2.337 2.605 2.769 0.162

flax 9 178.00 211.56 237.22 16.44 2.102 2.488 2.802 0.189

SWR for the epoxy resin flax fiber reinforced mean of 266.28 (SD = 13.98) N/mm
increased by 10.13%, respectively by 13.48% for glass fiber reinforced samples, compared
to the reference mean of 241.78 (SD = 20.32) N/mm. SWR for the UF bonded flax fiber
reinforced mean of 232.79 (SD = 11.21) N/mm improved by 7.02% in contrast to the
reference mean of 217.53 (SD = 11.21) N/mm. The MUF glued flax fiber reinforced SWR
mean of 233.37 (SD = 14.02) N/mm increased by 9.54% compared to the reference mean
of 213.04 (SD = 15.41) N/mm. The isocyanate MDI based prepolymer adhesive (PU AN)
bonded flax fiber reinforced SWR sample mean of 228.36 (SD = 15.63) N/mm decreased by
0.34% when comparing the median with an enhancement of 2.66%. The difference between
mean and median could be explained by the differences in the SD values for the reference
of 6.59 and 15.63 for the reinforced sample. The PUR bonded flax fiber reinforced SWR
mean of 211.56 (SD = 14.80) N/mm declined by 12.42% compared to the reference mean of
241.56 (SD = 16.44) N/mm.

The maximum screw withdrawal force Fmax (MSWF) (Table 7) displayed for the
epoxy resin bonded flax fiber reinforced plywood was an increase of 20.05% and respec-
tively for glass fiber reinforcement of 15.70%. UF and MUF bonded flax fiber reinforced
plywood enhanced by 13.14%, respectively 16.27%. PU AN increased the maximum screw
withdrawal force by 7.94%, whereas PUR decreased by 4.49%.

The Pearson correlation (R2 0.332) between density and screw withdrawal resistance
(Figure 7a) was significant with a p-value of 0.000. This is according to Wagenführ and
Scholz (2008), who stated the relation between increasing density and enhanced screw
withdrawal resistance [24].

In general, screw withdrawal strength is dependent on screw penetration length, screw
diameter, angle between screw and wood fiber direction, wood species, wood moisture
content, and temperature. This demonstrates that SWR perpendicular to the wood fiber
orientation creates the highest values compared to fiber direction [35]. Furthermore, for
laminar wood based composite structures, based on the research of Liu and Guan (2019),
the location of fiber reinforcement influences the SWR, suggesting a combination of fiber
reinforcement close to the plywood core plies and to the surface plies [36]. This is confirmed
by comparing the results of maximum screw withdrawal force Fmax to Bal et al. (2017). This
demonstrates that MSWF improved by 13.65% respectively by 14.11%, if fiber reinforcement
is located on the surface within the outer glue lines of the five layered (veneer thickness
2.7 mm) PF bonded poplar plywood reinforced with woven glass fiber fabric (areal weight
500 g/m2) [7]. Similar effects have been reported by Kramár et al. (2020). The SWR for
basalt fiber reinforcement located at the core layer of particleboards did not enhance the
SWR. This was based on the assumption that the degree of compaction in particleboards
is lower in the core layer than on the surface, thus affecting the SWR. In addition, this is
due to the difference in density between the core (low density) and the surface layer (high
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density). Fiber reinforcement placed within the surface layer increased the SWR due to
increased density caused by a higher degree of compaction within the surface layer [14].

This leads to the conclusion that increasing density is not the singular factor to in-
fluence the SWR. Research conducted by Maleki et al. (2017) highlighted that screw
withdrawal perpendicular to grain displays a failure mode combination of splitting, caused
by tension perpendicular to grain and rolling shear failure [37]. Further aspects such as
glue line quality have to be taken into consideration. This is due to the fact that PUR
reduced SWR and maximum screw pull-out force Fmax, indicating poor glue line bonding
quality. In addition, research should focus on fiber and textile characteristics and screw
pull-out behavior within the fiber adhesive matrix and the surrounding veneer plies for a
deeper understanding of failure mode and interaction effects regarding SWR.

4. Conclusions

Comparing the percentage-based performance (Figure 8a; axis interval 5%) of the
different adhesives with flax fiber reinforcement, it can be stated that epoxy resin is well
suitable for improving MOE, MOR, TS, SS, and SWR. The UF, MUF, and isocyanate MDI
based prepolymer adhesive (PU-AN) increased the performance of the mechanical proper-
ties of MOE, MOR, SS, and SWR, but lowered tensile strength compared to the singular
references. PUR failed to suit flax fiber reinforcement.

Figure 8. (a) Performance of flax fiber reinforcement (axis interval 5%). (b) Comparison of the flax
and glass fiber reinforcement (axis interval 5%).

SWR was significantly influenced by the factor flax fiber reinforcement. For MOE,
MOR, and SS, no significant influence of flax fiber reinforcement could be stated. TS was
slightly influenced by the factor fiber reinforcement.

The results show the possibility of improving mechanical plywood properties by using
reinforcing flax fiber fabrics bonded with different industrial standard adhesive systems
(Figure 8b; axis interval 5%). Flax fiber reinforcement exceeded the glass fiber reinforced
epoxy resin bonded plywood in terms of SS (+5.14%), MOE (+2.3%) and MOR (+3.54%).
The SWR for flax reinforced epoxy resin bonded plywood was 3.35% lower and for TS, it
was 6.96% lower.

Further research is mandatory to determine the influence of press parameters such
as pressure, temperature, and time, in addition to factors like veneer and flax fiber fabric,
moisture content or the influence of pre-treatment of the flax fiber fabric to improve bond
ability. In addition, research on the fiber reinforcement location within plywood lay-up is
necessary in order to optimize the mechanical properties of flax fiber reinforced plywood.
Furthermore, research on the influence of formaldehyde emissions caused by UF [38] will
have to be conducted.
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Abstract: Particleboards are used in the manufacturing of furniture and are often part of the interior
of buildings. In the event of a fire, particleboards are a substantial part of the fuel in many building
fires. The aim of the article is to monitor the effect of radiant heat on the surface of particle board
according to the modified procedure ISO 5657: 1997. The significance of the influence of heat flux
density and particle board properties on its thermal resistance (time to ignition) was monitored.
Experimental samples were used particle board without surface treatment, with thicknesses of 12,
15, and 18 mm. The samples were exposed to a heat flux from 40 to 50 kW·m−2. The experimental
results are the initiation characteristics such as of the ignition temperature and the weight loss. The
determined factors influencing the time to ignition and weight loss were the thickness and density of
the plate material, the density of the radiant heat flux and the distance of the particle board from the
radiant source (20, 40, and 60 mm). The obtained results show a significant dependence of the time to
ignition on the thickness of the sample and on the heat flux density. The weight loss is significantly
dependent on the thickness of the particle board. Monitoring the influence of time to ignition from
sample distance confirmed a statistically significant dependence. As the distance of the sample from
the source increased, the time to ignition decreased linearly. As the distance of the sample from the
source increased, the time to ignition increased.

Keywords: ignition; particleboard; radiant heat; thermal resistance; ANOVA

1. Introduction

Sheet board materials are among the most important wood products [1]. Their pro-
duction encompasses utilization of wood of lower quality classes and obtaining suitable
materials with improved physical and mechanical properties [2].

This product group contains wood-based boards for the use in building interiors,
such as boards without surface treatment (raw) or with surface treatment (particleboards),
plywood, fiberboard, and edge-glued wood panels [3,4].

Particleboard can be defined according to STN EN 309:2005 [4] as a molded wood
material, produced by heat pressing of small wood particles (e.g., chips, shavings, sawdust,
lamellas, etc.) or other lignocellulosic particles (e.g., flax shives, hemp shives, bagasse, etc.)
with adhesives.

The processing wood of all woody plants occurring in Central Europe is used as a
source of wood in the production of particleboards. These are less valuable forest assort-
ments, industrial and residual waste, recycled wood, and other lignocellulosic materials [5].

Particleboards belong to a product group of board materials, but they are considered
an input material in the furniture and construction industries [6]. In terms of quality
assessment, particleboards have only few disadvantages, and flammability is among
them [7–11].
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The current state of technology and production techniques in particleboard production
allow processing of practically all types of wood occurring in Central Europe using a
suitable mixture [12–14].

Wood and sheet board materials represent a substantial part of the fuel in many
building fires [15].

The assumption of a fire hazard requires an appropriate description of the fire ignition
and fire development [16,17]. The initial process is ignition [18]. Flammability can be
defined as the ability of materials to ignite when heated to elevated temperatures. It
depends on many factors, mainly the critical heat flux and the thermal properties of
materials. Currently, there are several methods for determining the flammability, fire-
technical, and physical material properties, which are defined by relevant standards [19,20].

The aim of this article is to analyze the influence of heat flux density and particle
board properties (thickness of 12 mm, 15 mm, 18 mm and board material density) on their
thermal resistance (time to ignition) and ignition characteristics (ignition temperatures and
weight loss). This dependence was also monitored when the distance of the sample from
the radiant heat source changed, which represents an important safety factor in the ignition
phase of real fires.

2. Materials and Methods
2.1. Samples

Particleboard research is part of improving their properties [21–24]. Separate at-
tention is paid to the research of the physical and mechanical properties of the particle-
boards [25–28].

Particleboards with thicknesses of 12, 15, and 18 mm were used for experiments due
to their practical applicability and popularity in practice (Figure 1). Selected materials
are among the most widely used materials nowadays in the furniture and construction
industry [29,30]. Particleboard samples were sourced from the company BUČINA DDD,
Zvolen, Slovakia [31,32] under product name Particleboard raw unsanded (Table 1). Par-
ticleboards contain coniferous softwood chips, mainly spruce and urea-formaldehyde
adhesive mixture.

Table 1. Physical and chemical properties and fire-technical characteristics of particleboards in
thicknesses of 12–18 mm [31,32].

Parameters Thickness of Particleboard Sample (mm)

12 15 18

Density (kg·m−3) (average) 690 713 644
Moisture (%) 5.05 5.25 5.45

Bending strength (N·mm−2) 13.2 12.5 12
Modulus of elasticity (N·mm−2) 2500 2450 2750

Swelling after 24 h (%) 3.5 3.5 3.5
Thermal conductivity (W·m−2·K−1) 0.10–0.14 0.10–0.14 0.10–0.14

Free formaldehyde content (mg·100 g−1)
(Emission class E1)

6.5 6.5 6.5

Reaction to fire D-s1, d0

Large-size wood materials form the largest percentage of wood material in timber
houses which means they can be directly exposed to fire [33].

Selected thicknesses of board materials are used in the construction and insulation of
houses, in the construction of ceilings, soffits, partitions, etc.
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Figure 1. Example of experimental samples. (a) Particleboard; (b) sample prepared for measurements
in accordance with ISO 5657 [34].

Particleboard samples were cut to specific dimensions (165 × 165) mm according
to STN 5657: 1997 [34]. Selected board materials were kept at a specific temperature
(23 ◦C ± 2 ◦C) and relative humidity (50 ± 5%).

2.2. Methodology

The density of the particleboards was determined according to STN EN 323: 1996 [35].
The time to ignition and weight loss depending on the selected level of heat flux density
and thickness of board materials and the distance of selected board materials from the
ignition source was determined according to the modified procedure ISO 5657: 1997 [34].
A detailed description of the modification and the course of the experiment is described in
Tureková et al. [36].

The heating cone ensures heat flow in the range of 10 to 70 kW·m−2. The heat acts in
the center of the hole in the masking plate where the test sample is placed (Figure 2).

Figure 2. Scheme of the equipment for determination of flammability of materials at a heat flux of
radiant heat of 10–50 kW·m−2 according to ISO 5657: 1997 [34]. Legend: 1-heating cone, 2-board for
sample, 3-movable arm, 4-connection point for recording experimental data.

The heating cone temperatures were verified by a thermocouple that is in close and
constant contact with the heating element tube, and the heat fluxes were determined on the
basis of a calibration curve [36].
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The samples were placed horizontally and exposed to a heat flux of 43 to 50 kW·m−2 by
an electrically heated conical radiator. Orientation experiments determined the minimum
heat flux required to maintain flame combustion.

The horizontally placed sample under the thermal cone is exposed to the selected heat
flux and gradually thermally degrades. During the experiment, the course of degradation
is monitored, which is manifested by weight loss. At the same time, time to ignition is
monitored. Time to ignition was recordedwhile considering only the permanent ignition of
the surface of the analyzed sample when exposed to a selected level of heat flux density.

Thermal inertia, which is closely related to the time to ignition, was calculated for
each selected board material [37]. The higher the thermal inertia value, the slower the
temperature rise on the surface of the board material and the later the ignition [38–40].
Thermal inertia was calculated according to Schieldge et al. [41]:

I = λ ·ρ· c·[J2·m−4·s−1·K−2] (1)

where λ [W·m−1·K−1] is the thermal conductivity, ρ [kg·m−3] is the board material density,
and c [J·kg−1·K−1] is heat capacity.

The influence of the ignition source distance on the time to ignition of the board
materials was monitored on particleboards with a thickness of 12 mm. The choice of
thickness was made from a practical point of view. Particleboards with a thickness of
12 mm are the most commonly used materials in the construction industry in thermal
insulation, timber houses, construction of ceilings and soffits [42].

The experiments were performed with the radiant heat fluxes of 44, 46, 48, and
50 kW·m−2. The distance between the cone calorimeter and the particleboard was 20, 40,
and 60 mm. The choice of distance was determined based on orientation experiments
and changes in times to ignition were monitored even in case of minimal changes in
distance from the ignition source. A preparation consisting of cement cubes measuring
20 × 20 × 20 mm was used to change the distance of the board material from the ignition
source. The experiments were repeated five times.

Specific factors affecting time to ignition and weight loss are:

• Thickness and density of the board material;
• Radiant heat flux density;
• Distance of particleboards from the radiant heat source.

2.3. Mathematical and Statistical Processing of Data and Evaluation of Results

To evaluate the influence of the above-mentioned factors on the ignition temperature
and weight loss, the obtained results were subjected to a statistical analysis. The obtained
results of the ignition and weight loss temperatures were statistically evaluated by two-way
analysis of variance (ANOVA) using the least significant difference (LSD) test (95%, 99%
detectability level), (STATGRAPHICS software version 18/19 (Statgraphics Technologies,
Inc., The Plains, VA, USA), with the following influence factors: board material thickness
(12, 15 and 18 mm), radiant heat flux density (from 43 to 50 kW·m−2), and distance of board
materials from the ignition source (20, 40 a 60 mm).

3. Results and Discussion

The course of the experiment (Figure 3) according to ISO 5657: 1997 [34] confirmed
the verified behavior of the material in terms of the classification “reaction to fire (D-s1,
d0)” [43–45] (Figure 4). The priority of the experiment is to monitor the critical parameters
of the ignition based on the change in board thickness (Figure 3 and Table 2).
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Figure 3. Course of measurement of time to ignition and weight loss for a particleboard sample with
a thickness of 15 mm, heat flux intensity 45 kW·m−2. Legend: (a) sample ignition (time to ignition
84 s); (b) burning of the sample in 100 s; and (c) burning of the sample in 120 s.

Figure 4. Combustion process of particleboards after their ignition by radiant heat (a) top view for
sample with 15 mm thickness immediately after experiment; (b) side view for sample with 15 mm
thickness immediately after ignition; (c) sample with 15 mm thickness taken out from the measuring
device, placed at a distance of 20 mm after the end of the experiment; (d) cooled sample 10 min after
the experiment, sample thickness of 18 mm.
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Table 2. Time to ignition and mass loss in samples with different thickness using heat fluxes of 40 to
50 kW·m−2 at adistance of 20 mm.

Radiant Heat Flux
(kW·m−2) Thickness (mm) Density (kg·m−3) Thermal Inertia

(kJ2·m−4·s−1·K−2)
Time to

Ignition (s)
Weight

Loss (%)

40
12 689 ± 10 0.32 ± 0.002 130.6 ± 3.44 16.3 ± 0.3
15 711 ± 10 0.31 ± 0.026 118.6 ± 3.83 13.5 ± 0.3
18 644 ± 6 0.27 ± 0.080 139.0 ± 3.16 11.9 ± 0.2

41
12 689 ± 9 0.32 ± 0.002 114.0 ± 3.52 16.7 ± 0.29
15 714 ± 11 0.33 ± 0.002 113.4 ± 4.03 13.8 ± 0.33
18 644 ± 7 0.27 ± 0.082 131.2 ± 2.99 12.5 ± 0.21

42
12 688 ± 9 0.32 ± 0.002 95.2 ± 6.82 17.3 ± 0.39
15 714 ± 10 0.33 ± 0.002 105.8 ± 3.06 14.3 ± 0.32
18 645 ± 6 0.31 ± 0.001 122.4 ± 1.96 12.7 ± 0.18

43
12 691 ± 10 0.32 ± 0.002 89.0 ± 5.215 17.1 ± 0.52
15 716 ± 11 0.33 ± 0.002 92.6 ± 3.441 14.6 ± 0.37
18 642 ± 7 0.31 ± 0.008 117.0 ± 5.513 13.2 ± 0.17

44
12 691 ± 10 0.32 ± 0.002 80.0 ± 5.37 17.6 ± 0.41
15 715 ± 10 0.33 ± 0.002 86.4 ± 4.88 15.4 ± 0.35
18 643 ± 7 0.31 ± 0.002 102.8 ± 4.31 13.7 ± 0.24

45
12 691 ± 9 0.321 ± 0.002 78.2 ± 0.748 17.9 ± 0.30
15 714 ± 11 0.327 ± 0.002 84.4 ± 2.057 15.3 ± 0.29
18 645 ± 7 0.311 ± 0.002 92.2 ± 2.481 13.9 ± 0.29

46
12 690 ± 11 0.32 ± 0.002 71.6 ± 1.62 18.4 ± 0.52
15 711 ± 9 0.33 ± 0.002 76.0 ± 2.28 15.7 ± 0.29
18 644 ± 8 0.31 ± 0.001 89.0 ± 7.97 13.8 ± 0.56

47
12 690 ± 11 0.32 ± 0.002 66.4 ± 2.87 18.9 ± 0.29
15 715 ± 10 0.33 ± 0.002 73.8 ± 0.80 16.2 ± 0.36
18 645 ± 8 0.31 ± 0.002 75.6 ± 3.72 14.5 ± 0.34

48
12 689 ± 10 0.32 ± 0.002 64.4 ± 1.49 19.1 ± 0.34
15 710 ± 8 0.33 ± 0.001 69.4 ± 1.96 16.3 ± 0.37
18 644 ± 7 0.31 ± 0.001 75.0 ± 2.00 14.6 ± 0.22

49
12 692 ± 11 0.32 ± 0.002 60.6 ± 2.24 19.7 ± 0.44
15 713 ± 10 0.33 ± 0.002 66.0 ± 2.28 16.6 ± 0.33
18 644 ± 11 0.31 ± 0.002 67.2 ± 1.17 15.2 ± 0.13

50
12 689 ± 8 0.32 ± 0.001 59.8 ± 2.64 19.9 ± 0.41
15 713 ± 11 0.33 ± 0.002 64.4 ± 2.50 16.5 ± 0.33
18 643 ± 7 0.31 ± 0.001 66.8 ± 2.09 15.9 ± 0.94

3.1. Determination of Ignition Temperature and Weight Loss

The ability of the material surface to generate volatile gases when exposed to radiant
heat as well as the ability of selected board materials to ignite when exposed to radiant
heat fluxes caused by an ignition source were confirmed.

The density of samples ranged from 640 to 720 kg·m−3. This range corresponds to the
usual density of particleboards [46].

By comparing the calculated thermal inertia with the reported thermal inertia by
Babrauskas [47,48], very similar results were confirmed. The thermal inertia values ranged
from 0.31 to 0.33 kJ2·m−4·s−1·K−2. The difference was around 0.02 kJ2·m−4·s−1·K−2 in
specific particleboards.

In this case, it is not possible to look for the dependence of inertia on other parameters,
as the ANOVA results show in Table 3.
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Table 3. Analysis of variance for Col_4 Time to ignition-type III sums of squares.

Source Sum of
Squares Df Mean

Square F-Ratio p-Value

Covariates
Col_3 Thermal interaction 664.125 1 664.125 1.34 0.2481

Main Effects
Col_2 Board thickness 4018.06 2 2009.03 4.06 0.0190

Residual 79,573.2 161 494.244
Total 87,085.1 164

All F-ratios are based on the residual mean square error.

Figure 5 shows a statistically significant dependence of the time to ignition on the
sample thickness. This dependence was made for heat fluxes of 43–48 kW·m−2.

Figure 5. Graphical dependence of the ignition temperature on the thickness of the particle-
board. Legend: axis “y”-Col_4 istime to ignition, axis “x”-Col_2 is thickness for heat flux interval
<43,48> kW·m−2. The values are statistically significant at p ≤ 0.05 according to LSD ANOVA.

The ANOVA table (Table 3) decomposes the variability of Col_4 (Time to ignition)
into contributions due to various factors. Since Type III sums of squares (the default) have
been chosen, the contribution of each factor is measured having removed the effects of all
other factors. The p-values test the statistical significance of each of the factors. Since one
p-value is less than 0.05, this factor has a statistically significant effect on Col_4 at the 95.0%
confidence level. Dependence of the decrease in time to ignition on the increase in heat flux
and the increase in the particleboard thickness was confirmed (Figure 6).

These dependencies are statistically significant (Table 4). The p-values test the statistical
significance of each of the factors. Since 2 p-values are less than 0.05, these factors have a
statistically significant effect on Col_3 at the 95.0% confidence level (Figure 7).

Table 4. Analysis of variance for Col_3 time toignition-type III sums of squares.

Source Sum of
Squares Df Mean

Square F-Ratio p-Value

Main Effects
Col_1 Heat flux 15,376.7 10 1537.67 58.29 0.0000

Col_2 Board thickness 1405.32 2 702.658 26.64 0.0000
Residual 527.564 20 26.3782

Total 17,309.6 32
All F-ratios are based on the residual mean square error.
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Figure 6. Graphical dependence of the time to ignition on the heat flux and thickness of the particle-
board. Legend: black point-12 mm thickness; blue point-15 mm thickness; red point-18 mm thickness.

Figure 7. Graphical representation of the statistical evaluation-the influence of the sample thickness
and heat flux on the time to ignition under the action of the radiant heat source on the particleboard.
Legend: Col_1-heat flux; Col_2-thickness of particleboard samples as the variance of the values
shown in blue; Col_3-Time to ignition. The values are statistically significant at p ≤ 0.05 according to
LSD ANOVA.

Figure 8 describes the weight loss in selected particleboard thicknesses when exposed
to radiant heat flux (40–50 kW·m−2). As the heat flux density increases, the value of the
weight loss in the particleboard samples of the selected thicknesses increases on average by
0.4% (absolute % number) for a change of the heat flux of 1 kW·m−2. The largest weight
loss values were recorded in particleboards with a thickness of 12 mm.

The course of the increase in weight loss as a function of increasing radiant heat
flux is statistically significant. This statement is based on a statistical analysis of the
STATGRAPHICS Software Program version 18/19. The ANOVA method was used (Table 5,
Figure 8), where the p-values test the statistical significance of each of the factors. Since 2
p-values are less than 0.05, these factors have a statistically significant effect on Col_3 at the
95.0% confidence level (ANOVA). confidence level (Figure 9).
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Figure 8. Graphical dependence of average values of weight loss on heat flux and particleboard thick-
ness. Legend: black point-12 mm thickness; blue point-15 mm thickness; red point-18 mm thickness.

Table 5. Analysis of variance for Col_3 (mass loss)-type III sums of squares.

Source Sum of
Squares Df Mean

Square F-Ratio p-Value

Main Effects
Col_1 Heat flux 40.2861 10 4.028 76.04 0.0000

Col_2 Board thickness 103.654 2 51.826 978.28 0.0000
Residual 1.05955 20 0.0529

Total 144.999 32
All F-ratios are based on the residual mean square error.

Figure 9. Graphical ANOVA for mass loss (Col_3). Legends: Col_1 is heat flux; Col_2 is thickness
of particleboard samples as the variance of the values shown in blue. The values are statistically
sig-nificant at p ≤ 0.05 according to LSD ANOVA.

Valcheva and Savov [49] also presented scientific experiments covering characteristic
features and the effect of different thicknesses of boards. The regression models describing
the effect of thicknesses on main properties of medium-density particleboard are deduced
and analyzed from the output data.
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3.2. Monitoring the Effect of the Distance of Board Material from the Ignition Source

The distance of the particleboard from the radiant heat source (Figures 10 and 11)
has influence on the time to ignition (Table 5). Particle boards were ignited at higher heat
fluxes from 44 kW·m−2 at a distance of 40 mm (Figure 10a) particleboards were ignited
only if the heat flux was at least 44 kW·m−2; for 60 mm the lowest heat flux for ignition
was 48 kW·m−2 (Figure 10d). The higher the heat flux, the shorter the time to ignition.
Particleboards accumulated sufficient heat to allow the subsequent combustion without
the action of an ignition source on the upper surface of the board material.

Figure 10. Measurements of time to ignition and weight loss of particleboards with thickness of
12 mm at (a–c) 40 mm from the ignition source; (d–f) 60 mm from the ignition source.

The obtained time to ignition has a decreasing character with a linear dependence.
At the distance of 60 mm and heat fluxes of 44 and 46 kW·m−2, ignition did not occur.
However, the imaginary line through two points showing the ignition temperature values
at the distance of 60 mm shows a different tendency. Ignition temperatures doubled. It can
be assumed that with the increasing distance of the radiant heat source from the sample,
the increase in time to ignition multiplies geometrically. Time to ignition is significantly
dependent on the heat flux and sample thickness (Table 6, Figure 12), as confirmed by
multifactor analysis (ANOVA).
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Figure 11. Graphical dependence of the time to ignition on the heat flux (44, 46, 48 and 50 kW·m−2)
and the distance of the particleboard with thickness of 12 mm from the ignition source. Legend:
blue-20 mm; red-40 mm and green-60 mm.

Table 6. Analysis of variance for Col_6 (time to ignition)-type III sums of squares depending on
sample thickness and distance from the source.

Source Sum of
Squares Df Mean

Square F-Ratio p-Value

Main Effects
Col_4 Distance from the

source 47,980.0 2 23,990.0 534.73 0.0000

Col_5 Heat flux 6798.83 3 2266.28 50.51 0.0000
Residual 1974.02 44 44.8642

Total 52,250.3 49
All F-ratios are based on the residual mean square error.

Figure 12. Graphical representation of the statistical evaluation-the influence of the sample position
and heat flux on the time to ignition source on the particleboards. Legend: Col_4-position of the
sample i.e., distance of the sample from the source; Col_6-time to ignition. The values are statistically
significant at p ≤ 0.05 according to LSD ANOVA.
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Statistical analysis demonstrated a significant influence of factors such as distance of
the heat-stressed sample (Figure 11) and heat flux (Figure 6) on the time to ignition under
the action of radiant heat flux on the surface of particleboards.

Also, statistical analysis ANOVA showed effect of distance on time to ignition (Figure 12).
The abbreviations Col_4–distance and Col_6–time to ignition, were used in the graphical
representation of statistical results (Figure 12).

4. Conclusions

Based on the conducted experiments, the following results were obtained:

1. It was statistically confirmed that the time to ignition is significantly dependent
on the thickness of the particleboard sample and the heat flux value. It was also
possible to calculate the thermal inertia based on the measurements. The obtained
results of the calculated inertia were very similar to the published values reported by
Babrauskas [48];

2. It was confirmed that the weight loss was significantly dependent on the thickness
of the particleboard. Selected thicknesses of particleboards which were exposed to
radiant heat flux of 40–50 kW·m−2 recorded on average by 0.4% (absolute % number)
of weight loss with increasing heat flux density (for a change of the heat flux of
1 kW·m−2). The largest weight loss values were recorded in particleboards with a
thickness of 12 mm;

3. Statistically significant dependence was confirmed by monitoring the time to ignition
and the distance of a sample with a thickness of 12 mm from the radiant heat source.
At a distance of 60 mm and heat fluxes of 44 and 46 kW·m−2, the particleboards with
a thickness of 12 mm did not ignite.
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12. Očkajová, A.; Kučerka, M. Materials and Technologies 1. Wood Technology, 1st ed.; UMB: Banská Bystrica, Slovakia, 2011;
ISBN 978-80-557-0262-9. (In Slovak)

13. Warguła, Ł.; Dziechciarz, A.; Kaczmarzyk, P. The assessment of fire risk of non-road mobile wood chopping machines. J. Res.
Appl. Agric. Eng. 2019, 64, 58–64.

14. Sydor, M.; Mirski, R.; Stuper-Szablewska, K.; Rogozinski, T. Efficiency of Machine Sanding of Wood. Appl. Sci. 2021, 11, 2860.
[CrossRef]

15. Jin, C.D.; Li, J.; Zheng, R.X. Thermal and Combustion Characteristics of Binderless Fiberboard. Adv. Mater. Res. 2010, 113,
1063–1070. [CrossRef]

16. Marková, I.; Hroncova, E.; Tomaskin, J.; Turekova, I. Thermal analysis of granulometry selected wood dust particles. BioResources
2018, 13, 8041–8060. [CrossRef]

17. Szabová, Z.; Pastier, M.; Harangózo, J.; Chrebet, T. Determination of characteristics predicting the ignition of organic dusts. In
Occupational Safety and Hygiene II: 10th Annual Congress of the Portuguese Society of Occupational Safety and Hygiene on Occupational
Safety an Hygiene (SPOSHO) Guimaraes, Portugal, 13–14 February 2014; CRC Press: Boca Raton, FL, USA, 2014; pp. 143–145.
ISBN 978-1-315-77352-0.

18. Turekova, I.; Markova, I. Ignition of Deposited Wood Dust Layer by Selected Sources. Appl. Sci. 2020, 10, 5779. [CrossRef]
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Structural Department, Faculty of Civil Engineering, University of Zagreb, 10000 Zagreb, Croatia
* Correspondence: nikola.perkovic@grad.unizg.hr

Abstract: Timber is one of the fundamental materials of human civilization, it is very useful and
ecologically acceptable in its natural environment, and it fits very well with modern trends in green
construction. The paper presents innovative hollow glued laminated (GL) timber elements intended
for log-house construction. Due to the lack of data on the behavior of the hollow timber section
in compression perpendicular to the grain, the paper presented involves testing the compression
strength of elliptical hollow cross-section glue-laminated timber specimens made of softwood and
hardwood, as well as full cross-section glue-laminated softwood timber specimens. The experimental
research was carried out on a total of 120 specimens. With the maximal reduction of 26% compared
to the full cross-section, regardless of the type of wood and direction of load, the compression
strength perpendicular to the grain of hollow specimens decreases by about 55% compared to the full
cross-section, with the coefficient kc,90 equal to 1.0. For load actions at the edge and the middle of
the element, kc,90 factors were obtained with a value closer to those obtained for full cross-section,
which indicates the same phenomenology, regardless of cross-sectional weakening. At the same
time, the factors in the stronger axis are lower by about 10%, and in the weaker axis by about 30%
compared to those prescribed by the Eurocode. Experimental research was confirmed by FEM
analysis. Comparative finite element analysis was performed in order to provide recommendations
for future research and, consequently, to determine the optimal cross-section form of the hollow GL
timber element. By removing the holes in the central part of the cross-section, the stress is reduced.
The distance of the holes from the edges defines the local cracking. Finally, if the holes are present
only in the central part of the element, the behavior of the element is more favorable.

Keywords: timber; compression strength; perpendicular to grain; glulam; innovative; hollow; FEM

1. Introduction

Timber is a renewable, biodegradable, and environmentally friendly material that
absorbs carbon dioxide from the atmosphere. During manufacturing, it requires little
energy, it opens all kinds of new possibilities during operation in wooden structures, where
the hitherto widespread use of concrete and bricks can be replaced. Based on all the above,
it can be concluded that the construction industry is increasingly turning to timber as a
construction material. Accordingly, there are numerous innovations and the production of
factory wooden elements such as multi-layer cross-laminated timber (CLT—cross laminated
timber), laminated veneer lumber (LVL—laminated veneer lumber), cross-glued veneer
board (plywood), parallel glued " veneer noodles (PSL—parallel strand lumber), parallel
glued wood "noodles" (LSL—laminated strand lumber), boards with oriented chipboard
(OSB—oriented strand board), parallelly oriented chipboard (PLS—parallel strand board),
chipboard boards (particleboard), fiber boards (—HB, MBH, MDF).

A typical log-house (or log-haus, Blockhaus, etc.,) system represents a traditional
construction system widely used in northern regions as well as in urban regions with a
high seismic hazard such as the Mediterranean area [1]. The basic timber wall components
vertically stacked one upon another are recognized as very efficient and reliable timber
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structures. The constructive principle of log-house is represented by the superposition of
a series of timber logs, although several adapted construction systems were developed
recently by Perkovic et al. [2].

In order to achieve an ecological approach, the idea of assembling a hollow glue-
laminated timber wall element from slats, which were the waste product in process of
carpentry production, was developed by Croatian company TERSA Ltd. Slats are arranged
20 mm thick and 120 mm in width lamellas. The lamellas are profiled before gluing into a
single laminated beam, in such a way that combined creates an ellipse-shaped perforation
between lamellas in the cross-section of 120 mm in width and 240 mm in height. This type
of cross-section guarantees better behavior during the moistening and drying of wood, as
well as better energy characteristics of load-bearing elements.

Although these elements have reliable properties [2], many structural aspects need
further recognition. In the design of log-house structures with hollowed elements, one of
the most important problems is the proper verification of the stress state at the places of
concentrated force inputs, but also the bottom of the wall. Therefore, there is a need to
evaluate the compression stresses and deformations perpendicular to the grain for different
boundary conditions and cross-section axes orientations of hollow elements. Selected
results from testing wall members are presented. The test results were compared with the
current approach from Eurocode 5 [3].

1.1. State-of-the-Art

One point of discussion in the scientific community was whether standards should
aim to maintain either well-defined basic material properties or reflect typical uses. Europe
has opted for the former (the scientific) approach, on the assumption that it would then be
possible to calculate the behavior in practical application situations, while US/Canada and
Australia/New Zealand have chosen the latter (the technological) [4].

The compression perpendicular to the grain design approach presented in Eurocode
5 [3] is based on experiments by Madsen et al. [5]. Some modifications, as currently valid,
were proposed by Blass and Görlacher [6]. According to this model, the load-bearing ca-
pacity of the element is obtained from effective contact area Aef, characteristic compressive
strength perpendicular to the grain fc,90, k, and the factor kc,90, which considers the load
configuration, the possibility of splitting, and the degree of compressive deformation [3].
The effective contact area Aef should be determined considering an effective contact length
parallel to the grain, where the actual contact length, l, at each side is increased by 30 mm.

According to EC5 [3], the value of kc,90 should be taken as 1.0, unless the conditions in
the following paragraphs apply. In these cases, the higher value of kc,90 specified may be
taken, with a limiting value of 1.75. For members on continuous supports, provided that
l1 ≥ 2 h (see Figure 1a), the value of kc,90 should be taken as 1.25 for solid softwood timber
and 1.5 for glued laminated softwood timber, where h is the depth of the member and l is
the contact length. For members on discrete supports, provided that l1 ≥ 2 h (see Figure 1b)
the value of kc,90 should be assumed to be 1.5 for solid softwood timber and 1.75 for glued
laminated softwood timber if l ≤ 400 mm. Leijten et al. [4] pointed out the inconsistencies
of the mentioned discontinuities and determined the coefficient kc,90 based on empirical
results. Finally, they proposed modified expressions for kc,90, using the physical model of
Van der Put [7].

The compressive strength of wood in the direction perpendicular to the grain, fc,90, k,
(CSPG) plays an important role and frequently governs the structural design. Obviously,
CSPG depends on the type of wood and varies in radial and tangential directions [8–10].
Hoffmeyer et al. [11] concluded that the combined role of tensile and shear stresses perpen-
dicular to the grain occurs in compression specimens of solid as well as glued laminated
wood, where, at the design level, the 5% characteristic strength is not significantly different.
Gehri [12] presented a study to verify the relationship between compressive strength and
wood density, which is particularly evident when comparing healthy wood to rotten or
insect-deteriorated wood [13]. Although wood is recognized as a building material due to
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highly technical-material characteristics in the direction parallel to the grains, it is necessary
to note that elongated cells of the wood are stiffer and stronger when loaded along the axis
of the cell rather than when loaded across it [14,15]. So, the modulus of elasticity in the
direction perpendicular to the grain decreases by 30 times and strength by eight times for
softwood and three times for hardwood [16].
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To determine the real fc,90, k value, the European (CEN) testing standard EN408 pre-
scribes a method in which a block of timber is loaded in uniform compression over its
entire surface. On the other hand, the American (ASTM) test standard D143 is based on the
approach in which the test piece is a timber block, and the load is applied in the middle
through a steel plate, where the test is primarily intended to simulate the behavior of a
wood joint resting on a wall or foundation and does not intend to determine a physically
correct perpendicular to grain strength [4]. In the absence of any physical model to modify
the results and to account for situations deviating from the test set-up, modification factors
were established and reported by Kunesh [17]. Madsen et al. [18] also took an interest in the
relationship between deformation and compressive strength and recognized shortcomings
of the ASTM method. Furthermore, Leijten [19] pointed out that in the Scandinavian coun-
tries, the standard characteristic bearing strength for a spruce wood element has double
or even triple value than the stress at the proportional limit determined by tests, making
values reported in the European standards questionable and very conservative. Further
investigation is presented in [20]. Considering the above, the problem of a unified approach
to determining the standard strength is obvious.

As a special issue, it should be highlighted the compression strength perpendicular
to the grain in cross-laminated timber (CLT), where significant conclusions are given
in [21–26].

A standard European test procedure for the determination of CSPG is defined by
standard EN408 [27]. This procedure is based on former prescriptions of the fiber stress
at the proportional limit, or the stress which causes a 1% deformation, first presented by
Kolmann and Côté [28]. Using the test results, on the plot load/deformation (F-∆h) curve,
a line (1) parallel to the linear part of the load-displacement and determined by values of
0.1 Fc,90, max, and 0.4 Fc,90, max as intersections with the curve, needs to be defined. Finally,
the ultimate load capacity, Fc,90, max is defined as the intersection of curve and line (2),
which is offset by 1% of the standardized specimen depth h and parallel to the line (1).
The force corresponding to the upper limit of the linear segment of the load/displacement
(F-∆h) curve is known as the proportional limit Fc,90, prop [29].

1.2. Objectives

The main idea for this research came from the doubt about the sufficient bearing
capacity of hollow elements to the compression perpendicular to the grain. Although
the arrangement of the cavities is designed to ensure a regular force path to the support,
the strength properties necessary for design could not be determined just on the wood
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class. In Figure 2, one can see the constitutive elements-lamella, and finally, the assembled
cross-section of the innovative hollow glued laminated timber element.
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Figure 2. Individual lamellae of the element with elliptical holes and the cross-section of the assem-
bled hollow glued laminated timber element.

The main objective of this research was to investigate the load-carrying capacity in the
compression perpendicular to the grain of hollow glue-laminated softwood and hardwood
timber element and to compare it with the requirements of the current European standard
for full cross-section elements. According to the possible orientation of the elements, and
thus of the cross-section orientation, it was necessary to test the specimens in both, strong-
axis, and weak-axis directions. In order to compare the compressive strength and factor
kc,90, taking into account the load configuration, the possibility of splitting, and the degree
of compressive deformation, depending on support and load type, several other test set-ups
involving loading of the specimens’ proportional rectangular surface only at the edge parts,
as well as only at central parts, was investigated.

Variant combinations of lamellas allow for different percentages of perforation of the
cross-section. In this paper, only the maximally perforated variant with elliptical holes was
investigated and compared with normal (full) timber elements. Compared to the full GL
elements, the cross-section area was reduced by 26%. Other variants were investigated by
finite element modeling, with the goal of finding the optimal layout of the holes regarding
stress distribution.

The elements are normally produced in two versions, made of softwood with the
predominant use of European fir (Abies alba), and hardwood with the predominant use of
European hornbeam (Carpinus betulus). Both types of hollow elements were tested, as well
as full cross-section elements made of softwood, in a total of 120 specimens.

There is evidence that metal-to-wood compression inaccurately reflects typical wood-
to-wood compression often present in structural applications [29,30]. However, a common
method using metal-on-wood compression [10,31,32] was not applied. Instead, between
the metal and the specimen, hardwood elements with prescribed contact surfaces were
inserted. Although the digital image correlation (DIC) technique in the testing of structural
elements has already been proved [33–35] for a better insight into the redistribution of
stress, in this case, it would be useful only for certain types of samples. Therefore, it was
not used in this test.
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2. Materials and Methods
2.1. Test Setup

Preliminary research was done by Perkovic et al. [2], where different types of cavities
were investigated, as well as the layout of the cavities themselves. In addition to elliptical
cavities, the behavior of samples with circular holes was also investigated, and the con-
clusion was that the samples with circular cavities had significantly lower load-carrying
capacity and less favorable failure modes. Consequently, the continuation of the research
was carried out only with elliptical holes, as well as a modified cavities layout. First, this
refers to the first and last lamella, which is shaped differently from the inner lamellas,
with the aim of increasing resistance, considering that the highest normal stresses occur
at the edges of the cross-section. Furthermore, it was concluded that the more favorable
arrangement of the holes is such that they are set in columns, that is, that there is a “web”
over which the load can be transferred from the top to the bottom. In addition, the type of
adhesive was changed, considering that in the previous investigation [2], the fracture mode
occurred in many samples due to the adhesive line, and thus the consistency of the results
was disturbed. In this research, a PUR adhesive, Kleberit 510, intended for load-bearing
timber structures, was used [36].

European standard EN 408 [27] was used for the CSPG evaluation. The production of
the test specimens was designed so they match the actual shape of the element, and at the
same time meet all the conditions prescribed by the standard. The loaded surfaces were
carefully prepared to ensure that they are flat and parallel to each other and perpendicular
to the axis of the test specimens. This preparation was performed after conditioning
the timber. In the case of glued laminated elements, the test specimens provided for
determining the base value of CSPG, are assigned in accordance with EN 408 [27]. In the
case of glued laminated elements, height h of 200 mm, minimum width bmin of 100 mm,
and the surface that is fully loaded b × l of 25,000 mm2 is defined, to achieve a volume of
0.01 m3 for the tested specimens. In addition to the specimens prescribed by the standard,
additional specimens were defined and loaded on the edge and in the middle part of the
element, in order to determine the distribution of force along the specimens.

The specimens were mounted vertically between the steel plates of the testing machine
and the appropriate compression load. Due to the indentation of the end lamellas when
the load is acting in a strong-axis direction, additional timber elements were made for this
purpose, which on the one end corresponding to the indentation on the sample, and on the
other end are flat and thus enable the introduction of loads over the entire surface. Here,
the stronger axis represents the axis along which the lamellae are arranged. The length
of the gauge, h0 (approximately 0.6 h), is located centrally in the specimen height and no
closer than b/3 of the loaded ends of the specimen, as shown in Figure 3.

The loading equipment used can measure the load to an accuracy of 1% of the load
applied to the test specimen or, for loads less than 10% of the maximum load, to an accuracy
of 0.1% of the maximum load. The universal testing machine Z600E with a capacity of
600 kN was used for testing. The test specimen has been loaded without eccentricity,
which was achieved using spherically seated load heads. According to the standard [27],
displacement control was used at different speeds from 3 to 6 mm/min, depending on
the material and the position of the sample (loaded in strong-axis or weak-axis direction).
The loading rate has been adjusted so that the maximum load Fc,90, max, est or Fc,90, max was
reached within (300 ± 120) s. The test was stopped after reaching the compressive strength
of the timber elements. This rate was determined from the results of preliminary tests.
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The compressive strength fc,90 is determined from the equation:

fc,90 = Fc,90,max/bl, (1)

• fc,90—compression strength (N/mm2)
• Fc,90,max—maximal compression load parallel to the grain (N)
• b—width (mm)
• l—length (mm)

Compressive strength is calculated to an accuracy of 1%.

2.2. Type and Number of Samples

To fully consider the behavior of innovative hollow glue-laminated timber elements,
all combinations of specimen positions and loads were investigated. This refers to the
positioning and loading of specimens in both the strong- and weak-axis directions, and
the position of the force with respect to the boundary conditions as well (loaded on the
edge or in the middle). Comparative analysis was performed for full and hollow-timber
cross sections made of softwood (fir). Furthermore, the analysis included hollow-timber
cross-section elements made of hardwood (hornbeam). To obtain information on the base
value of CSPG for full-timber cross sections made of hardwood, samples of solid hardwood
were also analyzed, but only for the basic set-up, without examining the influence of the
position of the load concerning the boundary conditions.

Before starting the experiment, the wood density and moisture content were measured
on specially made cube specimens. A total of 24 samples were made, 12 of each type of
wood (see Figure 4 and Table 1).

Table 1. Density of cube specimens.

Width (mm) Length (mm) Height (mm) Weight (g) Density (kg/m3)

Avg. CoV.
(%)

St.
Dev. Avg. CoV.

(%)
St.

Dev. Avg. CoV.
(%)

St.
Dev. Avg. CoV

(%)
St.

Dev. Avg. CoV.
(%)

St.
Dev.

Softwood
M1–M12 119.3 0.19 0.22 120.1 0.30 0.36 119.0 0.22 0.27 657.9 1.52 9.99 385.7 1.42 5.47

Hardwood
T1–T12 119.3 0.21 0.25 119.9 0.35 0.42 118.5 0.89 1.06 1337.4 1.35 18.08 789.4 1.60 12.60
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Regarding the geometry (see Figure 5), the cross-sectional dimensions for all specimens
were 120 × 240 mm, while the length was as follows: 105, 209, 400, 440, 520, and 640 mm.
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A total of 120 specimens were made, whereby 6 samples were made for each of the
20 groups. A particular group of specimens is characterized by the type of wood, the type of
cross-section, and the length of the specimen, where the length of the specimen represents
whether the specimen is loaded in the strong or weak axis direction. According to the
schemes in Figure 6, softwood full and hollow timber cross-sections, as well as hardwood
hollow timber cross-section specimens were tested (a total of 18 groups). Additionally,
according to the schemes in Figure 6a,b, hardwood full-timber cross-section specimens
were tested (a total of two groups).
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Figure 6. Positioning and loading of specimens, considering the axis direction and boundary con-
ditions: (a) Specimen loaded over the entire surface in the strong-axis direction (four groups);
(b) specimen loaded over the entire surface in the weak-axis direction (four groups); (c) specimen
loaded on the edge in the strong-axis direction (three groups); (d) specimen loaded on the edge in the
weak-axis direction (three groups); (e) specimen loaded in the middle area in the strong-axis direction
(three groups); (f) specimen loaded in the middle area in the weak-axis direction (three groups).

While the hollow timber elements can be seen in the image above, the full normal ones
are the same, but completely without the elliptical holes. As it can be seen in Figure 5, the
first and last lamellae are serrated, so additional elements should be inserted to make the
outer surfaces flat; the bottom one due to support, and the upper one due to force input.
These additional elements are exactly in the same shape as lamellas P1 and P4 (Figure 5),
but they are made of harder timber to avoid local embossing. Steel plates were placed on
top of these additional elements, through which the load was applied (Figure 7).
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Figure 7. Loading of specimens: (a) in strong-axis direction; (b) in weak-axis direction.

2.3. FEM Description

The numerical analysis was performed using the Dlubal RFEM [37] software package,
more precisely, the RSECTION module. A parameterized input allowed entry of the
cross-section dimensions and internal forces in such a way that they depend on certain
variables [38]. The objective of the numerical analysis was to make a parametric analysis,
the results of which would show where the highest stresses occur. Consequently, the
optimal cross-section, which is between the two extremes, the full and hollow cross-section,
is determined. For the sake of simplicity and easy comparison, all variant models are
loaded with a pressure of 1 N/mm2. The loading scheme and boundary conditions for
FEM can be seen in Figure 8.
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Material properties used for modeling timber elements are shown in Table 2.

Table 2. FEM—material properties.

Moduli Symbol Value (N/mm2)

Modulus of elasticity parallel E0, mean 11,500
Modulus of elasticity perpendicular E90, mean 300

Shear modulus Gmean 650
Modulus of elasticity parallel E0,05 9600

Modulus of elasticity perpendicular E90,05 250
Shear modulus G05 540

3. Results
3.1. Experimental Work

Considering the large number of specimens and tests, it is not reasonable to accom-
modate all the graphs in this section. Therefore, only the characteristic results in form
of load-displacement curves for each group of samples are presented (Figure 9), and the
other values are presented in a tabular comparison. The final objective for all groups of
specimens was to compare the load-carrying capacity and behavior of innovative hollow
GL timber elements with normal GL timber elements. This was primarily referred to the
specimens made of softwood, as a raw material more used in practice. Nevertheless, the
important objective was to compare the characteristics of hollow softwood and hardwood
specimens, as well as to determine the base CSPG value of the hardwood material.

Figure 9 shows the almost linear behavior of the specimens up to the yielding point,
after the slope of the curve decreases, the displacement increases without an increase in
force, and finally, failure of the timber occurs. Such behavior was common to all types
of specimens, however, there are different failure modes for different types of specimens.
In case of hollow timber specimens, failure has occurred at the weakest, or thinnest part
of the cross-section, between the two elliptical cavities. In the case of normal GL timber
specimens, the timber cracked when the compressive strength had been reached.

Furthermore, softwood specimens with elliptical cavities (ME) are expected to have
the lowest stiffness, which can be seen from the slope of the curve. If we compare it with
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normal softwood specimens, without holes (MP), stiffness and strength reached by ME
specimens are significantly lower. Moreover, due to the full cross-section, the horizontal
part of the curve representing MP specimens indicates greater compression ductility. The
physical manifestation of this is the imprinting of load cell into the timber element. Finally,
hardwood specimens reached the highest stiffness and failure force, and the cause is higher
timber density, i.e., compressive strength. However, an undesirable consequence of this is
a brittle fracture. Although the principles leading to the failure of hardwood specimens
with elliptical cavities (TE) or without holes (TP) are like those made of softwood, another
difference could be seen. The hardwood specimens cracked at the finger joint due to the
high strength of the timber, greater than glue. It was especially noticed on specimens
loaded at the edge and in the middle.

In addition to the comparison of the load-displacement curves, the failure modes of
the specimens were analyzed and compared. The failure modes can be divided into two
characteristic groups, depending on whether it represents a hollow- or full-timber cross-
section. The main failure mode of the innovative hollow GL timber elements was the timber
failure of the area between the holes, in the direction of the applied load Figure 10a,b).
Because elliptical cavities are arranged in columns, the load transmission is simple, along
the ridges of solid wood. The cracks are mainly a straight line connecting the tops of
the arcs of the ellipses. This indicates a proper path of load transmission and that the
failure occurred during crushing in the cavity area. In the case of normal GL timber
elements, failure occurred when the compressive strength perpendicular to the grains is
reached, and fracture followed the stress trajectory (Figure 10d,e). Test of compressive
strength perpendicular to the grain for specimens loaded in the direction of the stronger
axis (Figure 10a,b,d,e) indicated that the behavior of these specimens have been similar
to specimens loaded in the direction of the weaker axis (Figure 10c,f). Again, an almost
linear behavior was observed, which turned into a curve, that indicates the yielding of the
material. In this case, too, it could be observed that the cracks in hollow timber specimens
were predominantly vertical, in the direction of the force, connecting the cavities.
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(c) ME-400 mm; (d) MP-209 mm; (e) TP-209 mm; (f) MP-400 mm.

3.2. FEM Analysis

At the very beginning, it was important to verify the FEM analysis, in order to be able
to carry out a parametric analysis for future research. For this purpose, experimentally
investigated specimens were analyzed, and the result is shown in Figure 11.

As it can be seen in Table 3, fc,90, k for MP-209 mm was determined to be 4.07 MPa (in
the upper corner), and for ME-209 mm, fc,90,k = 1.83 MPa. Those stresses initially appeared
in the upper corner and on the perimeter of the holes in the case of hollow GL specimens,
which was also confirmed in the FE mode (Figure 11). By evaluating the results of the FEM
analysis, the initial σz stress for MP-209 mm was 4.067 MPa (Figure 11a) for the value of
failure load 106.7 kN (Table 4) and 1.869 MPa (Figure 11b) for MP-209 mm specimen and
the value of failure load 47.7 kN (Table 4). Furthermore, in Figure 10a,d, the failure mode
and primary cracks are shown. This was also confirmed by the FEM model (check the
stress trajectories in Figure 11).
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Table 3. List of CSPGs for different load modes and boundary conditions with associated kc,90 factors.

Type of Cross-Section MP ME TE TP

Specimen Length (mm) fc,90, k
(MPa) kc, 90

fc,90, k
(MPa) kc, 90

fc,90, k
(MPa) kc, 90

fc,90, k
(MPa) kc, 90

105 4.17 1.00 1.90 1.00 6.75 1.00 15.08 1.00
209 4.07 1.00 1.83 1.00 6.58 1.00 12.96 1.00
400 5.90 1.42 2.67 1.40 9.59 1.42 / /
440 5.03 1.24 5.90 1.45 8.16 1.24 / /
520 6.08 1.46 2.95 1.55 10.42 1.54 / /
640 5.90 1.45 2.78 1.51 9.72 1.48 / /

ME—softwood hollow, MP—softwood normal, TE—hardwood hollow, TP—hardwood normal.

In the next step, a parametric analysis was made. All results of the parametric analysis
were evaluated and visualized in an appealing graphical form (Figures 12–15). As can
be seen in the figures, the analysis was carried out step by step, from the model with the
highest percentage of cavities to the model without cavities.

Table 4. Failure force—comparison.

Specimen
Length
(mm)

Type of
Cross-Section

Average
Failure Force

(kN)

CoV.
(%)

St.
Dev.

Fmax-Ratio
in Relation to

ME

Fmax-Ratio
in Relation to

TE

105

ME 45.2 9.07 4.1 1.00 0.54
MP 118.4 7.09 8.4 2.62 1.41
TE 185.2 8.26 15.3 4.10 2.21
TP 622.19 6.22 38.7 13.77 7.43

209

ME 47.7 5.03 2.4 1.00 0.54
MP 106.7 9.09 9.7 2.24 1.22
TE 184.1 1.90 3.5 3.86 2.10
TP 453.80 2.29 10.4 9.51 5.17
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Table 4. Cont.

Specimen
Length
(mm)

Type of
Cross-Section

Average
Failure Force

(kN)

CoV.
(%)

St.
Dev.

Fmax-Ratio
in Relation to

ME

Fmax-Ratio
in Relation to

TE

400

ME 87.3 9.51 8.3 1.00 0.31
MP 219.3 8.76 19.2 2.51 0.78
TE 320.2 6.09 19.5 3.67 1.15
TP / / / / /

440

ME 75.3 1.73 1.3 1.00 0.39
MP 157.4 8.64 13.6 2.09 0.82
TE 255.3 10.77 27.5 3.39 1.33
TP / / / / /

520

ME 126.5 5.06 6.4 1.00 0.24
MP 282.4 5.24 14.8 2.23 0.54
TE 413.7 3.50 14.5 3.27 0.79
TP / / / / /

640

ME 106.9 8.70 9.3 1.00 0.31
MP 196.0 4.23 8.3 1.83 0.57
TE 323.8 6.61 21.4 3.03 0.94
TP / / / / /

ME—softwood hollow, MP—softwood normal, TE—hardwood hollow, TP—hardwood normal.
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Figure 12. Results of FEM analysis—stress: (a) Completely perforated timber element; (b) the first
lamella without cavities; (c) the second lamella without cavities.

The analysis was made with several groups of models, and all models refer to softwood.
The goal is to make a comparative analysis of the stress due to the geometrical distribution
of the cavities. The first group of models refers to models where cavities were gradually
removed in rows, starting from the bottom lamella (Figure 12).

The next group of models (Figure 13) is reflected in the variability of the holes in
alternating rows.

The third group of models (Figure 14) is shown in the variation of the columns
of cavities.

Finally, the last group of models (Figure 15) refers to specimens that are the opposite
of the previous group, i.e., the holes only present in the central area, while the final model
is a normal GL timber specimen, without holes.
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Figure 13. Results of FEM analysis—stress: (a) Each subsequent lamella without cavities; (b) alternat-
ing arrangement of holes, type 1; (c) alternating arrangement of holes, type 2.
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Figure 14. Results of FEM analysis—stress: (a) The central part without cavities; (b) the central part
and each subsequent lamella without cavities; (c) the outer part and each subsequent lamella without
holes.
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4. Discussion
4.1. Experimental Work

The ratio of failure forces of all specimens is shown in Table 4. As expected, the groups
of hardwood hollow timber specimens showed the greatest ultimate force followed by
groups of softwood specimens without holes, and finally groups of softwood hollow timber
specimens. The hollowed hardwood timber specimens showed a higher load capacity
even than the softwood specimens without holes due to approximately three times higher
CSPG. The reason that groups of softwood hollow timber specimens had the lowest load
capacity lies in the small distance between the cavities, that is, the small thickness of the
solid wood between the cavities, which would transmit the load from the top to the bottom
of the sample.

Furthermore, compressive strengths perpendicular to the grain for each group of
specimens, with associated kc, 90 factors are given in Table 3.

4.2. FEM Analysis

The first model (Figure 12a) in the first group shows the stress concentration where the
maximum stress occurs in the area between the holes and is 3.118 N/mm2. When the first
row of cavities had been removed (Figure 12b), it minimally affected the stress distribution;
however, although at the bottom of the sample the stress was lower, the maximum stress
was similar to the first one (3.155 N/mm2). By removing the holes on the next lamella
(Figure 12c), the stress distribution was more favorable both locally and globally, especially
at the bottom part of the specimen.

The second group of FE models shows the variability of the holes in alternating rows.
Figure 13a shows the stress distribution when the cavities on each successive lamella were
removed. The stress was less on the vertical timber areas between the cavities, but that
is why the stress was slightly higher on the timber horizontal areas between the cavities
compared to the first group of models. The second (Figure 13b) and third models in
this group were very similar, although the third model (Figure 13c) in this group was
slightly better due to the absence of cavities on the outer parts. The maximum stress for
the first model in this group was 3.212 N/mm2, while the stress in the second model was
3.301 N/mm2.

The next group is shown in Figure 14a, where the cavities are left out in the middle
cross-section area, and this was reflected in the stress distribution. The maximum stress
was lower compared to the previous models (2.697 N/mm2) and, the stress distribution
is more favorable because there are no stress concentrations in the central part. When the
holes in each subsequent lamella are omitted (Figure 14b,c), the global stress distribution
was more favorable, but due to the smaller number of holes, slightly higher stress occurred
at the edges of the ellipse, caused by the flow of the principal stresses.

For the last group, it can be observed that the most favorable specimen in terms of
stress was the just-mentioned normal specimen (Figure 15c), while the second specimen
(Figure 15b) in this group showed better behavior compared to the first (Figure 15a),
and the reason for this was the lower perforation of the specimen and, accordingly, less
stress concentration.

5. Conclusions

From the presented study, it can be concluded that the CSPG of softwood, for a full
laminated cross-section loaded in the direction of the stronger axis, is equal to 4.07 MPa
and the CSPG of hardwood is equal to 12.96 MPa, with the coefficient kc,90 equal to 1.0.
For load action at the edge of the element, the factor kc,90 = 1.24 was obtained, as lower by
20% than the value prescribed in Eurocode 5 [3] of 1.55. For the load action at the middle
of the element, the factor kc,90 = 1.45 was obtained, which is lower by 12% than the value
prescribed in [3] of 1.66. The CSPG of softwood, for a hollowed laminated cross-section
loaded in the direction of the stronger axis, decreases by about 55% compared to the full
cross-section, with a value of 1.83 MPa, and for hardwood, it decreases by about 50%, to
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a value of 6.58 MPa, with the coefficient kc,90 equal to 1.0. For load actions at the edge
and the middle of the element, kc,90 factors were obtained with a value closer to those
obtained for full cross-section, which indicates the same phenomenology, regardless of
cross-sectional weakening.

In addition, it can be concluded that the CSPG of softwood, for a full laminated cross-
section loaded in the direction of the weaker axis, is equal to 4.17 MPa and the CSPG of
hardwood is equal to 15.08 MPa, with a coefficient of kc,90 equal to 1.0. For load action at
the edge of the element, the factor kc,90 = 1.42 was obtained, as lower for 30% than the value
prescribed in [3] of 2.07. For load action at the middle of the element, the factor kc,90 = 1.46
was obtained, which is lower by 35% than the value prescribed in [3] of 2.21. The CSPG
of softwood, for a hollowed laminated cross-section loaded in the direction of the weaker
axis, decreases by about 55% compared to the full cross-section, with a value of 1.90 MPa,
and for hardwood, it decreases by about 55%, to a value of 6.75 MPa, with the coefficient
kc,90 equal to 1.0. It can be concluded that the properties are similar to the situation when
the cross-section is loaded in the direction of the stronger axis.

Moreover, it can be concluded that the degree of hollowness is proportional to the
CSPG regardless of the type of wood. Moreover, the weakening does not affect the transfer
of force with respect to the boundary conditions and position of the load, i.e., the kc,90
factors are approximately similar for hollowed and full cross-sections. However, in order
to better understand it, it is necessary to study the stress distribution and force path in
more detail using the DIC measurement method. As mentioned in the introduction, the
factor kc,90 is difficult to determine unequivocally for different boundary conditions. This
research presented that the values given in European standards [3] still cannot be applied
uniformly. So, further research is necessary for the correction of factors regarding the type
of wood, type of section, etc.

Finally, FE analysis confirmed the experimental work. The results of the comparative
numerical analysis indicated how the arrangement and layout of the cavities affect the
stress distribution. It has been proven that by removing certain rows or columns of holes,
we can favorably influence stress distribution. If the first lamellae are full, without cavities,
this has a positive effect on the overall behavior of the element, that is, it will crack at
a higher force. By avoiding cavities in every subsequent lamella, stress concentration is
reduced and the area between the two cavities is increased, which ultimately results in a
higher load capacity of the element. If the central part of the cross-section is without holes,
the stress is reduced, but special attention should be paid to the distance of the holes from
the edges so that local cracking does not occur. In the end, if the cavities are present only
in the central part of the element, the behavior of the element is more favorable, but the
question arises as to how meaningful it is to make such patterns and how many advantages
there are compared to the specimen without cavities, considering that the perforation of
this kind of specimen is much lower compared to the previously studied samples. In the
continuation of the research, it is planned to conduct an experimental investigation of
variant solutions for innovative hollow glued laminated timber elements.

6. Patents

The producer of the timber elements, a company (Tersa Ltd from Croatia), is in the
application process for an intellectual property patent so that this product and system
are protected.
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Abstract: Cross-laminated timber (CLT) can be used as an element in various parts of timber struc-
tures, such as bridges. Fast-growing hardwood species, like poplar, are useful in regions where there
is a lack of wood resources. In this study, the withdrawal resistance of nine types of conventional
fasteners (stainless-steel nails, concrete nails and screws, drywall screws, three types of partially and
fully threaded wood screws, and two types of lag screws), with three loading directions (parallel
to the grain, perpendicular to the surface, and tangential), and two layer arrangements (0-90-0◦

and 0-45-0◦) in 3-ply CLTs made of poplar as a fast-growing species and fir as a common species
in manufacturing of CLT was investigated. Lag screws (10 mm) displayed the highest withdrawal
resistance (145.77 N), whereas steel nails had the lowest (13.13 N), according to the main effect
analysis. Furthermore, fasteners loaded perpendicular to the grain (perpendicular to the surface
and tangential) had higher withdrawal resistance than those loaded parallel to the grain (edge). In
terms of the layer arrangement, fasteners in CLTs manufactured from poplar wood (0-45-0◦) had the
greatest withdrawal resistance, followed by CLTs manufactured from poplar wood in the (0-90-0◦)
arrangement, and finally, those made from fir wood in the (0-90-0◦) arrangement. The fastener type
had the most significant impact on the withdrawal resistance, so changing the fastener type from
nails to screws increased it by about 5–11 times, which is consistent with other studies. The results
showed that poplar, a fast-growth species, is a proper wood for manufacturing CLTs in terms of
fastener withdrawal performance.

Keywords: cross-laminated timber; withdrawal resistance; nails; screws; loading direction; layer
arrangement; bridges

1. Introduction

Sustainable building approaches using renewable resources such as wood and wood-
based products have grown in popularity in recent decades [1–3]. Cross-laminated timber
(CLT) is an engineered wood product (EWP) formed from sized lumbers and orthogonally
laminated. This relatively new form of EWP is reported to be extensively employed in
many projects, including mid-rise and even high-rise buildings, due to its unique cross-wise
layups that can tolerate large loads and stresses either in-plane or out-of-plane [4–6]. CLT
might be regarded as a stand-alone element because of its high degree of prefabrication
and load-carrying capabilities. It is commonly utilized as a wall, floor diaphragm, roof, and
other structural components. Various connectors, such as angle brackets and hold-downs
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with fasteners (nails and screws), might be used to join these parts. Connections, like a
fuse in an electrical circuit, are frequently the source of ductility and energy dissipation in
the structure in case of overloading because of the brittle failure behavior of wood when
stressed in tension or shear [7]. The connections between structural parts must reinforce the
structures to withstand gravity or vertical loads induced by self-weight, live loads, wind,
and seismic loads, and then transmit these forces to the foundation [8–10].

Most failures begin at the connections, usually the weakest sections of timber struc-
tures [11]. Hence, it is vital to investigate how connections and fasteners behave under
different loads. Nails or screws in CLT connectors are exposed to lateral and withdrawal
loads, or a combination of both. When exposed to withdrawal loads, fasteners may pull out
(withdraw) of wooden members or rupture in tension. Head pull-through is uncommon in
CLT connectors.

The diameter, thread geometry, penetration depth of a fastener, and load-to-grain
angle are the main factors that influence the withdrawal resistance of a fastener [12–14].
The latter is owed to the orthotropic nature of wood and wood-based products like CLT.
Commonly, withdrawal loading is characterized as parallel or perpendicular to the grain,
where the latter includes both radial and tangential loading, as shown in Figure 1.
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Figure 1. (a) Withdrawal directions in sawn timber: (L) parallel to the grain or longitudinal,
(R) perpendicular to the grain in radial direction, (T) perpendicular to the grain in tangential di-
rection (side face). (b) Loading direction in CLT: (L) longitudinal edge loading (parallel to grain),
(T) tangential edge loading (perpendicular to grain), (S) perpendicular to the surface loading.

In CLT, the loading directions are characterized as edge loading and surface loading,
where edge loading can occur parallel to the grain (L) or in a tangential direction (T).
The type of loading is mainly governed by the application of the CLT panel (wall-to-wall,
wall-to-floor, etc.).

Uibel and Blaß [15–17] first studied the lateral and withdrawal resistance of screws,
nails, and dowels in CLT made of European spruce (Picea abies). Since these first studies in
the early 2000s, several more studies have examined the impacts of different parameters
on the withdrawal performance of fasteners in CLT. Design guidance for CLT connections
is given in several CLT Handbooks [18–20] and by CLT and fastener manufacturers. Yet,
due to the many possible parameter combinations, most studies only considered a limited
combination of grain orientations; loading directions; fastener types and fastener features
(including thread geometry, diameter, and penetration depth); and wood species. The
selected literature related to the present study is summarized here to contextualize the
experimental program presented in this paper. Li et al. [21] investigated the withdrawal
resistance of bamboo scrimber specimens modified by embedment length, screw diameter,
and screw angle. They revealed that unlike wood, the tensile strength and stiffness of the
bamboo scrimber in the radial and tangential directions are comparable. By increasing the
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density of CLT, the withdrawal capacity and strength of self-tapping screws enhanced from
19.7 to 57.3% [22].

Several studies examined the influence of the load-to-grain angle on the withdrawal
capacity in sawn timber. One of the most comprehensive works on fully threaded self-
tapping screws was published by Blaß and Bejtka [23] considering embedment, penetration
depth, load-to-grain angle, lateral loading, and minimum fastener spacing requirements,
all in sawn spruce (Picea abies).

Teng et al. [24] investigated the effect of the load-to-grain angle on the withdrawal
resistance of screws and nails in sawn larch (Larix gemlimii Rupr.) and spruce (Picea glauca).
They concluded that the insertion angle had a significant effect; however, there was no
significant difference between radial and tangential directions. Furthermore, they found a
positive correlation between density and withdrawal strength. Ringhofer et al. [25] studied
the effect of combined axial and lateral loading in sawn Norway spruce (Picea Abies),
highlighting the influence of the penetration depth and potential splitting for screws
inserted parallel to grain (end grain).

Similar observations were made for CLT, where the withdrawal strength of self-
tapping screws in the CLT side face (surface) is much greater than that of screws in the
CLT narrow face (edge) [14]. This is also reflected by the failure modes observed in these
different loading directions. Li et al. [5] investigated the withdrawal resistance of a single
self-tapping screw in CLT manufactured from radiata pine (Pinus radiata). According to
their results, column-like pull out of timber components was observed when self-tapping
screws were axially withdrawn parallel to the grain direction, whilst the tearing failure of
adjacent fibers occurred when they were withdrawn perpendicular to the grain direction.

However, the loading situation in CLT is often more complex since fasteners may
penetrate one or more layers leading to more complex stress states, especially when fas-
teners are loaded in a combination of axial withdrawal and lateral shear loading. Hos-
sain et al. [26] studied combined axial and lateral loading for screws in spruce-pine-fir
CLT. Brown et al. [27] studied the effect of different angles and penetration lengths of
inclined screws in CLT made of New Zealand radiata pine (Pinus radiata) and Douglas fir
(Pseudotsuga menziesi), giving recommendations on the maximum penetration length to
avoid screw rupture, and the ratio of different load-to-grain angles to optimize ductility [28].

Yet, even more, simple parameters, such as timber density, require more careful
consideration in CLT. It is generally accepted that there is a positive correlation between
fastener withdrawal strength and timber density [29]. However, in CLT, different layers
may exhibit different densities. Mahdavifar et al. [12] discovered that the density of the
face layer had a substantial impact on the fastener withdrawal resistance of wood screws
and ring shank nails in hybrid CLTs produced from Douglas fir and lodgepole pine.

In CLTs made of Japanese larch (Larix kaempferi (Lamb.) Carr.), the withdrawal
strength of self-tapping screws increased with increasing the timber density and effective
length, and the withdrawal failure mode was a mix of shear cracks parallel to the grain due
to fiber bending and tension perpendicular to the grain [30].

Furthermore, the surface conditions of the fastener have a significant impact on
withdrawal capacity. Izzi et al. observed that a threaded shank enhanced the withdrawal
capability of nails in CLTs manufactured from spruce when compared to smooth shank
nails [31]. The friction between the threaded shank and the surrounding wood in CLT then
determines the load-bearing mechanism of the annular-ringed shank nailing joints loaded
in withdrawal [32]. According to Ceylan and Girginannular [33], threads make fasteners
easy to insert and hard to pull-out. Rezvani et al. [34] showed that fully threaded screws
in angle bracket connections outperformed partially threaded screws in terms of uplift,
in-plane shear, and out-of-plane stress. D’Arenzo et al. found that adding inclined fully
threaded screws in the bottom corner of traditional angle brackets significantly increased
the performance for tensile loading, avoiding the usual low withdrawal resistance of the
annular-ringed nails in the bottom plate [35].
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In addition to fastener diameter and surface conditions, fastener penetration depth
needs to be considered. Li et al. [36] found that increasing penetration depth by 50 mm
(75 mm vs. 125 mm) increased the withdrawal resistance of radiata pine CLTs in the
narrow face with self-tapping screws. In wood-plastic composite panels, screw withdrawal
resistance rose when screw diameter, loading rate, and penetration depth increased [37].

Finally, the wood species used for CLT manufacturing significantly impacts their
properties. Some hardwood species, such as poplar, grow fast, which is advantageous
in countries with a shortage of wood supplies, such as Iran [38]. The shortage of wood
supplies is a global problem. Although several research studies have investigated the
withdrawal performance of CLTs made of softwood species such as pine, fir, and spruce,
there are few findings on CLTs made of poplar wood. Most studies so far focused on the
structural properties of poplar CLT, including flexural behavior and rolling shear [39–44].

The material properties of wood and wood-based products, such as density, manufac-
turing technique, and environmental conditions, have been shown to affect the withdrawal
behavior of fasteners [45]. Hübner et al. [46] confirmed that the withdrawal resistance is
affected by differences in wood species (or material properties). Moreover, Taj et al. [47] re-
ported that anatomical diversity in wood has a substantial influence on fastener withdrawal
resistance. According to Ringhofer et al. [13,48], the density of hardwood boards, geometric
qualities and screw penetration depth, the number of layers that the screw penetrated, the
angle, and gap insertion are significant factors to consider in the withdrawal performance
of CLTs. Furthermore, methods for determining the withdrawal strength of self-tapping
screws in solid and EWP were proposed.

Apart from the aforementioned characteristics, Yermán et al. [49] evaluated the with-
drawal resistance of nails in modified and unmodified pine wood in terms of cyclic moisture
changes. The results indicated that under moisture fluctuations, nail withdrawal ability
seems to be lost owing to a combination of corrosion and the mechano-sorptive process of
the nails backing out with alternating wetting and drying. When self-tapping screws were
inserted in CLTs made from spruce, the withdrawal resistance was reduced by increasing
the moisture [50].

In summary, most studies are on the withdrawal resistance of self-tapping screws and
nails in softwood CLTs made of pine, fir, spruce, or larch. No research has been conducted
on connections in poplar CLT to the authors’ knowledge. As a result, the aim of this
study is to examine the withdrawal performance of 3-ply CLTs made from poplar as a
fast-growing species with various fasteners (seven types of screws and two types of nails)
in three withdrawal loading directions (parallel to grain and perpendicular to the grain,
both radial and tangential) in two-layer arrangements of 0-90-0◦ and 0-45-0◦. Furthermore,
the findings are compared to data obtained from CLTs made of fir, which is a common
softwood species used in CLT manufacturing with a similar density to poplar.

2. Material and Methods
2.1. Wood and Manufacturing of CLT

Poplar (Populus alba) and fir (Abies alba) wood with oven-dried densities of 381 and 390 kg/m3,
respectively, were used in this research. For poplar, the modulus of elasticity, modulus of rupture,
and shear strength parallel to the grains were 7380 MPa, 59 MPa, and 4.96 MPa, respectively.
Similarly, they were 6658 MPa, 59.6 MPa, and 6.52 MPa for fir, respectively.

The poplar logs were cut into plain sawn boards with dimensions of
2000 mm × 110 mm × 25 mm (Length × Width × Thickness). Plain sawn fir boards
with the same dimension were also prepared. Afterward, boards were air-dried at a temper-
ature of 20 ◦C and a relative humidity of 65% until a constant weight was achieved. After
drying, the boards were sawn and planed to the final cross-section size of 90 mm × 16 mm
(Width × Thickness).

Poplar and fir boards without any wood defects or significant knots were selected
and layered in 0/90/0◦ and 0-45-0◦ arrangements for poplar CLTs, and 0-90-0◦ for fir CLTs.
The boards were both surface and edge-glued with one-component polyurethane adhesive
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(at a spread rate of 300 g/m2) and cold-pressed for 150 min at a pressure of 1 MPa using
hydraulic equipment. The CLT panels were stored for several weeks at a relative humidity
of 65% and a temperature of 25 ◦C.

2.2. Fasteners

Seven types of screws and two types of nails as fasteners were employed in this
investigation. The characteristics of fasteners are given in Table 1. Note that in addition
to typical timber fasteners, concrete nails and screws, as well as drywall screws, were
employed to study the effect of different surface conditions. The different withdrawal
directions with respect to the CLT samples are displayed in Figure 2.
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panels, and a fastener was inserted in the three directions as shown in Figure 2a: parallel 
to the grain in the middle layer (L), the tangential direction of the middle layer (T), and 
perpendicular to the surface of the CLT panel (S). Fasteners were inserted at a 32 mm 
penetration depth into the CLT samples, as depicted in Figure 2b. The fasteners were 
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affect each other. 

Figure 2. Loading directions (a) and placements of fasteners (b) in the CLT samples for the withdrawal tests.

Smaller blocks with a dimension of 75 mm × 75 mm × 48 mm were cut from the CLT
panels, and a fastener was inserted in the three directions as shown in Figure 2a: parallel
to the grain in the middle layer (L), the tangential direction of the middle layer (T), and
perpendicular to the surface of the CLT panel (S). Fasteners were inserted at a 32 mm
penetration depth into the CLT samples, as depicted in Figure 2b. The fasteners were
placed to eliminate any gaps and to meet the requirements of boundary conditions, and
end and edge distances stipulated in previous studies [14,51]. In other words, it means that
the distance between the screws in different directions was such that they did not affect
each other.
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2.3. Experimental Setup

In order to measure the withdrawal resistance of the fasteners, CLT samples were
installed in an Instron testing machine model 4486 (Norwood, MA, USA), (Figure 3).
A constant displacement rate of 6 mm/min was applied according to ASTM D 1761 [52].
Finally, the withdrawal resistance of the fasteners was calculated according to Equation (1):

W = Pmax/L (1)

where W is the withdrawal resistance of the fastener (N/mm), Pmax is the maximum load
(N), and L is the penetration depth of the fastener in CLT sample.
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2.4. Statistical Analysis

Based on a completely randomized full factorial design, data from the experiments
were statistically analyzed to determine the main and interaction effects between the nine
fasteners, three loading directions, and three types of CLT panels, including poplar CLTs
with two-layer arrangements (0-90-0◦ and 0-45-0◦), and fir CLTs with only one arrangement
of layers (0-90-0◦). The full factorial design allows studying each independent variable
with respect to the response variable (in this case, withdrawal resistance W), as well
as the interaction between variables. Each variable may take on different values, and
combinations of these values are called “treatment”. In the present study, 81 treatments
were analyzed, each with six repetitions, for a total of 486 tests (162 specimens for each
direction). Duncan’s multiple range test was performed to show the statistical differences
between the treatment means at a 95% confidence level. SPSS software version 25 was used
to conduct the statistical data analysis.

3. Results and Discussion

Table 2 gives the mean values of the withdrawal resistance of fasteners parallel to
the grain (L) and perpendicular to the grain (T and S) in two arrangements for poplar
CLTs and one arrangement for fir CLT. Screws displayed 7.5 to 11 times higher withdrawal
resistance than nails. Concrete nails displayed a higher withdrawal capacity than steel
nails. Furthermore, wood screws had the lowest withdrawal resistance among screws,
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whereas lag screws (10 mm) had the greatest. Fasteners in poplar CLTs with a 0-45-0◦

arrangement had the maximum withdrawal resistance, whereas the lowest withdrawal
resistance was seen in fir CLTs. In terms of loading direction, fasteners perpendicular to the
grain directions (S and T) demonstrated a higher withdrawal resistance than those parallel
to the grain (L) direction. The highest withdrawal resistance was observed for fasteners
inserted in the S direction.

Table 2. Withdrawal resistance of fasteners in all arrangements and loading directions.

Fastener Loading
Direction

Withdrawal Resistance (N)

Poplar (0-90-0◦) Poplar (0-45-0◦) Fir (0-90-0◦)

Steel nail

L 10 (0.6) 14 (2.7) 9 (1.5)

T 14 (4) 15 (1.6) 13 (3.3)

S 13 (4.3) 19 (3.5) 11 (2.4)

Concrete nail

L 18 (2.3) 17 (3.3) 21 (7.2)

T 14 (2.9) 23 (8.9) 16 (4.7)

S 23 (3.7) 23 (10.2) 19 (7.9)

Wood screw

L 47 (9.2) 77 (11.4) 47 (12.6)

T 77 (5.9) 79 (10.4) 73 (23)

S 95 (10.2) 93 (17.3) 75 (14.3)

Drywall screw
L 92 (15.9) 82 (19.7) 86 (16.5)

T 98 (16) 79 (17.8) 94 (8.6)

S 99 (7.2) 104 (7.3) 91 (5.5)

SPAX
galvanized

screw

L 83 (10.6) 98 (18.7) 71 (6)

T 127 (18.5) 108 (21.3) 106 (15.6)

S 129 (10.4) 116.1 (10.3) 115 (10)

Self-tapping
screw

L 97 (14) 123 (16.1) 91 (13.6)

T 140 (5.8) 123 (20.8) 119 (22.9)

S 147 (19.9) 153 (13.3) 119 (18.2)

Concretescrew

L 89 (42) 146 (15.5) 76 (6)

T 152 (25.7) 118 (18.7) 127 (8)

S 131 (11.7) 138 (14.4) 126 (6)

Lag screw
(8 mm)

L 126 (9.4) 126 (14.4) 137 (8)

T 78 (10.5) 134 (20) 98 (26)

S 147 (6.2) 150 (20) 124 (9.2)

Lag screw
(10 mm)

L 159 (10.1) 182 (20.8) 111 (19.3)

T 89 (32.5) 161 (23.3) 119 (37.7)

S 172 (24.7) 172 (29.2) 141 (18.5)
The numbers in parenthesis show standard deviation.

Table 3 shows the analysis of variance of the main and interaction effects of CLT types,
fastener types, and loading directions on the withdrawal resistance of CLTs. The findings
revealed that CLT types, fastener types, and loading directions all had a significant influence
on the withdrawal performance of the CLTs. Moreover, the interaction effects of CLT types * *
fastener type, CLT types * loading direction, fastener type * loading direction, and CLT types *
type of fastener * loading direction on withdrawal performance were significant.
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Table 3. Analysis of variance’s main and interaction effects of the layer arrangement, fastener type,
loading direction on the withdrawal resistance of CLTs.

Source Type III Sum of Squares df Mean Square F Sig.

CLT types 21,815.903 2 10,907.951 45.480 0.000 **

Fastener types 965,774.335 8 120,721.792 503.337 0.000 **

Loading directions 30,160.979 2 15,080.490 62.877 0.000 **

CLT types * Fastener types 22,264.690 16 1391.543 5.802 0.000 **

CLT types * Loading directions 5502.278 4 1375.569 5.735 0.000 **

Fastener types * Loading directions 41,220.657 16 2576.291 10.742 0.000 **

CLT types * Fastener types * Loading directions 43,430.328 32 1357.198 5.659 0.000 **

** significant at 99% confident level; * significant at 95% confident level; ns: not significant.

3.1. Effects of CLT Types, Fastener Types, and Loading Directions on Withdrawal Resistance

The main effects of the CLT types, types of fasteners, and loading directions on the
withdrawal performance of CLTs are shown in Figure 4A–C. According to the results, there
was a significant difference in the withdrawal performance between CLT types, despite
poplar and fir CLTS having similar specific gravity. CLTs manufactured with poplar wood
showed higher withdrawal resistance in both arrangements than those made from fir wood
(Figure 4A).

According to Figure 4A, poplar CLTs with the 0-45-0◦ arrangement had the highest
withdrawal resistance (99.2 N), while those made from fir wood had the lowest (82.8 N).
In other words, the withdrawal resistance of the CLTs made of poplar in the arrangement
of 0-45-0◦ was 8.6 percent more than those in the arrangement of 0-90-0◦. It might be due
to the more substantial involvement of fasteners with timber fibers in 0-45-0◦. Furthermore,
the withdrawal resistance of poplar CLTs in the 0-90-0◦ configuration was 10.2 percent
higher than that of fir CLTs. According to Brandner et al. [53,54], the pull-out strength
increased linearly when the load grain angle rose from 0 to 30. Screw pull-out strengths
varied between 19 and 24 percent for load-grain angles between 0 and 90.

Duncan’s test showed that there was a significant difference among the means. Varia-
tions in recorded values of fastener withdrawal resistance for two species with close specific
gravity may be related to the anatomical structure of these two species. The presence of
parenchyma rays in hardwoods like poplar may explain this difference [47], and it is hy-
pothesized that these rays resist the withdrawal of fasteners. In other words, parenchyma
rays are transverse elements in the wood that cause more involvement with the fasteners
when they are exposed to the withdrawal force.

Figure 4B depicts the main effect of the loading direction on the withdrawal resistance
of the CLTs. The findings showed a significant difference in withdrawal resistance of CLTs
in all loading directions. More particularly, the withdrawal resistance was greatest when
the loading was in the S direction (101.7 N). Loading in the L direction, on the other hand,
resulted in the lowest withdrawal resistance (82.8 N), and the difference was 22.8 percent.
Duncan’s test revealed a significant difference between the means of withdrawal in three
directions. More details are discussed in the failure mode section. Since wood and wood-
based products are orthotropic materials, anatomical variations in each direction can lead
to significantly different properties such as the withdrawal performance in directions [47].
Li et al. [36] investigated the withdrawal resistance of self-tapping screws inserted in CLTs’
narrow faces (T and L). Their results indicated that the direction of CLT (T and L) affects
the withdrawal resistance of self-tapping screws.
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The withdrawal resistance of different fasteners in CLTs is shown in Figure 4C. The
most effective variable in the withdrawal performance of CLTs was the fastener type.
According to the results, steel nails had the lowest withdrawal resistance (13.13 N), while
lag screws (10 mm) had the maximum withdrawal resistance (145.77), implying an 11 times
difference. This confirms previous findings regarding the surface condition and diameter
of different fasteners.

Duncan’s test indicated that there was no statistically significant difference between
self-tapping screws (d = 6.4 mm), concrete screws (d = 7.8 mm), and lag screws (d = 7.8 mm),
despite small differences in outer screw diameter.

On the other hand, the difference between wood, drywall, and SPAX galvanized
screws was significant, despite smaller differences in the outer diameter (ranging between
4.2 and 4.7 mm). This may be owed to the different surface properties, including the
difference between inner and outer diameter, thread gauge, and fastener material.

Concrete nails outperformed steel nails in terms of withdrawal resistance, with a statisti-
cally significant difference (47.2%). This result is consistent with the findings of Izzi et al. [31].
Concrete nails feature a low-profile thread on their shanks, providing a higher withdrawal
resistance than steel nails, which do not have any threads. Furthermore, the diameter of
the concrete nail is greater than that of the steel nail.

Overall, increasing the diameter of the fasteners enhanced their withdrawal resistance.
Lag screws (10 mm) had the highest withdrawal resistance. Previous research found similar
findings [12,21,33]. According to Gehloff [55], the diameter factor might significantly
affect the fasteners’ withdrawal capacity. The withdrawal capacity of glulam rose by 70%,
according to Abukari et al. [56,57], when the diameter of the screws was raised from 6 mm
to 12 mm (100%).
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Lag screws have a wide screw head diameter, which increases their resistance against
head pull-through [58]. Self-tapping screws vary from primarily laterally loaded screws, such
as hexagon head coach screws, in that they are optimized for loading in the axial direction [48].

Despite having a similar diameter, wood screws proved to be less resistant to with-
drawal force than drywall screws due to their tapers, cut shank, and threads. According to
Hoelz et al. [59], in addition to diameter, additional geometric characteristics such as flank
distance and thread height affect fastener pull-out resistance. In this aspect, drywall screws
had a greater flank distance and thread height than wood screws, resulting in a stronger
resistance under the withdrawal load for drywall screws.

3.2. Interaction Effects of CLT Types, Fastener Types, and Loading Directions

Figure 5A displays the interaction effect of CLT types and fastener types under with-
drawal force in CLTs. Fasteners in CLTs manufactured of poplar wood with the arrangement
of 0-45-0◦ exhibited a stronger withdrawal resistance than other arrangements. Fasteners
in 0-90-0◦ fir CLTs had the lowest withdrawal resistance. In terms of interaction between
fastener type and CLT type, lag screws (10 mm) in the 0-45-0◦ arrangement had the highest
withdrawal resistance (173.4 N), whereas steel nails in the 0-90-0◦ arrangement of CLTs
made of fir wood had the lowest (10.7 N).

In general, fasteners exhibited greater withdrawal resistance as their diameter increased,
and this trend was most pronounced for 0-45-0◦ poplar CLTs and 0-90-0◦ fir CLTs.

Altering the arrangement from 0-90-0◦ to 0-45-0◦ in CLTs made of poplar wood, the
withdrawal resistance of steel nails and concrete nails changed 27% and 16%. Moreover,
the withdrawal resistance of wood screws, lag screws (8 mm), and lag screws (10 mm)
changed about 14%, 17%, and 24%, respectively. Furthermore, no significant difference was
observed for other fasteners.

In changing the CLT types from poplar to fir, no significant difference was observed
in the withdrawal resistance of concrete nails, drywall screws, and lag screws (8 mm);
however, other fasteners showed 11–15% more withdrawal resistance in CLTs made from
poplar wood in the arrangement of 0-90-0◦.

Figure 5B depicts the interaction effect of CLT types and loading directions. The
findings indicated that fasteners loaded perpendicular to the grains (S and T) had greater
withdrawal resistance than fasteners loaded parallel to the grains (L). More specifically, the
lowest withdrawal resistance (72.1 N) was reported in fir CLTs when the withdrawal was
parallel to the grain (L). However, the greatest withdrawal load was observed in poplar
CLTs with an arrangement of 0-45-0◦ (107.6 N) when the withdrawal loading direction was
perpendicular to the surface (S).

CLT samples perpendicular to surface loading (S) had the highest withdrawal resis-
tance, followed by samples with tangential loading direction (T), while the final one was
parallel to the grain (L). The angle of fibers in the middle layer of poplar CLTs with the
0-45-0◦-layer arrangement in contact with the fasteners was the same (45◦) under both load-
ing directions (L and T); hence, there was no significant difference between the mentioned
loading directions. Figure 6d shows the related failure mode (inclined shear). In the CLTs
made of poplar wood (0-90-0◦ and 0-45-0◦), the biggest difference was observed in the L
direction since altering the arrangement of the middle layer to 45◦ resulted in an increase
of the withdrawal resistance (20%). In addition, between poplar and fir CLTs (both with
0-90-0◦ arrangement), the biggest difference was obtained from the S direction, while the
lowest one was obtained from the L direction. In the poplar CLTs (0-90-0◦), the difference
between the S direction and L and T directions was about 33% and 21%, respectively.
For the arrangement of 0-45-0◦ (poplar CLTs), these differences were about 12% and 15%,
respectively. However, in the fir CLTs, the difference was about 26% and 1%, which means
in softwoods such as fir, the difference in withdrawal resistance between the directions of S
and T is insignificant. Conversely, for hardwoods such as poplar, the significant difference
between S and T directions may be related to the placement of the parenchyma rays in the
radial direction of the wood and perpendicular to the annual rings.
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Figure 5C depicts the interaction impact of fastener types and loading directions. As
expected, screws exhibited a higher withdrawal resistance than nails. Concrete nails had
a higher withdrawal resistance than steel nails, although the difference was statistically
insignificant in all loading directions and CLT types. Wood screws had the lowest with-
drawal resistance among screws, whereas lag screws (10 mm) had the greatest, and this
difference was statistically significant. Furthermore, the withdrawal resistance of fasteners
perpendicular to the grain direction (T and S) was more than that of fasteners parallel to the
grain direction (L). Except for lag screws (8 and 10 mm), the highest withdrawal resistance
of the fasteners was recorded in the S direction loading perpendicular to the surfaces of
the CLTs. By changing the fastener type, the withdrawal resistance changed more in the
L loading direction compared to the others (S and T). The smallest change in the withdrawal
resistance of the fasteners occurred in the T direction.
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3.3. Failure Modes

Typical failure modes resulting from the withdrawal force parallel to the grain (L) are
shown in Figure 6a–d; they are the column-like pull-out of wood fibers. Fasteners in this
direction showed the lowest withdrawal resistance. It is worth differentiating between
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nails that simply spread fibers and screws that cut fibers. Li et al. [36] stated that shear
stress formed around the threads under the withdrawal load parallel to the grain in the
local wood regions, and nearby timber fibers were easily pulled out after stress limits were
surpassed. The same failure mechanism was also reported by Ringhofer et al. [60].

The withdrawal resistance of drywall screws parallel to the grain (L) was found to be
greater than that of the wood screws despite their outer diameters being similar (4.2 and
4.7 mm, respectively). Compared to drywall screws, wood screws have tapered shanks and
cut threads. It seemed that this thread geometry significantly influenced shear failure and
grain failure mode patterns as well as resulting in withdrawal resistance. The failure modes
of the drywall and wood screws parallel to the grain (L) are shown in Figure 6a,b: drywall
screws withdrew more wood fibers since their flank distance and thread height were
greater than those of the wood screws, which is in agreement with previous studies [13,59].
The shape of threads also affected the shear failure along with the grain’s mode pattern.
Concrete screws threads, for instance, operate as saw teeth, as can be seen in Figure 6c.

Hoelz et al. [59] stated that the failure mechanisms in the thread contact depend on
the orientation of the wood fiber to the screw thread. In the present study, fasteners in the
layer arrangement of 0-45-0◦ produced inclined shear failure along with the grain’s mode
pattern (Figure 6d). In this case, the wood fibers emerged from one side of the fasteners
due to the 45◦ angle of the wood fibers. None of the specimens exhibited fastener failure,
e.g., head shear off or tensile rupture of the shank. In other words, all test failures included
the withdrawal failures of the fasteners on wooden parts rather than the tensile failures of
the fasteners themselves.

Typical failure modes resulting from the withdrawal force in the tangential (T) di-
rection are shown in Figure 7a–d; they involve the tearing of adjacent fibers around the
fasteners. All specimens in this direction showed the splitting failure of the wood layer’s
fibers, and the failure only happened around the fasteners. Pang et al. [61] reported the
same results. Fasteners in this loading direction (T) demonstrated a higher withdrawal
resistance than in the L direction. According to Figure 7, greater damage occurred in
CLT specimens in this direction than parallel to the grain (Figure 6). This is also reflected
in the withdrawal resistance: the higher the withdrawal resistance of the fasteners, the
more damage that occurred in the timber. For example, drywall screws exhibited a greater
withdrawal resistance than wood screws in the T direction, and lifted more surrounding
wood fibers than wood screws (Figure 7b–d). According to Li et al. [36], the difference in
failure modes might be explained by the various stress levels at the interface between the
screw threads and the wood components, leading to a combination of shear and tensile
fiber failure when the fasteners were withdrawn perpendicular to the grain.

Typical withdrawal failure types caused by the force perpendicular to the CLT sur-
face (S) are illustrated in Figure 8a–f, representing withdrawal failure accompanied by
substantial fiber deformation. In other words, in this direction (S), the areas of the failures
(Figure 7a–d) were larger than those in the L direction (Figure 6a–d). Fasteners showed the
greatest withdrawal resistance in this loading direction (S). The existence of cross-section
parenchyma rays on the tangential surfaces of CLT samples, particularly in poplar wood,
may explain this [47]. As a result, more interactions occurred between wooden tissue
and fasteners, resulting in an increased withdrawal resistance in the fasteners. As seen in
Figure 8, greater damages occurred in the CLT specimens in this direction than in the other
orientations (Figures 6 and 7), especially for fasteners with high diameters. It means that
fasteners with higher diameters cause more damage to CLT under the withdrawal load
than fasteners with low diameters. According to Figure 8a,b, lag screws (10 mm) caused
more damage than other fasteners, such as wood screws (Figure 8c), lag screws with an
8 mm diameter (Figure 8d,e), and drywall screws (Figure 8f) under the withdrawal load.
Following that, lag screws with an 8 mm diameter (Figure 8d,e) caused more damage than
wood screws (Figure 8c) and drywall screws (Figure 8f). It is worth noting that the position
of fasteners in CLT members is important since they will be subjected to varied loads such as

87



Polymers 2022, 14, 3129

withdrawal. Consequently, when fasteners are positioned on the tangential surface, greater
space between them is preferable, resulting in more resistance during withdrawal loading.
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- In terms of the main effect, fastener type was the most effective factor in the withdrawal
performance of CLT. Following that were loading direction and CLT type, respectively.

- In terms of the interaction effect, CLT type * fastener type was the most effective factor
in the withdrawal performance of CLT. Following that were fastener type * loading
direction and CLT type * loading direction.

- In addition to fir wood, fasteners inserted in poplar (a fast-growing species) showed
satisfactory withdrawal resistance.

- Diameter had a great influence on the withdrawal resistance of the fasteners.
- In terms of the loading direction, which is crucial in CLT connection design (wall

to wall, wall to floor, etc.), fasteners in the S direction had the highest withdrawal
resistance, followed by fasteners in the T direction. In this regard, obtaining data
about various fasteners in all loading directions could be valuable for finding optimal
fasteners for each direction.

- Different layer arrangements were examined to improve the low withdrawal resis-
tance in the L direction of the CLT. The results showed that the difference between
withdrawal resistance in L and T directions was reduced by changing the arrangement,
thereby improving them in the L direction.

- Failure modes in different CLT directions and different fastener types should be con-
sidered for achieving a better withdrawal resistance. Further research is recommended
to characterize the impact of thread height and gauge (flank distance).

- The higher the diameter of fasteners, the higher the damaged area for each fastener,
which directly correlates with withdrawal capacity. The damaged area in the S direc-
tion was higher than in the T and L directions. Therefore, applying these findings to
the design of angle brackets connected with nails or screws or a combination of them
is recommended.

- The results revealed that screws with larger diameters showed high withdrawal
resistance. However, it is important to consider where to install these fasteners on
the CLT because of how much more damage they might do. The design of the angle
brackets could benefit from these insights. Therefore, using fasteners with smaller
diameters in the low end and edge distances of the angle brackets and fasteners with
larger diameters in the higher end and edge distances is recommended.
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Abstract: The wooden frame constructions are now popular in many developed countries of the
world. Many of these locations where such buildings are constructed are exposed to seismic and
other shocks which are generated by human activities. This paper discusses the effect of the size and
location of openings in the wooden frame walls under dynamic loadings. Natural frequencies of
such frames with and without openings have been determined. Three 14 m high walls with different
widths, including 3, 6, and 12 m, have been considered. Dynamic analysis has been made using finite
element method structural analysis software Dlubal RFEM 5.17. The results show that the effect of
the size and location of the openings on the natural frequency is significant. Numerically speaking,
the relative change of the natural frequencies of a wall without and with an opening in a specific
place could be up to 30%. In addition, the change of the natural frequency for the location of the
openings is more sensitive than that to the sizes. Furthermore, the appropriate sizes and locations
of openings of the wooden frame walls have been suggested. The appropriate size and place were
found to be small openings in the top of the walls.

Keywords: wood-frame; OSB boards; composite materials in buildings; dynamic loads; natural
frequency; openings

1. Introduction

The wooden frame constructions are now popular in developed countries such as USA,
Canada, Australia, and many European countries. This is due to the very good mechanical
properties of wood and wood-based materials, which are increasingly used in the building
industry [1]. The environmental aspect is also important, as timber-frame houses have a
significant impact on reducing CO2 emissions compared to concrete buildings [2]. Addi-
tionally, wooden structures perform better in certain climatic conditions [3]. Wood-frame
wall structures consist of a frame made of sawn timber and an oriented standard boards
(OSB) casing, with the center filled with thermal insulation material (Figure 1). The frames
for walls are usually made of pine or spruce timber, which is properly sorted to meet the
requirements for mechanical properties [4]. The boards surrounding the frame are most
often OSB boards, which have good physical and mechanical properties [5,6]. However,
other solutions are often proposed based on the use of wood waste or other biomasses [7–9].
The inside of the frame is filled with an insulating material that achieves various functions:
thermal insulation [10], acoustic insulation [11,12], and structural reinforcement [13]. Insu-
lation materials are often mineral wool [10], polyurethane foams (PU foams) [13–15], or
other solutions based on waste from various biomasses [15–17].
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Figure 1. Example wall module for standard wooden-frame construction, where WF is width of
frame beam, HF is height of frame beam, HP is thickness of plate, HT is thickness of wall.

In general, shear walls are the main elements of the timber structures that resist the
lateral loads and earthquake excitation loads [18]. Different techniques have been imple-
mented to evaluate and enhance the earthquake resistance of timber structures. X-Lam
buildings’ ductile behavior has been measured under dynamic loads, and the buildings
were modeled to perform non-linear time-history analyses for design purposes [19]. Fur-
thermore, CLT (Cross Laminate Timber) wall panels have been tested to understand their
behavior under a quasi-static lateral load [20]. Some of these studies have been conducted
through numerical models.

Numerical modeling is considered an economical and easy to perform analysis rather
than experimental works. Numerical calculations use finite element methods that give
relatively accurate results [14]. Nowadays, the focus of the researchers on these models
due to their efficiency, time, and cost-saving has been increased. Generally speaking,
there are two types of wooden frame structures. The first one is prefabricated wooden
frame construction, in which the structure is built by connecting colossal, prefabricated
elements [21]. The second is a light frame construction system using many small and
closely spaced members that can be assembled by nailing [22]. The latter will be considered
in this study.

In order to improve the quality of occupants’ lives, engineers are trying to modernize
the structures. One of such ways is adding additional openings or widening the current
ones. The openings have a substantial impact on the structures’ dynamic behavior [23].
Since openings can significantly affect the structural properties of buildings, researchers
studied this effect on overall stiffness of CLT structures [23] and shear properties of wooden
walls [24,25]. The effect of size and shape of openings on the stiffness and shear behaviors
of CLT walls has also been estimated [26]. The aim of this work is the analysis of natural
frequencies of vibrations based on different sizes and locations of openings in wooden
frame walls. Furthermore, the appropriate size and location of the openings in the wooden
walls will be suggested. Since, in the modern life, the openings are performed in the walls
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for different purposes, they have negative impact on the structural performance if they are
carried out in arbitrary places.

2. Methodology

In this section, the properties and dimensions of the walls and the openings are introduced.

2.1. Wall Geometries and Material Properties

Three walls with different width, 3 (W1), 6 (W2), and 12 m (W3), each have 14 m height
and are used as numerical models in this research; these are typical dimensions of the
prefabricated walls. The walls were modeled as connected panels with dimensions of 0.60 m
length, a height of 1.20 m, and a thickness of 0.15 m. The panels were constructed as four
connected wooden boards made of the coniferous timber, Scots Pine (Pinus sylvestris L.) of
C18 strength classes [27], which create a frame covered on both sides with oriented standard
boards (OSB3). The properties of the frame [28] and the sheathing [13,29], according to
Eurocode 5 [30], have been tabulated in Table 1. To make modeling of the walls as real
as possible, the support reactions were assumed to be hinged (i.e., the transitions were
inhibited while the rotations were permitted).

Table 1. Material properties of different elements used in the wooden frame wall [4,5].

Element Material Density (kg/m3) Elasticity Modulus (GPa)

Frame Pine Wood of class C18 430 9.0-along fibers
0.3-across fibers

Sheathing OSB 3 713.8 4.93-along fibers
1.98-across fibers

2.2. Numerical Models of Wooden Walls

For each wall, several scenarios of openings in terms of location and size have been
evaluated. Firstly, the three walls with 3, 6, and 12 m wide walls without openings have
been tested (see Figure 2). Secondly, the openings assumed to be 0.9 × 2 m (Op1) in different
locations on W1, W2, and W3. For W2, the illustration is given in Figure 3. Same locations
allocated for 1.8 × 2 m (Op2) for W1, W2, and W3.

Figure 2. Dimensions of analyzed walls: (a) W1, (b) W2, (c) W3.
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Figure 3. Location of openings on W2. 1–6 are the different positions of the openings with dimensions
0.9 × 2 m.

Another type of system opening is the horizontal arrangement in each story. It means
that the holes were placed next to each other at the same distance. The distance between
two adjacent openings is set to be different for the three various width walls. For W1, the
distance between two Op1s is equal to 0.3 m and for Op2s is 0.6 m, whereas for W2, the two
adjacent Op1s have the distance equal to 0.48 m and for two adjacent Op2s, their distance
is 0.8 m. Furthermore, the distance between two Op1s and Op2s were set to be 0.39 and
0.5 m, respectively, for W3. Figure 4 shows the openings in top and bottom level of W1,
W2, and W3.

Figure 4. Location and size of horizontal system openings of three different widths of wooden frame
walls. The walls 3 m wide (W1) with openings 0.9 × 2 m (Op1) (a) and openings 1.8 × 2 m (Op2) (b);
the walls 6 m wide (W2) with openings 0.9 × 2 m (Op1) (c) and openings 1.8 × 2 m (Op2) (d); the
walls 12 m wide (W3) with openings 0.9 × 2 m (Op1) (e) and openings 1.8 × 2 m (Op2) (f).

For the vertical opening system, the openings were located one above another on
every floor with prime displacement equal to 0.5 m from the left edge of the wall. Then,

96



Polymers 2022, 14, 497

the edge distance was increased by 0.5 m in every next step until the holes approached the
opposite edge of the wall. An example of this type for Op1 and Op2 for W2 is shown in
Figure 5; the same scenarios have been performed for W1 and W3.

Figure 5. Locations of vertical opening system of W2. 1–3 are the different positions of the openings
with dimensions 0.9 × 2 m. 4–6 are the different positions of the openings with dimensions 1.8 × 2 m.

3. Modal Analysis

The analysis was made by the finite elements method in Dlubal RFEM 5.17 software
(Dlubal Software GmbH, Tiefenbach, Germany). The analysis shows that the systems have
three natural vibrations; this is due to the fact that these kinds of frequencies appear in real
five floor buildings [31]. The influence of location and size of openings was estimated by
calculating the relative change of natural frequencies using the equation below:

di =
foi − fi

fi
∗ 100, i = 1 : 3 (1)

where di is the relative change of ith natural frequency, fi is ith the natural frequency for
the wall without openings, foi is ith the natural frequency for wall with openings.

Table 2 shows the response of W1, W2, and W3 without openings to the dynamic
loading. The data from the table declares that the lowest frequency appears from the first
natural frequency (1st NF) for the three walls, while the middle size wall recorded the
lowest 1st NF among all.

Table 2. Tree NF forms of the walls without openings.

Wall Width (m)
Frequency (Hz)

Form 1 Form 2 Form 3

3 0.412 2.525 3.552
6 0.408 2.248 2.496
12 0.415 1.311 2.530

In Figure 6, the responses of W1 without and with openings to dynamic loading have
been shown; Figure 6a is the 1st form of vibration for the wall without openings. While
Figure 6b exemplifies the 1st NF of the wall with Op1 in the right bottom of the wall,
Figure 6c is the 3rd NF of the opened wall in the bottom and the top by 1.8 × 2 m. The
analysis has been performed for the three walls with different sizes and locations of the
openings; the results were tabulated below.
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Figure 6. NF of W1: (a) 1st NF without openings, (b) 1st NF with Op1 at 1st position, and (c) 3rd NF
with Op2 at 6th position.

The three natural forms of vibration after applying the dynamic load for Op1 and Op2
in six different locations of three various width walls were presented in Table 3. It can be
clearly seen that during the 1st and 2nd NF, the lowest value is recorded when the opening
is in the right bottom of the walls, while the highest value is recorded for the three forms of
NF when the opening is located in the top right of the walls. However, the situation was
different regarding the lowest value for the 3rd NF; the smallest NF was obtained when
there were three openings in the right diagonal. Numerically speaking, the highest and
lowest values were obtained for W1 with Op2. The former recorded 4.048 Hz, which was
obtained from the 3rd NF for Op2 in the right top, and the latter recorded 0.29 Hz, which
was attained from the 1st NF for the same size of the opening, but its location was in the
right bottom.

Table 3. NF for W1, W2, and W3 with Op1 and Op2 shown in Figure 3.

Po
si

ti
on

Frequency (Hz)

3 m Wall 6 m Wall 12 m Wall

Opening Sizes

0.9 × 2 m 1.8 × 2 m 0.9 × 2 m 1.8 × 2 m 0.9 × 2 m 1.8 × 2 m

Forms

1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3

1 0.361 2.363 3.387 0.290 2.213 3.211 0.391 2.181 2.463 0.364 2.098 2.417 0.413 1.301 2.501 0.391 1.249 2.461
2 0.433 2.543 4.039 0.461 2.557 4.048 0.425 2.332 2.543 0.437 2.346 2.563 0.420 1.336 2.536 0.426 1.356 2.540
3 0.407 2.468 3.760 0.389 2.334 3.467 0.412 2.221 2.504 0.407 2.171 2.455 0.414 1.296 2.519 0.412 1.281 2.497
4 0.405 2.567 3.792 0.325 2.271 3.297 0.4 2.215 2.495 0.384 2.126 2.49 0.409 1.298 2.500 0.402 1.287 2.479
5 0.376 2.326 3.531 0.321 2.035 3.048 0.398 2.194 2.439 0.379 2.106 2.332 0.407 1.284 2.484 0.398 1.265 2.427
6 0.378 2.39 3.547 0.325 2.276 3.297 0.4 2.243 2.465 0.383 2.195 2.414 0.408 1.300 2.497 0.400 1.295 2.465

Table 4 shows the three forms of vibration for Op1 and Op2 in three different scenarios
for the three size walls for the horizontal openings. It could be said that when the openings
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were in the top story, high natural frequencies were recorded, whereas when they were
located in the bottom, low values of NF were obtained. To be more specific, the highest
frequency was gained for the 3rd NF of the top Op1, while the smallest value was obtained
for the 1st NF of the same opening size but in the bottom floor (see Figure 4).

Table 4. NF for W1, W2, and W3 with Op1 and Op2 of the horizontal system shown in Figure 4.

Fl
oo

r

Frequency (Hz)

3 m Wall 6 m Wall 12 m Wall

Opening Sizes

0.9 × 2 m 1.8 × 2 m 0.9 × 2 m 1.8 × 2 m 0.9 × 2 m 1.8 × 2 m

Forms

1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3

1 0.260 2.111 2.964 0.303 2.258 3.319 0.282 1.892 2.187 0.299 2.030 2.250 0.241 1.054 2.085 0.242 1.088 2.136
2 0.349 2.513 3.225 0.346 2.522 3.244 0.350 1.947 2.518 0.345 1.965 2.516 0.335 1.163 2.514 0.308 1.152 2.493
3 0.387 2.312 3.476 0.389 2.335 3.470 0.389 2.055 2.320 0.387 2.066 2.307 0.382 1.195 2.264 0.367 1.190 2.178
4 0.419 2.268 3.799 0.427 2.269 3.779 0.420 2.231 2.265 0.424 2.227 2.252 0.422 1.281 2.207 0.423 1.286 2.088
5 0.451 2.530 4.140 0.465 2.560 4.059 0.454 2.389 2.541 0.459 2.369 2.544 0.461 1.383 2.539 0.475 1.404 2.531

Table 5 shows three forms of natural frequencies of the walls for the vertical system
openings. The table demonstrates that the values of the 1st and 3rd NF almost remain
unchanged by changing the size and location of the openings, while the 2nd NF became
higher by decreasing the size of the wall and the openings. The table clearly shows that the
highest frequency gained for W2 from the 3rd NF was when Op1 had 0.5 m distance from
the left (see Figure 5(1)), while the smallest value found for the same size wall was from the
1st NF when Op2 was located 0.5 m away from the left (see Figure 5(4)).

Table 5. NF for W1, W2, and W3 with Op1 and Op2 of the vertical system shown in Figure 5.

Ed
ge

D
is

ta
nc

e
(m

) Frequency (Hz)

3 m Wall 6 m Wall 12 m Wall

Opening Size

0.9 × 2 m 1.8 × 2 m 0.9 × 2 m 1.8 × 2 m 0.9 × 2m 1.8 × 2 m

Forms

1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3

0.5 0.371 2.299 3.371 0.316 1.979 2.624 0.396 2.213 2.429 0.378 2.101 2.323 0.407 1.304 2.482 0.399 1.303 2.433
1 0.372 2.307 3.225 - - - 0.397 2.158 2.432 0.379 2.011 2.330 0.407 1.296 2.484 0.400 1.286 2.438

1.5 0.380 2.347 3.342 - - - 0.400 2.105 2.448 0.380 1.961 2.332 0.408 1.288 2.493 0.400 1.271 2.440
2 - - - - - - 0.399 2.106 2.449 0.379 1.943 2.330 0.408 1.286 2.493 0.400 1.259 2.439

2.5 - - - - - - 0.399 2.097 2.449 0.379 1.952 2.330 0.408 1.280 2.493 0.400 1.249 2.440
3 - - - - - - 0.400 2.083 2.448 0.383 1.969 2.344 0.408 1.274 2.493 0.400 1.236 2.448

3.5 - - - - - - 0.396 2.116 2.432 0.379 2.072 2.327 0.407 1.271 2.493 0.400 1.234 2.441
4 - - - - - - 0.396 2.147 2.431 - - - 0.407 1.268 2.485 0.400 1.229 2.442

4.5 - - - - - - 0.400 2.226 2.449 - - - 0.408 1.262 2.493 0.400 1.226 2.443
5 - - - - - - - - - - - - 0.408 1.266 2.493 0.400 1.225 2.443

5.5 - - - - - - - - - - - - 0.408 1.265 2.493 0.402 1.227 2.454
6 - - - - - - - - - - - - 0.408 1.261 2.493 0.401 1.222 2.449

6.5 - - - - - - - - - - - - 0.407 1.266 2.485 0.400 1.223 2.441
7 - - - - - - - - - - - - 0.407 1.268 2.485 0.400 1.238 2.442

7.5 - - - - - - - - - - - - 0.408 1.268 2.493 0.400 1.245 2.442
8 - - - - - - - - - - - - 0.408 1.275 2.493 0.400 1.255 2.440

8.5 - - - - - - - - - - - - 0.408 1.279 2.493 0.400 1.266 2.438
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Table 5. Cont.

Ed
ge

D
is

ta
nc

e
(m

) Frequency (Hz)

3 m Wall 6 m Wall 12 m Wall

Opening Size

0.9 × 2 m 1.8 × 2 m 0.9 × 2 m 1.8 × 2 m 0.9 × 2m 1.8 × 2 m

Forms

1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3

9 - - - - - - - - - - - - 0.408 1.280 2.492 0.401 1.281 2.446
9.5 - - - - - - - - - - - - 0.407 1.288 2.484 0.400 1.299 2.436
10 - - - - - - - - - - - - 0.407 1.294 2.484 - - -

10.5 - - - - - - - - - - - - 0.409 1.313 2.493 - - -

4. Relative Change of Natural Frequencies

The relative changes have been derived between the natural frequencies of the walls
with and without openings. Furthermore, the figures illustrate the relative change of
three forms of the natural frequencies for different sizes of openings, namely Op1 and
Op2 in different locations that are shown in Figures 3–5. According to Equation (2), f is
directly proportional with K and inversely proportional with M.; hence, when an opening is
performed in a wall, K and M decrease. However, the diminishing of each depends on the
size and the location of the opening. If K/M of the opened wall is greater than that of the
non-opened wall, it means f is enhanced. Thus, the figures clearly illustrate the positivity
and negativity of the relative change of the size and locations of openings of each wall size.

f =

√
K
M

(2)

where K and M are the stiffness and the mass of the wall.
Figures 7–9 represent the relative changes (d1, d2, and d3) of the natural frequencies of

W1, W2, and W3, respectively. One can see from Figure 7, the maximum relative changes
obtained for Op1 in the 3rd NF and Op2 in the 1st and 3rd NF in location 2, shown in
Figure 3, that the relative change was about 15%. On the other hand, the least relative
change gained for Op2 in the 1st NF in location 1, shown in Figure 3, was 30%. In general,
the charts in the three figures show that the relative changes of all three forms of NF for both
opening sizes were positive when the opening was located in the 2nd position, whereas the
relative changes in the majority of the other cases were negative when the openings were
located other than in position 2, which is the top right of the wall.

Figure 7. Relative changes of the natural frequencies for W1.
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Figure 8. Relative changes of the natural frequencies for W2.

Figure 9. Relative changes of the natural frequencies for W3.

Figures 10–12 epitomize the relative changes (d1, d2, and d3) of the natural frequen-
cies of the walls with the width 3, 6, and 12 m, respectively. As can be seen, the most
considerable positive change of the 3rd natural frequency was for the 3 m wide wall
with 1.8 × 2 m openings located in position 5, which is the fifth floor, and it was just over
15%. The reason for this could be that when the openings are performed at the bottom
of the wall, the structure will be vulnerable. In contrast, when the openings are operated
at the top level, the dynamic load will be least effective on the structure. Usually, for W2
and W3, the changes were similar for a particular position. However, there was a rapid
increase in relative change due to a change in opening location in the 1st NF for both
size openings for all size walls. Generally, the positive relative changes gained when the
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opening were located on the top floor, in contrast to the negative relative changes gained
when the openings were on the 1st floor.

Figure 10. Relative changes of the natural frequencies for W1.

Figure 11. Relative changes of the natural frequencies for W2.

Figures 13–15 show the relative changes (d1, d2, and d3) of the natural frequencies
of the walls with the change of the distance of the vertical openings to the left edge of the
walls (see Figure 6). As can be seen from the figures, for the 1st and 3rd relative NF for both
sizes of openings for 6 and 12 m walls, the lines remained almost flat with the change of
the distance of the openings with the left edge of the wall. However, the 2nd RNF has the
highest value when the opening is at the edges, and it declines when the opening is close to
the middle of the wall and records the lowest value when the opening is at the middle of the
wall. Although, for the 3 m wide wall the situation is different; for the 0.9 × 2 m opening,
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change is decreasing from the beginning, and for the 1.8 × 2 m opening, there is only one
value because the hole consists of almost the whole width of the wall and, in this position,
the relative change of the 2nd, 1st, and 3rd forms recorded the lowest values, −21.6, −23.3,
and −26.1%, respectively. It could be said that the openings in the middle of the wall for
the vertical system are considered to be vulnerable.

Figure 12. Relative changes of the natural frequencies for W3.

Figure 13. Relative changes of the natural frequencies for W1.

Figure 14. Relative changes of the natural frequencies for W2.
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Figure 15. Relative changes of the natural frequencies for W3.

5. Conclusions

In this paper, three walls with different widths without and with two different sizes
of openings in several locations have been tested to monitor the change in their natural
frequencies under dynamic loads. It has been concluded that:

• Designing new openings with different sizes and locations can significantly affect the
change of the values of the natural frequencies.

# Small openings give better results than the big openings.
# Vertical openings are the most unfavorable system of openings.

• For the 1st six positions of openings, the highest and lowest natural frequencies
were recorded when the openings were located in the top right and bottom right
of the walls, respectively. The relative change of the natural frequencies also gave
the same outcomes.

• For the horizontal system of openings, the most suitable position for performing the
openings is the top floor, while the 1st floor is considered as the worst scenario.

• Regarding the vertical openings, the appropriate case is when the openings are located
at the edges, while the inappropriate case scenario has openings in the middle wall.

• According to the research, the appropriate size and location of the openings mitigate
the impact of the seismic excitations to the timber frame walls.

• Further study can be conducted through dealing with the effect of the openings on a
whole structure.
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13. Migda, W.; Szczepański, M.; Jankowski, R. Increasing the seismic resistance of wood-frame buildings by applying PU foam as

thermal insulation. Period. Polytech. Civ. Eng. 2019, 63, 480–488. [CrossRef]
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Abstract: This article presents a proposal of thermal modification of Norway spruce and sycamore
maple for special wood products, mainly for musical instruments. Selected physical and acoustical
characteristics (PACHs), including the density (ρ), dynamic modulus of elasticity along the wood
grain (EL), specific modulus (Esp), speed of sound along the wood grain (cL), resonant frequency
(f r) and acoustic constant (A), logarithmic decrement (ϑ), loss coefficient (η), acoustic conversion
efficiency (ACE), sound quality factor (Q), and the timbre of sound, were evaluated. These two
wood species were chosen regarding their use in the production or repair of musical instruments.
For the thermal modification, a similar process to the ThermoWood process was chosen. Thermal
modification was performed at the temperatures 135 ◦C, 160 ◦C and 185 ◦C. The resonant dynamic
method was used to obtain the PACHs. Fast Fourier transform (FFT) was used to analyze the sound
produced. The changes in the observed wood properties depended on the treatment temperature.
Based on our results of all properties, the different temperature modified wood could find uses in the
making of musical instruments or where the specific values of these wood characteristics are required.
The mild thermal modification resulted in a decrease in mass, density, and increased speed of sound
and dynamic modulus of elasticity at all temperatures of modification. The thermally modified wood
showed higher sound radiation and lower loss coefficients than unmodified wood. The modification
also influenced the timbre of sound of both wood species.

Keywords: thermal modification; spruce and maple wood; physical and acoustical characteristics;
timbre of sound; musical instruments

1. Introduction

The modification of wood properties using heat has been used for many years in
the manufacture of musical instruments, where the technique is used to replicate the
highly desirable tones and inherent stability of aged guitars and violins. String musical
instruments have come a long way since their inception. The development has reached
a stage where it is possible to move materially and structurally only within certain limits
(e.g., due to prestressing, the volume and mass of the board can be reduced or the center of
gravity of the board can be shifted). It is, therefore, desirable to focus on the material from
which the musical instrument is made.

Musical instrument manufacturers have been using wood that is naturally dried for
more than 5 years. The aging of wood can be defined as slow chemical reactions in wood
that occur over time under variations in climatic conditions [1]. These chemical changes,
as well as the changes in the microstructure of wood, are the cause of the changes in the

Polymers 2022, 14, 2813. https://doi.org/10.3390/polym14142813 https://www.mdpi.com/journal/polymers107



Polymers 2022, 14, 2813

physical, acoustical, and mechanical properties of wood [2,3]. Long-term natural drying
reduces the hygroscopicity of wood. The reduced hygroscopicity improves the dimensional
stability of wood, as well as stabilizing its mechanical and acoustic properties. The speed of
sound increases and the internal damping decreases with a reduction in moisture content;
therefore, the musical instrument often sounds noticeably brighter [4,5].

Obtaining long-term aging wood is becoming increasingly difficult; therefore, manu-
facturers of musical instruments are becoming increasingly interested in various methods
that allow the simulation of the effects of long-term natural drying wood. The aim of wood
modification is to achieve the required properties of wood for musical instruments. Me-
chanical modification (densification) of wood, thermal modification, or their combination,
appear to be suitable modifications of wood for musical instruments [6–12]. Similarly, the
biological modification of wood with wood-staining fungi or wood-destroying fungi can
be used to modify the relevant properties [13–15]. These modifications of wood improve
its properties, producing material that when disposed at the end of the product life cycle,
does not present an environmental hazard any greater than unmodified wood [16]. Heat
treatment as a wood modification process is based on chemical degradation of wood by heat
transfer [17]. In the heat treatment process, wood is heated to temperatures ranging from
180 ◦C to 260 ◦C, where lower temperatures cause minor changes in wood components and
higher temperatures cause severe changes [16]. Thermal modification causes the number
of hydroxyl groups of cellulose and hemicelluloses to decrease, thereby resulting in the
decrease in the absorption of water [18,19]. Thermally modified wood is dimensionally
more stable, which is beneficial to wind instruments (due to changes in relative humidity,
the instrument does not lose tuning. The increase in dimensional stability [20] reduces
the formation of cracks and improves the efficiency of paint coating systems. Higher
dimensional stability can give greater tuning stability, which means that instruments will
need to be tuned less [7]. Thermally modifying the wood also changes other important
wood properties, such as biological durability, hardness, and UV-stability [18,21,22]. This is
very important in wooden organ pipe making. The thermal modification also induces a
darker coloration of the wood. The darkness intensity is dependent upon the treatment
time and temperature [23]. Different wood species will turn a different darker shade during
the process, due to their natural characteristics. The darker shade of wood color is welcome
for some kinds of musical instruments (marimba, xylophone, guitar, etc.); however, this is
provided that the wood has the required physical and acoustic properties in addition to
color [6,24,25].

The aim of thermal modification of wood for musical instruments making is to maxi-
mize sonic benefits and minimize degradation (in guitar-making, this process is also known
as “thermo curing”, “wood torrefaction” or “roasting” [25]). Guitar manufacturers have
begun using acoustic sound boards and electric guitar fretboards that are thermally treated
to help prevent the warping and cracking that often occurs. As a secondary benefit, the
acoustic guitars (also violins) tend to sound similar to well-broken-in aged instruments
much sooner than instruments made from thermally unmodified wood [24].

Based on the above-mentioned properties of long-term stored wood and thermally
modified wood, it can be stated that relatively mild thermal treatment will accelerate
changes in the structure, and thus also in the physical and acoustic properties of the
wood [8,26]. The quality of a string musical instrument strongly depends on that of its
soundboard. It is generally known that a high acoustic constant, low density, and a large
degree of anisotropy are required for an excellent soundboard [27,28]. The resonant wood
(for string musical instruments) should have a low density ρ (around 430 kg·m−3), a low
logarithmic damping decrement ϑ (around 0.022) and a high acoustic constant A (around
13 m4·kg−1·s−1). On the other hand, maple wood should have a high density (around
600 kg·m−3), a low acoustic constant A (around 6.5 m4·kg−1·s−1) and logarithmic damping
decrement ϑ (around 0.05). These relevant properties of used wood are important because
flexible wood tends to shape well and projects the highest quality of sound [27,29–31].
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The main objective of this study was to propose the appropriate regime of thermally
modifying spruce and maple wood (for producing musical instruments) to improve their
physical and acoustical characteristics (density, dynamic modulus of elasticity, acoustic
constant, speed of sound, logarithmic damping decrement, etc.). The second objective was
to determine the effect of thermal modification on the sound.

2. Material and Methods

Wood specimens were prepared from Norway spruce (Picea abies (L.) Karst.) and
Sycamore maple (Acer pseudoplatanus, L.) growing in Slovakia. The specimens were pre-
pared after natural drying the wood outdoors. The specimens from spruce and maple
wood were sawn radially into the shape of a bar with dimensions (10 × 10 × 400) mm. The
specimens from spruce wood had an annual ring width, which is typical for the bass to
discant zone of pianos [32]. The specimens made from maple wood included curly maple
and maple with straight grains. The specimens were divided into three sets for thermal
modification at temperatures 135 ◦C, 160 ◦C and 185 ◦C. Each set consisted of 30 specimens.

The experiment was divided into three parts. In the first part of the experiment,
the specimens were conditioned to 8% moisture at (20 ± 2) ◦C and (45 ± 5)% relative
humidity to avoid splitting during thermal modification. After conditioning, the physical
and acoustical characteristics (density ρ, modulus of elasticity along the grain EL, acoustic
constant A, speed of sound cL, logarithmic damping decrement ϑ, loss coefficient η, acoustic
conversion efficiency (ACE) and sound quality factor Q), the dimensions, volume, mass
and moisture content of natural spruce and maple wood were determined. The moisture
content of the samples after conditioning was in the intervals (8.0 ± 0.2)%.

The second part of the experiment was thermally modifying the specimens. The
thermal modification used in this experiment used the ThermoWood process [33]. This
method enables the modifying of the wood at lower temperatures (smaller decomposi-
tion/depolymerization of the construction polymers of wood) [34]. This is a “dry tech-
nology” wood that is modified in air, and the oil is not used to increase the interaction
temperature, as there is no need to create an environment of steam typical for the PlatoWood
process [35].

The thermal modification of wood consisted of the following three steps (Figure 1):
high temperature drying (at 100 ◦C for 90 min and then the steadily increasing to 130 ◦C
for 2.5 h); heat treatment at t = 135 ◦C, 160 ◦C and 185 ◦C for a 50 min period, cooling
and moisture conditioning. The wood was cooled down in a controlled way so that its
temperature reached 80 ◦C. At the end of the thermal modification, the kiln was turned off
and the specimens were kept inside. The specimens were allowed to cool naturally until
their temperature reached 20 ◦C.
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After thermal modification, all specimens underwent conditioning under the same
conditions as before the thermal modification to stabilize wood moisture content. After the
stabilization of moisture content of wood (i.e., after reaching the equilibrium humidity of
the wood) the physical and acoustical characteristics (density ρ, modulus of elasticity along
the grain EL, acoustic constant A, speed of sound cL, logarithmic damping decrement ϑ, loss
coefficient η, acoustic conversion efficiency (ACE), sound quality factor Q), the dimensions,
volume, mass, and moisture content) as well as dimensions, volume and mass of specimens
were measured again.

The moisture content of spruce and maple species were 7.0 ± 0.2% and 5.8 ± 0.2%,
respectively, because of thermal modification at 135 ◦C and 185 ◦C temperatures. After
modifying at 160 ◦C, the moisture contents (MC) of the spruce and maple wood specimens
were different. MC of the spruce wood was 6.4 ± 0.2%, but MC of maple wood reached
only 5.8 ± 0.2%.

For obtaining the relevant physical and acoustical characteristics (PACH) before and
after modification, the resonant dynamic method was used. The principle of this method
searches for the resonant frequency f r of a vibrating body (usually of bar shape), for which
the dynamic modulus of elasticity along the grain EL can be calculated. The measuring
device MEARFA (Figure 2) was used for the measurements of relevant characteristics.
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The device consists of a computer (1); generator of sinusoidal signal (in the range of
acoustic frequencies) and response detector (2); exciter-loudspeaker (3); test specimen (4);
electromagnetic detector (5); high-pass filter (6); preamplifier (7); digital gauger, Mitutoyo
(8) and electronic scale (9). The fundamental resonance frequency fr, as well as frequencies
f 1 and f 2, were determined. These were stored in the computer for further processing and
evaluation using the computer software. The physical and acoustical characteristics (density
ρ, modulus of elasticity along the grain EL, acoustic constant A, speed of sound cL and
logarithmic damping decrement ϑ) were calculated according to the Equations (1)–(4).

The dynamic modulus of elasticity along the wood grain EL (Pa) of the specimen in
the shape of bar was calculated [4,27] using the following equation:

EL = 4.l. f 2
r .ρ (1)
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where ` (m) is the length of the specimen, ρ (kg·m−3) is the density and f r (Hz) is the
resonant frequency. The longitudinal specific modulus of elasticity Esp (m2·s−2) was
calculated with the equation

Esp =
EL

ρ
(2)

The acoustic constant (also well known as sound radiation coefficient—R) A (m4·kg−1·s−1)
was calculated [27,29] using the equation

A =

√
EL

ρ3 =
cL

ρ
(3)

where EL (Pa) is the modulus of elasticity along the wood grain; c (m·s−1) is the speed of
sound. For calculating the speed of sound in wood [29], the following equation was used:

cL =

√
EL

ρ
(4)

where EL (Pa) is the modulus of elasticity along the wood grain; ρ (kg·m−3) is the density.
The logarithmic damping decrement (expresses the absorption of acoustic energy by the
material) was calculated [27] by the equation

ϑ =
π√

3
.

f2 − f1

fr
(5)

where f 1 and f 2 (Hz) are frequencies at which the amplitude of the vibrations is half the
maximum amplitude at resonant frequency f r.

Given the importance of vibration damping in musical instruments, the internal
friction is also relevant. This is an intrinsic material property, unlike other loss mechanisms,
such as the radiation of acoustic energy. An indicator of internal friction is the loss coefficient
η. It was measured through the logarithmic decrement and calculated with the equation

η =
ϑ

π
(6)

Combining A (m4·kg−1·s−1) and η, the acoustic conversion efficiency (ACE) (m4·kg−1·s−1)
was calculated according to the equation

ACE =
A
η

(7)

The ACE is useful to show group effects, e.g., the effect of internal friction and sound
radiation together [37,38]. The η is related to the sound quality factor Q, which represents
the mechanical gain of a structure at a resonant frequency. The Q is a descriptor of the
wood sound quality because it provides information about the resonance sharpness. The Q
was calculated using the equation

Q =
1
η

(8)

The characteristic acoustic impedance z (MPa·s·m−1) represents the resistance of wood
to sound wave propagation. It is important for musical instruments because it describes
vibration transfer. A high value of characteristic acoustic impedance presents a high rate of
reflection of sound wave by the medium with which it travels in. At the boundary between
the media of different acoustic impedances, some of the wave energy is reflected and some
is transmitted. Two materials with a large difference in values of characteristic acoustic

111



Polymers 2022, 14, 2813

impedance give much larger reflections as the transmissions. The characteristic acoustic
impedance z was calculated using the equation

z = ρ.cL (9)

The physical and acoustical characteristics were evaluated using Statistica software
(Statsoft Inc., Version 7, Prague, Czech Republic), the two-way analysis of variance (ANOVA)
as well as correlation analyses with the coefficient of determination (R2) and Duncan’s multiple
range test to determine the significance of the variation at a 0.05 significance level (α).

The third part of experiment was fast Fourier transform (FFT), which is a digital
implementation of the Fourier transform. The musical instruments in fact produce sound
as a result of the vibration of strings, bars, or plates. Vibration causes a periodic variation in
air pressure that is heard as a sound and these sound waves can be analyzed using Fourier
series. The sound produced by musical instruments of the same kind differs, because they
have different timbre sounds. The reason for this is that the energy in each of the harmonics
is different. The Fourier analysis provides mathematical evidence of the dissimilarities of
musical timbre sound.

The output of the frequency analysis is the frequency response, showing the sound
intensity levels of the individual frequency components of the signal. The impulse excitation
technique was used (described by [39]) to excite the bar vibrations. For our experiment, the
experimental device (shown in Figure 3) was designed to simulate the conditions resembling
those in which a musician would play a xylophone. The important part of device is the
mechanical system of impulse excitation. This system ensures the same conditions of excitation
for all specimens. The mechanical system consists of a pendulum that hangs on a metal rod
embedded in the plates of plexiglass. A pendulum consists of a nylon cord (` = 0.3 m) and a
metal ball (d =14 mm, m = 12 g). The pendulum was set in motion to trigger a vibration in the
wood bar by hitting the end with the metal ball. The system is designed to trigger a vibration
in the wood bar by hitting it at the bottom of the bar at a distance of 10 cm from its end.
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Figure 3. Experimental device for FFT analysis.

The test specimen was fastened in the node line of the 4th (2, 0) mode of vibration. The
position of the nodes was determined as the excitation of the 4th mode of vibration before
FFT analysis. The vibration frequency of the supporting system was low (below 10 Hz). The
microphone was placed on a separate holder above the specimen at a distance of 25 mm from
the other bar end to measure the acoustic pressure that radiates at impact. The sounds were
produced and recorded in the laboratory in a free field.

The FFT analysis of sound before and after thermal modification of spruce and maple
wood was performed using Adobe Audition program 1.5.
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3. Results and Discussion

The mean values of the physical and acoustical characteristics (density ρ, dynamic
modulus of elasticity EL, acoustic constant A, speed of sound cL, resonant frequency f r,
logarithmic damping decrement ϑ, loss coefficient η, acoustic conversion efficiency (ACE)
and sound quality factor Q) of spruce and maple specimens before thermal modification
and after thermal modification at the temperatures 135 ◦C, 160 ◦C and 185 ◦C are given in
Table 1.

Table 1. PACH (density ρ, dynamic modulus of elasticity EL, acoustic constant A, speed of sound cL,
resonant frequency f r, logarithmic damping decrement ϑ, loss coefficient η, characteristic acoustic
impedance z, acoustic conversion efficiency (ACE) and sound quality factor Q) of spruce and maple
wood before and after thermal modification.

PACH
Norway Spruce Sycamore Maple

Unmod. 135 ◦C 160 ◦C 185 ◦C Unmod. 135 ◦C 160 ◦C 185 ◦C

ρ
(kg·m−3)

MV 425 420 413 415 609 601 603 604

SD 32.8 21.6 13.8 17.9 38.6 24.2 19.6 20.5

y = 0.0671x + 426.64 R2 = 0.8274 y = −0.037x + 608.87 R2 = 0.628

EL
(GPa)

MV 12.48 13.12 12.99 12.63 10.70 11.35 11.43 11.02

SD 0.025 0.018 0.020 0.017 0.034 0.021 0.028 0.0361

y = 0.0021x + 12.544 R2 = 0.257 y = 0.0032x + 10.723 R2 = 0.4911

Esp

(106·m2·s−2)

MV 29.36 31.24 31.45 30.43 17.57 18.88 18.95 18.24

SD 0.031 0.023 0.019 0.13 0.33 0.24 0.25 0.28

y = 0.0098x + 29.396 R2 = 0.5668 y = 0.0064x + 17.614 R2 = 0.519

cL
(m·s−1)

MV 5419 5589 5608 5517 4192 4346 4353 4271

SD 390 228 263 281 285 223 231 197

y = 0.089x + 5422 R2 = 0.5739 y = 0.747x + 4197 R2 = 0.5215

A
(m4·kg−1·s−1)

MV 12.75 13.31 13.58 13.29 6.88 7.23 7.22 7.07

SD 1.15 0.88 0.96 0.86 0.82 0.63 0.68 0.65

y = 0.0042x + 12.707 R2 = 0.7767 y = 0.0017x + 6.89 R2 = 0.5587

f r
(Hz)

MV 6025 6211 6238 6192 5240 5410 5382 5328

SD 527 462 428 483 535 436 323 341

y = 0.0042x + 12.105 R2 = 0.8241 y = 0.0042x + 12.105 R2 = 0.8241

ϑ
(-)

MV 0.036 0.030 0.031 0.033 0.055 0.052 0.053 0.051

SD 0.00369 0.00312 0.00279 0.00264 0.00427 0.00381 0.00363 0.00356

y = −3·10−5 x+ 0.0358 R2 = 0.5142 y = −2·10−5 + 0.0554 R2 = 0.8283

η
(-)

MV 0.0115 0.0095 0.0099 0.0105 0.0175 0.0165 0.0168 0.0162

SD 0.0018 0.0009 0.0011 0.0012 0.0021 0.0019 0.0017 0.0019

y = −9·10−6x + 0.0114 R2 = 0.5108 y = −7·10−6x + 0.0176 R2 = 0.8532

z
(MPa·s·m−1)

MV 2303 2347 2316 2290 2553 2612 2625 2580

SD 12.84 4.79 3.63 5.03 11.01 5.35 4.53 4.39

y = 0.0072x + 2313 R2 = 0.0005 y = 0.2966x + 2555 R2 = 0.4449

Q

MV 86.96 105.26 101.01 95.23 56.82 60.61 59.52 61.73

SD 5.8 4.1 3.7 3.9 5.2 4.6 4.2 3.8

y = 0.0734x + 87.938 R2 = 0.4568 y = 0.0268x + 56.324 R2 = 0.8613

ACE
(m4·kg−1·s−1)

MV 1109 1401 1372 1266 393.1 438.2 429.8 436.4

SD 183 165 162 157 108 98 96 93

y = 1.3508x + 1118 R2 = 0.556 y = 0.2714x + 390.45 R2 = 0.8767

3.1. Effect of Thermal Modification on Density

Table 1 shows that thermal treatment caused a decrease in spruce wood (SW) density
at each temperature used in our experiments. The largest density decrease (on average
around 2.8%) was recorded at 160 ◦C. The mean values of maple wood (MW) density
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reduction varied between 0.8 and 1.3%, in which the highest reduction was found after
the treatment at the temperature of 135 ◦C. According to the ANOVA test, there is no
statistically significant difference between the density of thermal modified and unmodified
wood (F = 2.28, p > 0.05). Positive correlation between the temperature of modification and
density was observed for both wood species (R2 = 0.83 for SW; R2 = 0.63 for MW).

The density reduction was mainly due to a reduction in mass (SW varied from 2.1% to
3.6%; MW from 2.5% to 4.6%) and a decrease in volume (SW from 1.8% to 2.9%; MW 1.2%
to 3.3%), which was lower than the corresponding mass reduction. Our results showed
that the mass loss of both wood species increased with temperature, which agrees with
earlier results for spruce [40] and maple wood [35]. The mass loss values were similar to
the results found in other studies of thermally modified softwoods and hardwoods [41,42].
The extent depends upon temperature and treatment time [43–45].

Thermal modification at lower temperatures led to a lower mass reduction associated
mainly with the loss of volatiles and bound water. Higher mass loss was observed when
the samples were treated at temperatures above 150 ◦C, which is the effect of the partial
decomposition of hemicellulose and cellulose, but also other changes in the chemical
structure of the thermally modified wood [35,46]. The intensity of thermic degradation
(mass loss) maple wood was higher than spruce wood. It can be explained through the
differences in chemical composition of hardwoods and softwoods because hardwoods
contain slightly more hemicelluloses (25%) compared to softwoods (20%), which are the
least resistant to thermal degradation [47,48].

3.2. Effect of Thermal Modification on Modulus of Elasticity

Mean values of modulus of elasticity (MOE) of spruce wood after modification in-
creased by 5.1% (at 135 ◦C), by 4.1% (at 160 ◦C), and only by 1.2% after modification at
185 ◦C. This is in agreement with Millett and Gerhards [48]. Navickas et al. [49] reported
slightly higher MOE of spruce wood (by 0.4%) than it was before heating (at 190 ◦C).
Likewise, Kubojima et al. [50] found that heat treatment at 160 ◦C resulted in increased
dynamic MOE. The modulus of elasticity maple wood increased by 6.0%, 6.8% and 3.0%
(at 135 ◦C, 160 ◦C and 185 ◦C, respectively) compared to unmodified maple wood. The
values of the R2 show a slight dependence speed of sound on temperature (R2 = 0.51 for
SW; R2 = 0.49 for MW). The above-mentioned changes in the moduli of elasticity after
thermal modification are not statistically significant (F = 0.93, p > 0.05) and the coefficient
of determination was also low (for SW, it was 0.26 and for MW 0.49), respectively. This
result corresponds with the results of Bekhta and Niemz [23]. Rusche [51] presents that
irrespective of treatment and wood species, the decrease in MOE was significant when the
mass loss exceeded 8%.

3.3. Effect of Thermal Modification on Acoustic Constant

The mean value of the acoustic constant of spruce wood after thermal modification
increased by 4.4%, 6.5 and 4.2% and the acoustic constant of maple wood increased by
6.1, 6.8 and 3.0%. Stronger correlation was found for spruce wood (R2 = 0.78) than for
maple wood (R2 = 0.56). The effect of thermal modification on the acoustic constant was
significant (F = 3.68, p < 0.05). The sound radiation coefficient describes how much the
vibration of a body is damped due to sound radiation. Particularly in the case of idiophones,
such as xylophones and soundboards, a large sound radiation coefficient of the material is
desirable [27,29]. An increase in acoustic constant due to thermal modification of spruce
is, therefore, welcome because soundboards prefer values over 10 m4·kg−1·s−1 [27,29]. In
terms of the use on the back plate string instruments, this change is negative. On the other
hand, this increase is welcome, for example, in making bassoons and others woodwind
instruments and drums kits as they are favored for their bright sound. The acoustic constant
for these instruments can be in the range 4 to 8 m4 ·kg−1 ·s−1 [52].
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3.4. Effect of Thermal Modification on Speed of Sound

The speed of sound in a material depends on how quickly vibrational energy can be
transferred through the medium. Therefore, the speed of sound in a material depends on
the material and on the state of the material. A high speed of sound (over 5000 m·s−1) is
preferred for soundboards [27,52]. Our results showed that the sound waves move faster
in thermally modified wood species. The speed of sound has increased after the thermal
modification in both wood species, although the density slightly has decreased. Speed of
sound of spruce wood increased (0.8 to 1.8%) and ranged from 5589 to 5608 m·s−1, i.e.,
this modification is appropriate for the soundboards of string musical instruments [53].
A higher increase was found for maple (1.9 to 3.8%). These results are consistent with an
increase in the modulus of elasticity after thermal modification. The similar results were
published by Puszynski and Warda [7], Pfriem [8] as well as by Esteves and Pereira [54].
Positive correlation between the temperature of modification and speed of sound was
observed for spruce (R2 = 0.57) and for maple wood (R2 = 0.52). These changes are not
statistically significant (F = 2.14, p > 0.05).

3.5. Effect of Thermal Modification on Specific Modulus of Elasticity

Specific modulus of elasticity Esp represents the stiffness to mass ratio and is also
known as specific stiffness. It is one of the most important parameters of resonant wood.
Esp is directly proportional to the cell-wall substances [55]. Hardwoods, in contrast to
softwoods, include a diverse range of cell types, e.g., fibers, vessels, and parenchyma [56].
Softwood lignin differs from hardwood lignin in its structural structure and content. Lignin
content is higher in softwood (25 to 36%); hardwood contains less lignin (15 to 25%).
Lignin gives wood strength by joining individual fibers into a compact whole. Thermal
modification even at lower temperatures (below 190 ◦C) causes degradation of cellulose
and hemicelluloses. As a result, the lignin content increases, increases mechanical strength
and, conversely, decreases permeability. Our results confirm this. Specific modulus of
elasticity Esp of spruce increased by 6.0%, 6.8% and 3.0% and Esp of maple increased by
7.4%, 7.8% and 7.8% (at 135 ◦C, 160 ◦C and 185 ◦C, respectively) compared to unmodified
wood. Lower density gives a higher modulus of elasticity. Lower density also gives a
higher Esp [7], which means a positive impact on most of the acoustic properties of wood.

3.6. Effect of Thermal Modification on Logarithmic Damping Decrement

The logarithmic damping decrement (ϑ) is another important acoustic characteristic,
and it is preferred to be small in wood with excellent acoustic quality [57]. Lower logarith-
mic damping decrements result in higher material acoustic values [58]. This characteristic
(ϑ) is related to internal friction, and it cannot be correlated to the mass of wood or the
volume of wood, but it closely correlates to their structure.

The logarithmic damping decrement (ϑ) was varied depending on the temperature of
modification. The lowest reduction in logarithmic damping decrement (16%) was observed
after modification at 185 ◦C in the case of spruce wood (ϑ drops 8.3%). The higher effect
of thermal modification was observed when spruce wood was modified at temperatures
130 ◦C (ϑ drops 16.3%) and 160 ◦C (ϑ drops 13.8%). The lowest reduction in damping of
maple wood was recorded at 160 ◦C (ϑ drops 3.6%) and the highest drops ϑ (=7.3%) at
185 ◦C. R2 values in the case of ϑwere (R2 = 0.51 for SW and R2 = 0.83 for MW). Duncan’s
test showed that the changes in logarithmic damping decrement caused by the thermal
modification (of both species) are not statistically significant (F = 0.91, p > 0.05). Our results
showed a high dependence between Esp and ϑ (R2 = 0.97 for SW and R2 = 0.69 for MW).

The vibrational properties (Esp and logarithmic damping decrement ϑ) depend on
the cell-wall structure. The transformation of lignin and the increase in the concentration
contributes to the reduced water adsorption (lower equilibrium moisture content). The
lower equilibrium moisture and, hence, reduced swelling and shrinkage, is characteristic
of the thermally modified wood, i.e., the microfibrils’ angle in the S2 layer is smaller.
The orientation of cellulose microfibrils in the S2 layer affects these properties the most.
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While Esp is decreasing, damping ϑ is increasing, with an increasing microfibril angle. The
microfibrils’ angle in S2 and the deflection of the fibers show significant correlations with
the vibrational properties in the longitudinal direction but not perpendicular to the wood
grains. The collective effect of the microfibril angle and grain angle on both Esp and ϑ is
higher than their individual effects on these properties [59–61].

3.7. Effect of Thermal Modification on Loss Coefficient and Characteristic Acoustic Impedance

A measured logarithmic damping decrement was used to calculate the internal friction-
loss coefficient (Equation (6)). Loss coefficient is important because it shows the amount of
absorbed acoustic energy. It increases with higher moisture content, and it is reduced by
thermal treatment [51,62]. Our results are consistent with this claim. The loss coefficient
of spruce wood decreased by 17.4% (at 135 ◦C), 14.8% (at 160 ◦C) and 9% (at 185 ◦C); for
maple, the decrease was lower at each modification temperature, i.e., 5.7%, 4% and 7.6%.
Since low damping is required for the top plate (spruce) and higher damping for the back
plate (maple), it can be stated that the heat treatment seems to be suitable in this aspect.

The characteristic acoustic impedance z of spruce wood is very similar to maple
(around 2300 MPa·s·m−1 for SW and 2550 MPa·s·m−1 for MW). Due to thermal modifica-
tion, z increased but not significantly. The lowest increase was recorded at 185 ◦C for both
types of wood (around 1%). A low z value is required for the top plate of string instruments
(between 1200 and 3392 MPa·s·m−1) and high value z (between 1680 and 5760 MPa·s·m−1)
is required for percussion and woodwind instruments [29,63] because the sound should
decay slowly.

3.8. Effect of Thermal Modification on Acoustic Conversion Efficiency (ACE) and on Sound
Quality Factor Q

The acoustic conversion efficiency (ACE) reflects the ability of the material to convert
vibration energy into sound energy [55,64]. ACE combines internal friction and sound
radiation together. The highest ACE value was measured after thermal modification at
135 ◦C for both wood species (ACESW = 1401 m4·kg−1·s−1; ACEMW = 438 m4·kg−1·s−1).
Similarly, Q, as a wood sound quality descriptor, was highest at 135 ◦C (QSW = 105.3 and
QMW = 60, 61). The ACE increase compared to untreated wood was 8.3% for SW and 11%
for MW. The increase in Q of SW was considerably higher, up to 21%, while at MW, it was
7%. A high ACE value of spruce wood is especially required for soundboards because such
a board should show the maximum ratio of the sound radiation to internal friction, i.e., a
high ACE and low loss coefficient η is preferred [54].

3.9. Effect of Thermal Modification on Timber of Sound

The FFT analysis demonstrated a positive effect of the thermal modification on
the timbre of sound of the maple specimens, as well as of the spruce wood specimens
(Figures 4 and 5). Influence of thermal modification on the acoustic constant as well as
on the frequency spectrum (FFT analysis), which both investigated the wood species,
were identical. The higher value of the acoustic constant is characterized by the increas-
ing of acoustic energy radiation, as confirmed by increasing the sound pressure levels
(Figures 4 and 5).

The results of the FFT analysis (time course of signal, sound spectrum) of the bars of
spruce and maple wood before (blue curve) and after modification (red curve) are presented
in Figures 4 and 5. The mean ratios of aliquot frequencies in maple wood after thermal
modification were as follows: 1:1.6:2.4 at 135 ◦C (1:1.7:2.6 before modification), 1:1.7:2.9
at 160 ◦C (1:1.8:2.8 before), 1:1.7:2.7 at 185 ◦C (1:1.6:2.6 before). Figure 4 shows that the
fundamental resonant frequency of maple slightly increased after each modification and
the sound pressure level reduced the thermal modification effect.

The sound pressure level of low frequencies decreased and of higher frequencies
increased, which means that the lower frequencies are repressed, and the higher frequencies
are highlighted, so the timber of sound will be sharper [65].
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4. Conclusions

As indicated by our experiments, we can improve the properties of wood for musical
instruments by means of thermal modification at lower temperatures (135 ◦C to 185 ◦C).
This modification causes a decrease in the mass and density but increase in the speed
of sound and MOE, as well as the acoustic constant. These changes are not statistically
significant, except for the acoustic constant.

Thermal modification leads to changes in vibrational properties by increasing the
specific modulus of elasticity Esp and decreasing the loss coefficient η. Our results showed
a high dependence between Esp and ϑ.

The characteristic acoustic impedance z of spruce and maple slightly increased.
The thermal modification process is the cause of not only the changes in the wood

properties but also the changes in timbre and sound quality.
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Abstract: This paper deals with the effect of synthetic and natural flame retardants on flammability
characteristics and chemical changes in thermally treated meranti wood (Shorea spp.). The basic
chemical composition (extractives, lignin, holocellulose, cellulose, and hemicelluloses) was evaluated
to clarify the relationships of temperature modifications (160 ◦C, 180 ◦C, and 210 ◦C) and incineration
for 600 s. Weight loss, burning speed, the maximum burning rate, and the time to reach the maximum
burning rate were evaluated. Relationships between flammable properties and chemical changes in
thermally modified wood were evaluated with the Spearman correlation. The thermal modification
did not confirm a positive contribution to the flammability and combustion properties of meranti
wood. The effect of the synthetic retardant on all combustion properties was significantly higher
compared to that of the natural retardant.

Keywords: thermal modification; fire retardant; flammability characteristics; meranti

1. Introduction

Meranti (Shorea spp.) is one of the most widely used tropical hardwoods. It is relatively
easy to process, and it has a course, fibrous structure with open pores. With a straight-grain
consistency, meranti trees produce long, straight pieces of lumber. It is used for molding,
structural elements, furniture, cabinets, window and door trim, and veneers for plywood.
Meranti is one of the more affordable hardwoods, due in part to numerous subspecies,
prolific growing characteristics, and availability. Similar to Teak (Tectona grandis), meranti
and other hardwoods are resistant to damage from insects, fungus, and moisture decay.
The wood is dimensionally stable and resistant to warping and twisting [1,2]. However,
additional treatments are necessary to increase its fire resistance.

A very popular and ecological method is thermal modification of wood [3–8]. The
purpose of thermal modification is to decrease the content of flammable substances present
in the wood. Thermal treatments can also be a great alternative to improve physical and
aesthetic properties, increase market value, and, consequently, the number of applications
of wood from meranti [9,10]. Thermal treatment is normally performed at temperatures
between 180 and 260 ◦C. Temperatures lower than 140 ◦C do not significantly affect the
structure of the wood. Volatile and vapor substances are released under higher temper-
ature. The process has to be very carefully optimized in order to not degrade the wood.
Temperatures higher than 260 ◦C cause undesirable degradation [11,12].

According to the literature [13–15], the temperature is a key parameter of the process
responsible for the highest effect of modification in the properties of thermally treated
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wood. Certified technologies that are used with commercial significance not only differ in
applied temperature for a certain time, but also in ambient humidity, the use of a gaseous
(air or nitrogen) or liquid (vegetable oils) environment, etc. All aforementioned factors, i.e.,
temperature, duration of thermal modification, and environment, have a certain impact on
the results [16].

Surface treatment of wood with a flame-retardant finish was also applied in this
research. With regard to environmental aspects of the thermal degradation of wood to
retard the burning process, it should be noted that chemical treatment of these materials is
approached on the basis of the “lesser risk” theory [17]. Most commercial fire-retardant
formulations are not environmentally friendly [18–20].

For this reason, arabinogalactan was tested as a natural compound with a potential
fire-retardant effect. It is well known that arabinogalactan is a biopolymer consisting of
arabinose and galactose monosaccharides. In plants, it is a major component of many
gums and it is often found attached to proteins. The resulting arabinogalactan protein
functions as both an intercellular signaling molecule and a glue to seal plant wounds [21].
The big advantage is that it can be extracted from plant cells in its natural form using
only water [22]. It is currently used in many ways, e.g., as an additive in food, animal
feed, cosmetics, pharmacy, construction, pulp production, oil production, plant growth,
etc. It generally plays an essential role in environmental preservation. With regard to
this, and based on its properties [21–23], arabinogalactan is destined to become a suitable
and effective flame retardant. This assessment was based on a comparison with the same
previously thermally modified samples, treated with the synthetic fire-retardant system
Flamgard Transparent. The main active ingredient of this commercial formulation is one
of the most common fire-retardant inorganic chemicals—mono ammonium phosphate.
Phosphates are some of the oldest known fire-retardant systems and they are usually
included in most proprietary systems used for wood [24,25].

This article deals with the investigation of the thermal stability of thermally modified
meranti wood that was subsequently treated with synthetic and natural fire retardants.
The aim was to expand knowledge of thermal processes, disclose the possibilities of using
arabinogalactan as an active ingredient in fire retardant formulations in gaining new
facts on chemical reactions of thermal degradation, and to compare the efficiency of this
environmentally friendly treatment with the application of a synthetic two-component
formulation based on ammonium phosphates and an acrylic topcoat. The results of this
study provide main flammability characteristics of modified meranti wood samples at
temperatures of 160 ◦C, 180 ◦C, and 210 ◦C, namely, weight loss, burn rate, maximum
burning rate, and ratio of the maxim um burning rate to time to reach the maximum
burning rate.

2. Materials and Methods
2.1. Wood

We used meranti (Shorea spp.) wood for our research. Place of origin: Southeast
Asia. Tree dimensions: height, 30 m; stem diameter, 1.5 m; dry wood density, 710 kg·m−3.
Color: dark red-brown to red-brown. Wood hardness: 7.73 MPa. Samples were radially cut
into 20 mm × 100 mm × 200 mm specimens. All wood samples were conditioned under
specific conditions (relative humidity of 65% ± 3% and a temperature of 20 ◦C ± 2 ◦C) to
achieve an equilibrium of moisture content of 12%. The conditioned samples were divided
into three basic groups according to the fire-retardant application:

1. Thermal modification (TM);
2. Thermal modification + synthetic fire retardant (SFR);
3. Thermal modification + natural fire retardant (NFR).

2.2. Synthetic Fire Retardant

The flame retardant was Flamgard Transparent, which consists of two components.
The first component is a flammable water-borne coating composition (a mixture composed
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of ammonium phosphates, foam-forming agent, oxalic and acetic acid, and fire-retardant
additives), which is applied in three layers so that the total coat is at least 500 g·m−2. The
second component is acrylic topcoat space 1818, which is only applied in one layer with a
minimum coating of 80 g·m−2.

Both components were applied according to the manufacturer’s specifications. The
curing of the individual layers took place at an ambient temperature of 20 ◦C.

2.3. Natural Fire Retardant

Macromolecules containing arabinose and galactose have been found in most plant
tissues. In some situations, they are isolated as polysaccharides free from associated protein;
in other situations, they occur in covalent association with protein, either as proteogly-
cans, in which the protein component carries polysaccharide substituents [26,27], or as
glycoproteins, in which the protein component is substituted by one or more oligosac-
charide residues [28,29]. Arabinogalactans are a class of polysaccharides found in a wide
range of plants; however, they are most abundant in plants of the genus Larix [30]. They
have a highly branched structure. Their main chain consists of β-(1→3) linked galactose
units. Approximately one-half of the side chains consist of β-(1→6)-linked dimers of
galactopyranose; galactopyranose monomers account for about a quarter, and the remain-
der contains a major part of the polysaccharide’s arabinose in aggregates of two or more
monomers [31–33]. Arabinose fragments mostly occur as side chains consisting of 3-O-
substituted β-L-arabinofuranose residues and terminal residues of β-L-arabinopyranose,
β-D-arabinofuranose, and α-L-arabinofuranose. However, arabinose fragments were also
found in the main chain. Arabinogalactan has good solubility in cold water and the
uniquely low viscosity of concentrated aqueous solutions [32,33].

2.4. Methods
2.4.1. Thermal Modification

The thermal treatment was based on the Thermo Wood principle, developed by VTT
(Espoo, Finland). The wood samples were treated in an S400/03 type thermal chamber
(LAC Ltd., Rajhrad, Czech Republic). Three final temperatures of 160 ◦C, 180 ◦C, and
210 ◦C were set, and the treatment was carried out in a protective atmosphere (water steam)
to prevent overheating and burning. The thermal modification was carried out in three
basic stages (Table 1). All samples were dried in a ULM 400 oven (Memmert GmbH & amp;
Co. KG, Schwabach, Germany) at T = 103 ± 2 ◦C to dry state. This condition facilitates
the thermal modification of one group and also generates similar moisture for samples
without thermal treatment, which is important from a comparative perspective.

Table 1. Conditions and Parameters of Thermal Modification.

Thermal Modification Parameters

Temperatures (◦C) 160 180 210
Heating (h) 13.5 13.6 18.7

Thermal treatment (h) 3.0 3.0 3.0
Cooling (h) 9.6 11.1 11.2

Total modification time (h) 26.1 27.7 32.9

The thermal modification of meranti wood was performed in the same way, according
to the method described in publications on the wood species teak, padauk, and oak [34–36].
The density of the sample before and after the thermal modification is shown in Table 2.
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Table 2. The density of Shorea Samples.

Temperature
Thermal Modification Temperature

Unmodifield 160 ◦C 180 ◦C 210 ◦C

Density before TM (kg·m−3) 626 (9.3) 662 (11.4) 634 (10.8) 626 (8.5)
Density after TM (kg·m−3) 625 (9.2) 608 (10.4) 650 (7.2)

Numbers in parentheses represent coefficients of variation (CV) in %.

2.4.2. Physical Properties

For the sorting of sample quality, auxiliary criteria such as moisture content and
density values can be used. These physical parameters should be sorted so that they do not
affect the values of the basic assessment criteria. These two parameters were determined
according to ISO 13061-2 [37] and ISO 13061-1 [38].

2.4.3. Determination of Flammability Characteristics

The method of simulating actual fire conditions was performed according to the pre-
viously published procedure [38]. The heat source in this experiment was an open flame,
patented, USBEC 1011/1 propane gas burner, supplied and regulated flame source (DIN-
DVGW reg. NG-2211AN0133), 1.7 kW. Mass was measured by Mettler Toledo (MS1602S/MO1,
Mettler Toledo, Geneva, Switzerland). Weight changes were recorded according to evaluation
criteria performed with BalanceLink 4.2.0.1 (Mettler Toledo, Switzerland).

2.4.4. Calculation of Given Characteristics for the Experiment

All flammability factors were evaluated in Statistica 13 (Statsoft Inc., Tulsa, OK, USA)
using the two-way analysis of variance (ANOVA) and Spearman’s correlation. The sample
density of meranti according to ISO 13061-2 (2014) [33] was determined together, and the
moisture content of all samples according to ISO 13061-1 (2014) [39] was measured together
before and after the thermal treatment.

2.4.5. Chemical Analyses

All samples were mechanically decomposed into sawdust and a fraction size 0.5–1.0 mm
was extracted according to ASTM D1107-96 [40]; the lignin content was determined ac-
cording to Sluiter [41], holocellulose was determined using the method of [42], cellulose by
the Seifert method [43], and the hemicelluloses content was calculated as the difference
between holocellulose and cellulose. All measurements were performed on four replicates
per specimen. The data were presented as percentages of the oven-dry weight of wood
(odw) per unextracted wood.

The obtained values of the burning characteristics and percentage content of chemical
wood components were evaluated in Statistica 13 (Statsoft Inc., Tulsa, OK, USA) with an
analysis of variance (ANOVA) and Spearman’s correlation.

3. Results and Discussion

The average values of the chemical components of wood are shown in Table 3.
Table 4 shows the statistical significance of the effects of flammability properties on

thermal modification and retardant treatment, including their interaction on meranti wood.
Based on the significance level of “P”, it is conclusive that both the flame retardant

and the thermal modification or interaction of both factors have a strong statistical effect
on the above characteristics.

The thermal modification in interaction with the retardant had a significant statistical
effect on the burning characteristics (WL., BR., RMBR. and TRMBR.). However, for the rest
of the characteristics (BR. and MBR.), thermal modification had a negligible effect.
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Table 3. Chemical analyses of the main wood components of meranti (%) and the main results of a way ANOVA analysis
evaluating the effect of the thermal modification temperature on the values of interest.

Temperature
(◦C)

Extractives
(%)

Fisher’s F-Test
Level of

Significance

Lignin
(%)

Fisher’s F-Test
Level of

Significance

Cellulose
(%)

Fisher’s F-Test
Level of

Significance

Unmodified 2.51 (2.37)

297.04
***

32.42 (0.25)

1468
***

53.04 (0.89)

543.5
***

160 3.22 (1.94) 36.67 (0.26) 51.02 (0.19)

180 3.20 (1.47) 36.29 (0.24) 52.04 (0.31)

210 3.92 (2.32) 35.33 (0.37) 59.06 (0.60)

Temperature
(◦C)

Holocellulose
(%)

Fisher’s F-Test
Level of

Significance

Hemicelluloses
(%)

Fisher’s F-Test
Level of

Significance

Unmodified 71.53 (0.58)

259.2
***

18.49 (4.65)

367.925
***

160 66.51 (1.07) 15.50 (5.14)

180 66.12 (0.23) 14.08 (2.16)

210 62.71 (0.54) 3.65 (6.13)

The data represent the mean percentages of oven-dry weight (odw), numbers in parentheses represent coefficients of variation (CV) in
%, n = 4, NS—not significant, ***—significant, P < 0.05.

Table 4. Basic Statistical Characteristics Evaluation of the Effect of Thermal Treatment and Retardants on the Values of the
Monitored Characteristics.

Influence Sum of Squares Degrees of
Freedom Variance Fisher’s

F-Test
Significance Level

P

WL.—600 s (%)

Intercept 1495.404 1 1495.404 1430.428 ***
Retardant 374.391 2 187.196 179.062 ***

TM 14.324 3 4.775 4.567 ***
Retardant × TM 17.222 6 2.870 2.746 ***

Error 50.180 48 1.045
The model corresponds to approximately 89.0% of the total sum of squares.

BR.—600 s (%·s−1 × 10−5)

Intercept 17.66190 1 17.66190 174.4060 ***
Retardant 1.38970 2 0.69485 6.8615 ***

TM 0.13538 3 0.04513 0.4456 NS
R × TM 0.79910 6 0.13318 1.3151 NS

Error 4.86091 48 0.10127
The model corresponds to approximately 32.3% of the total sum of squares.

MBR. (%·s−1)

Intercept 531.7951 1 531.7951 1244.976 ***
Retardant 50.8410 2 25.4205 59.511 ***

TM 2.3821 3 0.7940 1.859 NS
Retardant × TM 4.6048 6 0.7675 1.797 NS

Error 20.5033 48 0.4272
The model corresponds to approximately 73.8% of the total sum of squares.

RMBR. (%)

Intercept 0.456095 1 0.456095 558.1834 ***
Retardant 0.036244 2 0.018122 22.1784 ***

TM 0.019321 3 0.006440 7.8817 ***
Retardant × TM 0.026381 6 0.004397 5.3810 ***

Error 0.039221 48 0.000817
The model corresponds to approximately 67.6% of the total sum of squares.
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Table 4. Cont.

Influence Sum of Squares Degrees of
Freedom Variance Fisher’s

F-Test
Significance Level

P

TRMBR.

Intercept 108,800.4 1 108,800.4 464.2151 ***
Retardant 21,450.8 2 10,725.4 45.7618 ***

TM 544.6 3 181.5 0.7745 NS
Retardant × TM 4079.2 6 679.9 2.9007 ***

Error 11,250.0 48 234.4
The model corresponds to approximately 69.9% of the total sum of squares.

NS—not significant, ***—significant, P < 0.05, TM.—Thermal modification, WL.—Weight loss, BR.—Burn rate, MBR.—Maximum burn rate,
RMBR.—Ratio of the maximum burn rate, TRMBR.—Time to reach the maximum burn rate.

In similar research, other authors also who dealt with this topic [40] showed that
the degree of thermal treatment has no significant effect on any of the monitored charac-
teristics in the case of spruce wood, i.e., WL.—600 s and 900 s (%), BR.—600 s and 900 s
(%·s−1 × 10−5), RMBR. (%·s−1), (%) TRMBR. (s). These results show that none of the
monitored characteristics are affected by thermal treatment of the wood and thermally
modified wood is therefore suitable for use in timber structures just like wood that has
not undergone thermal modification. The same team of authors in another study reported
that thermal treatment only had a statistically significant effect on the values of monitored
characteristics for weight loss—600 s (%) in the case of Teak wood.

Gašparík et al. [44] evaluated the effect of thermal modification and fire-retardant
treatment on the flammability characteristics of oak wood. They concluded that thermal
modification has an insignificant effect on the burn rate. Interaction of fire-retardant
treatment and thermal modification has an insignificant effect on the MBR. Last but not least,
fire-retardant treatment, thermal modification, and their interaction have an insignificant
effect on the TRMBR.

The significant effect of the flame retardant on weight loss is evident from the diagram
shown in (Figure 1). The lowest average weight loss values were measured when a
synthetic flame retardant was applied. The highest weight loss values were measured on
samples treated with a natural flame retardant [44]. A similar observation in these trends
was found for thermally modified oak wood and oak wood treated with a synthetic fire
retardant [45]. The highest weight loss values for thermally treated wood were also found
at 160 and 180 ◦C, and using a synthetic flame retardant at 160 ◦C. In the case of wood
modified with a synthetic flame retardant, there were also minor differences in the decrease
in weight loss at individual temperatures of the thermal modification.

In the case of burn rate characteristics—600 s (Figure 2), both the thermal modification
and the flame retardant, as well as their interactions have an insignificant effect (however,
the retardant is significant according to the table). In the above-mentioned research, the
effect of thermal modification on the burn rate was not unambiguous [41]. Generally,
the highest burn rate of thermally modified wood spruce, teak, and oak was observed
at 180 ◦C, declining again at higher temperatures [44,45]. The expected effect of reduced
burn rate with the application of flame retardants has not been confirmed in our case. It
can be argued that, in almost all cases, the burn rate values of wood treated with flame
retardants were equal to or higher than that of only thermally modified wood. Flame
retardants reduce the flammability of materials by physical or chemical means: they may
reduce or extinguish flame using an endothermic chemical reaction (occurs temperature
limitation), or the pyrolysis modification process may reduce the amount of flammable
volatile matter and increase production of fewer flammable substances that act as a barrier
to protect others material. Retardants may act before ignition substances change during
the pyrolysis process, they can also react in a flame and reduce the flammability of the
substance during combustion, whether they can prevent the access of oxygen or heat to the
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hearth [46]. Synthetic and natural flame retardants exhibit similar behaviour, but only at
160 ◦C; the synthetic flame retardant provides better results, i.e., a lower burn rate.
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The burning rate is significantly affected by the application of a flame retardant
(Figure 3). A more significant effect of the thermal modification can be seen at higher
temperatures (180 and 210 ◦C) of thermal modification. The application of a synthetic
flame retardant significantly reduces the values of this characteristic compared to only
thermally modified wood, especially at temperatures of 20 ◦C, 160 ◦C, and 180 ◦C. The
application of a natural flame retardant at lower temperatures has a very similar effect
to that of thermally modified wood, deteriorating significantly at 180 and 210 ◦C, i.e.,
the maximum burn rate values increase. While, in this case, the effect of the thermal
modification proved to be statistically insignificant (as in published works [44,45,47]), the
effect of thermal modification of oak wood on the maximum burn rate was found to be
statistically significant.
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The ratio of the maximum burn rate is significantly affected by the temperature of the
thermal modification and the flame retardant and, therefore, also by the mutual interaction
of these effects. The differences between thermally modified wood and wood treated with
flame retardants only become apparent under higher thermal modification temperatures
(Figure 4). From 180 ◦C, this characteristic has a downward trend in thermally modified
wood, while, in wood treated with a flame retardant, it has a rising trend. The differences
in the use of different types of flame retardants are insignificant in this case, the greatest
relative differences are observed at a temperature of 160 ◦C, when the natural flame
retardant causes a lower ratio of the maximum burn rate of the examined wood.
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ing rate.

In our research, between the thermal modification and the time to reach the maxi-
mum burning rate, the synthetic retardant had a very statistically significant effect on the
maximum burn rate, up to two times lower values compared to treatment a with natu-
ral retardant. The observed characteristics for both retardants are recorded in (Figure 5),
where they are shown on the blue and green curves we can see a similar trend for this
characteristic at temperatures of 160 ◦C and 180 ◦C.

The results evaluating the effect of the observed factors on combustion characteristics
were also evaluated using Duncan’s tests. The test results fully confirm the results of
Figures 1–5. Because of the large-scale work, we do not report these results.

During thermal treatment, the content of extractives increases (Table 3). Some extrac-
tives disappear or degrade at higher temperatures; however, new components are formed
due to the degradation of main wood components, especially hemicelluloses. The rise in
the content of extractives is due to the degradation of lignin and polysaccharides [46]. The
increase in lignin content at a temperature of 160 ◦C is caused by condensation reactions
with degradation products of polysaccharides and further cross-linking, thus increasing
the apparent lignin content, i.e., pseudo-lignin [48,49]. A similar trend was observed in
thermally treated teak and iroko [49]; however, at higher temperatures (180 ◦C and 210 ◦C),
the lignin content declines, probably due to predominant degradation reactions.

Hemicelluloses are the most affected by higher temperatures, and their content de-
creases by 80% at a temperature of 210 ◦C when compared to untreated samples. The sharp
drop in hemicelluloses between 180 ◦C and 210 ◦C can be attributed to the decomposition of
xylan, the most thermally unstable hemicellulose [50]. Xylan is the dominant hemicellulose
in meranti wood, and it can be quantitatively converted to xylose by dilute acid hydroly-
sis [51]. The increase in cellulose content is about 12%, probably because of its crystalline
nature [51]. It is worth noting that tropical tree hemicelluloses are more thermally unstable
compared to temperate tree hemicelluloses. The decrease in hemicellulose content in oak
and spruce wood is 58% and 37%, respectively; on the other hand, the drop in hemicellulose
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content in teak, meranti, and merbau wood is 67%, 80%, and 90%, respectively [44,45,52].
This phenomenon may be due to the different structure of hemicelluloses in tropical and
temperate wood species, e.g., molecular weight, branching, etc.
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burning rate.

The results of the Spearman correlation (Table 5) showed a high degree of dependence
between the burning properties and the chemical components of the wood. The chemical
components of the wood and the temperature of the thermal modification have reached
very high values of a degree of dependence of more than 99%. The combustion characteris-
tics had a moderate degree of dependence in interaction with the chemical components of
the wood. The dependency ranged from −31% to 28%.

Table 5. Spearman’s correlation between burning characteristics and chemical wood components.

Variable FR. TM. WL. BR. MBR. RMBR. TRMBR. Ex. Li. Hol. Cell.

FR
TM. 0
WL. 90 −4
BR. 14 10 23

MBR. 81 17 86 24
RMBR. −5 32 3 36 19
TRMBR. 48 −14 43 −17 40 −79

Ex. 0 84 −3 3 18 28 −9
Li. 0 19 13 6 2 11 −8 34

Hol. 0 −97 4 −11 −17 −32 14 −84 −19
Cell. 0 39 −16 −1 8 9 −1 28 −77 −41

Hemicell. 0 −97 4 −11 −17 −31 13 −83 −19 99 −42

Legend: FR.—Retardant, TM.—Thermal modification, WL.—Weight loss, BR.—Burning rate, MBR.—Maximum burning rate, RMBR.—The
ratio of the maximum burning rate, TRMBR.—Time to reach the maximum burning rate, Ex.—Extractives, Li.—Lignin, Hol.—Holocellulose,
Cell.—Cellulose, Hemicell.—Hemicelluloses.
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4. Conclusions

The effect of synthetic fire retardant proved to be a statistically very significant agent,
influencing the combustion process in all monitored characteristics. These findings are
comparable with the results of other works.

Weight loss values can be reduced by impregnating the wood matrix with synthetic
flame retardant (ammonium phosphate). In contrast, no significant effect on weight loss
values was observed related to the reference sample treated with a natural flame retardant
(arabinogalactan).

The effect of the temperature modification on the burning rate had a similar course as
the weight loss. The thermal modification had a significant effect on the burning rate with
all values increased. There was a similar course to the previous characteristic, and there
was no statistically significant difference between the temperatures. A significant positive
effect on the reduction of the combustion rate at all recorded temperatures for samples
treated with synthetic flame retardant compared with non-treated samples was observed
again. A statistically significant effect at higher temperatures (180 ◦C and 210 ◦C), with a
decrease of the burning rate values of the treated wood, was observed.

A significant reduction of burning rate for synthetic retardant treated samples was
observed. After the application of the natural retardant, there was a decrease in the values
of the maximum burning rate, however not so significant related to those synthetic.

Heat-treated samples treated with synthetic retardant also had a significant statistical
effect on the maximum burning rate ratio. After application of the natural retarder or
between the temperatures of the heat treatment itself, there was an increased resistance of
the synthetic retardant compared to the natural thermal modification at 160 and 210 ◦C,
however, this effect was not statistically proven. The differences between the effects of
synthetic and natural flame retardant on the burning properties of heat-treated meranti
wood were studied. Due to the heterogeneity of the wood material and better interpretation
of the data in further research, we will choose more repetitions for measurement in order
not to achieve such a high coefficient of variation.

The relative content of the extractives, lignin, and cellulose after the heat treatment
was increased, whereas the values of holocellulose and especially hemicelluloses were
decreased significantly. The positive effect of thermal modification on the flammability
characteristics of meranti wood was not confirmed.

Positive effects on all flame characteristics for samples treated with synthetic retardant
compared to those treated with the natural one were described. In the case of arabino-
galactan application and its maximum potential positive retarding effect, it is necessary to
optimize the conditions of the experiments for its purpose.
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Kačíková, D.; Jurczyková, T. Effect of

Natural Aging on Oak Wood Fire

Resistance. Polymers 2021, 13, 2059.

https://doi.org/10.3390/

polym13132059

Academic Editor: Nicolas Brosse

Received: 4 June 2021

Accepted: 22 June 2021

Published: 23 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Fire Protection, Faculty of Wood Sciences and Technology, Technical University in Zvolen,
T. G. Masaryka 24, 960 53 Zvolen, Slovakia; zachar@tuzvo.sk (M.Z.); kacikova@tuzvo.sk (D.K.)

2 Department of Chemistry and Chemical Technologies, Faculty of Wood Sciences and Technology,
Technical University in Zvolen, T. G. Masaryka 24, 960 53 Zvolen, Slovakia

3 Department of Wood Processing, Czech University of Life Sciences in Prague, Kamýcká 1176,
16521 Praha 6-Suchdol, Czech Republic; jurczykova@fld.czu.cz

* Correspondence: cabalova@tuzvo.sk; Tel.: +421-4-5520-6375

Abstract: The paper deals with the assessment of the age of oak wood (0, 10, 40, 80 and 120 years)
on its fire resistance. Chemical composition of wood (extractives, cellulose, holocellulose, lignin)
was determined by wet chemistry methods and elementary analysis was performed according to
ISO standards. From the fire-technical properties, the flame ignition and the spontaneous ignition
temperature (including calculated activation energy) and mass burning rate were evaluated. The
lignin content does not change, the content of extractives and cellulose is higher and the content
of holocellulose decreases with the higher age of wood. The elementary analysis shows the lowest
proportion content of nitrogen, sulfur, phosphor and the highest content of carbon in the oldest wood.
Values of flame ignition and spontaneous ignition temperature for individual samples were very
similar. The activation energy ranged from 42.4 kJ·mol−1 (120-year-old) to 50.7 kJ·mol−1 (40-year-
old), and the burning rate varied from 0.2992%·s−1 (80-year-old) to 0.4965%·s−1 (10-year-old). The
difference among the values of spontaneous ignition activation energy is clear evidence of higher
resistance to initiation of older wood (40- and 80-year-old) in comparison with the younger oak wood
(0- and 10-year-old). The oldest sample is the least thermally resistant due to the different chemical
composition compared to the younger wood.

Keywords: oak wood; historical wood; chemical composition; flame ignition temperature; sponta-
neous ignition temperature; activation energy; mass burning rate

1. Introduction

When using wood as a structural element, especially as a part of the building structure,
it is necessary to assess it from the point of view of fire safety of buildings. It can be realized
by using Eurocodes [1]. An important part of ensuring the fire safety of buildings is
knowledge of the burning process and forecasting the dynamics of the development of
internal fire. Knowledge of fire dynamics is an important starting point, for example, in
building design, controlled evacuation, physicochemical and mathematical description
of fire–materials and fire–human organism interactions, in the process of determining the
causes of fire in finding possible scenarios of fire origin and development, and determining
the most similar cause of fire [2].

A significant factor affecting burning rate is chemical composition [3–8], primarily
the lignin content [3,7,9,10], the species of the wood [3,4,11–13], density, moisture content,
permeability, anatomy [3] and, last but not least, the aging process [14–16]. According
to Reinprecht [17], wood decomposition is caused by a complex of chemical reactions
associated with mass and heat transfer processes. The wood is ignited when sufficient initial
thermal energy is supplied (approximately 104 W·m−2), while the specific temperature at
which the wood ignites is between 250 and 400 ◦C.

Activation energy has a great influence on the combustion process. There are several
methods to calculate the activation energy. Simple methods (e.g., Arrhenius equation)
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to much more complex methods (e.g., Ozawa–Flynn–Wall, Kissinger–Akahira–Sunos or
Friedman, ASTM E698–18) requiring the results of thermogravimetry (TG), differential
thermogravimetry (DTG) and differential scanning calorimetry (DSC), and other progres-
sive instruments and methodologies result in calculating the activation energy and the
combustion process kinetics in a complex and precise way. The progressive approaches to
the analysis of biomass combustion kinetics are also evident in the study of Majlingová
et al. [18]. Based on the flash ignition temperature and spontaneous ignition temperature,
according to the ISO 871:2006, the relative comparison of a material resistance against
ignition can be carried out.

Several authors studied the thermal properties of wood. They preferred the Arrhenius
equation to calculate the activation energy of woody biomass. Martinka et al. [19] focused
on the influence of spruce wood form on ignition activation energy and they also investi-
gated the impact of heat flux on fire risk of the selected samples. Rantuch et al. [20] used
the Arrhenius equation to calculate the ignition activation energy of materials based on
polyamide. In another study, Martinka et al. [21] carried out research on initiatory parame-
ters of poplar wood (Populus tremula L.). These initiatory parameters (the critical heat flux
density and the surface temperature at the time of initiation) were set on a conical calorime-
ter using a testing procedure in accordance with ISO 5660-1:2015. Luptáková et al. [22]
clarified a comparison of activation energies of thermal degradation of heat-sterilized silver
fir wood samples to larval frass in terms of fire safety. The ignition activation energies
of wood samples using the Arrhenius equation were also calculated. Zachar et al. [23]
published the results of an analysis focusing on the activation energy required for sponta-
neous ignition and flash point of Norway spruce and thermowood specimens. Karlsson
and Quintere [24] stated that for flash ignition temperature phenomenon to occur, the
temperature in the fire compartment should reach 500 to 600 ◦C, or the radiant flux on the
floor should be 15 to 20 kW·m−2. These temperatures are significantly higher than the
spontaneous ignition temperatures of most lignocellulosic materials.

The fire parameters of wood species are well known [25], but only a few scientific
studies have focused on the exact assessment of changes of the key fire parameters (i.e., ac-
tivation energy and burning rate) of wood and wood-based materials due to their aging.

This paper deals with the assessment of the age (0, 10, 40, 80 and 120 years) of oak
wood and its chemical composition on the burning rate for the purposes of determining the
causes of fires. We also investigated the relative weight loss and duration of flame burning
as important characteristics when assessing materials from the perspective of fire.

2. Experimental
2.1. Material

Samples of oak wood (Quercus robur L.) were prepared from beams (taken from the
interior part of building) of different ages (40, 80 and 120 years). The beams were obtained
from historic buildings in Slovakia during their reconstruction. The age was marked on
the beams and verified in the historical records of building construction. Samples prepared
from 0- and 10-year-old wood were taken from wood harvested in the Zvolen locality
in Slovakia.

Samples with the dimensions of 20 × 20 × 10 mm (standard STN ISO 871) [26] were
conditioned at a temperature of 23 ± 2 ◦C and relative air humidity of 50 ± 5% for at least
40 h to the final sample moisture content of 12% (standard STN EN ISO 291) [27].

The average density of wood samples ranged from 0.641 to 0.702 g·cm−3 (Table 1).
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Table 1. The average density of oak wood samples.

Approximate Age of Oak Sample
(years) Density (g·cm−3)

recent 0.681 ± 0.03
10 0.641 ± 0.11
40 0.660 ± 0.28
80 0.688 ± 0.12
120 0.702 ± 0.21

2.2. Methods
2.2.1. Chemical Composition of Wood

Samples were disintegrated into sawdust, and the size fractions 0.5 to 1.0 mm were
used for the chemical analyses. According to ASTM D1107-21 [28], the extractives content
was determined in a Soxhlet apparatus with a mixture of ethanol and toluene (2:1). The
lignin content was determined according to Sluiter et al. [29], the cellulose according to the
method by Seifert [30], and the holocellulose according to the method by Wise et al. [31].
Hemicelluloses were calculated as a difference between the holocellulose and the cellulose
content. Measurements were performed on four replicates per sample. The results were
presented as oven-dry wood percentages.

Elementary analysis was accomplished as follows: carbon (C) was determined accord-
ing to STN ISO 10,694 [32] by using elemental analysis with thermally conductive analysis;
nitrogen (N) according to ISO 13,878 [33] by using elemental analysis with thermally
conductive analysis; sulfur (S) according to ISO 15,178 [34] by using elemental analysis
with thermally conductive analysis; and phosphor (P), calcium (Ca), magnesium (Mg) and
potassium (K) according to ISO 11,885 [35] by using atomic emission spectrometry with
inductively coupled plasma.

2.2.2. Flame Ignition Temperature and Spontaneous Ignition Temperatures

The flame ignition temperature (FIT) and spontaneous ignition temperature (SIT) were
determined according to the STN ISO 871 standard [26]. Measurements were performed
on twenty replicates per sample. The principle of the test is to heat the test material
in a heating chamber at different temperatures. By positioning a small ignition flame
impinging on the opening cover of the hot-air furnace, the released gases ignite and the
FIT can be determined. SIT is determined the same way as the FIT, but without the
igniting flame. The temperature profile in the furnace was measured using thermocouples
(type K) with a diameter of 0.5 mm; the data logger ALMEMO®710 (Ahlborn Mess- und
Regelungstechnik GmbH, Holzkirchen, Germany) was used for recording temperature. The
lowest air temperature at which the sample was ignited within 10 min was recorded as the
spontaneous ignition temperature. Subsequently, the induction time was found. Analysis
of dependences between the induction time and the inverse values of thermodynamic
temperature for the samples was performed using Statistica 12 software. The exponential
equation was derived in the same software. The pre-exponential factor was further used to
calculate the activation energy of spontaneous ignition. The calculation of the activation
energy of spontaneous ignition (kJ·mol−1) was performed according to Equation (1), which
is analogous to the Arrhenius equation.

E = ln
( ø

A

)
× R × T (1)

where:

τ—induction time of spontaneous ignition (s);
A—pre-exponential (frequency) factor (-);
E—activation energy of spontaneous ignition (J·mol−1);
R—gas constant (8.314 J·K−1·mol−1);
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T—ignition thermodynamic temperature (K).

2.2.3. The Mass Burning Rate

The reaction to fire tests was determined according to the ISO 11925-2 [36] standard.
The mass burning rate was measured with an instrument consisting of an electronic balance
with an accuracy of two decimal places, a weight protection unit, a metal sample holder,
a metal loading frame for placing the radiant heat source and an infrared thermal heater
with an input of 1000 W. The sample was placed into the holder at a distance of 30 mm
from the heat source for a specific time of 600 s and the weight change recorded every
10 s. The heat flux of the infrared thermal heater was 30 kW·m−2. Measurements were
performed on twenty replicates per sample.

To determine the burning rate in the specified time interval, the absolute burning rate
υ (was calculated according to the relational Equation (2):

ϑ =
δ(τ)− δ(τ + ∆τ)

∆τ
(2)

where:

ϑ—absolute burning rate (%·s−1);
δ (τ)—specimen mass in the time (τ) (%);
δ (τ + ∆τ)—specimen mass in the time (τ + ∆τ) (%);
∆τ—time interval in which the mass values are recorded (s).

3. Results and Discussion
3.1. Wood Chemical Composition

The content of the main chemical compounds, except the lignin amount, differs when
comparing older and recent wood (Table 2). The proportion of the lignin does not change
considerably despite the different age of the wood samples. Several authors determined
the lignin content between 14.78% and 28.8% depending on the type of oak wood, zone of
wood, etc. [37–40]. Kolář and Rybíček [38] analyzed subfossil oak wood (Quercus robur L.).
Based on their results, subfossil wood contains a greater amount of fibers. In the view of
chemical composition, the cellulose content does not change despite the different age of
the trunk, but the lignin content is higher in subfossil wood. The cellulose and extractives
comparison of our samples does display higher amounts of these components in older
wood. Kačík et al. [41] observed that the cellulose in old fir wood beam samples (from
108- to 390-years-old) increased by 13%; both the lignin and holocellulose dropped by
4% compared to the recent fir wood. In contrast, the content of hemicelluloses in our
samples decreased due to the aging process. Hemicelluloses are the most susceptible to
degradation, even at relatively low temperatures [42–44]. Several authors studied wood
with different natural aging time and the results confirm that the proportion of saccharides
gradually decreases (mainly due to the hemicellulose degradation) and the content of
lignin increases successively with increasing time [41,45,46]. According to Fengel and
Wegener [47], chemical analyses of old woods show a decrease in polysaccharides and an
increase in the nonhydrolyzable residues. Jebrane et al. [48] explain the degradation of
polysaccharides with the presence of acetyl groups that are thermally labile and lead to the
formation of acetic acid, thereby causing acid-catalyzed degradation of the polysaccharides.
A more reliable indicator seems to be the cellulose to hemicelluloses ratio (C/H) [41]. In the
samples of oak wood, the C/H ratio increased with age (Table 2) due to a lower stability of
hemicelluloses towards cellulose.

138



Polymers 2021, 13, 2059

Table 2. Relative content of the main chemical components of oak wood.

Age of Oak Sample
(years)

Extractives
(%)

Lignin
(%)

Cellulose
(%)

Holocellulose
(%)

Hemicelluloses
(%) C/H Ratio

0 3.93 ± 0.04 23.04 ± 0.14 33.48 ± 0.06 73.03 ± 0.11 39.55 ± 0.17 0.84
10 3.97 ± 0.06 22.86 ± 0.04 33.79 ± 0.57 73.16 ± 0.02 39.37 ± 0.55 0.86
40 5.78 ± 0.04 22.14 ± 0.02 33.41 ± 0.11 72.08 ± 0.06 38.67 ± 0.23 0.86
80 6.62 ± 0.03 22.31 ± 0.02 36.22 ± 0.01 71.08 ± 0.04 34.85 ± 0.03 1.04

120 7.34 ± 0.11 22.91 ± 0.04 36.40 ± 0.08 69.75 ± 0.15 33.35 ± 0.23 1.09

Historic wood samples have different chemical compositions, primarily depending
on the deposition conditions. The conditions determine the mechanisms and rates of wood
degradation [49,50]. According to Krutul and Kocoń [51], time plays only a secondary role
in the destroying process. Factors influencing wood aging include UV radiation, which
has sufficient energy for photochemical degradation of structural polymer components of
wood (lignin, cellulose and hemicelluloses) [52].

The results in Table 3 show the differences in elementary composition of oak wood.
The 120-year-old oak wood contains the lowest amount of N, S and P, and the largest
amount of C elements due to the initial carbonization process [53]. We determined a
calcium content of 0.7 g·kg−2 in the recent wood samples, which is in accordance with the
results of Krutul [54]. The amount of this element decreased with the age of wood.

Table 3. Elementary analysis of oak wood.

Age of Oak Sample
(years)

Carbon
(g·kg−2)

Nitrogen
(g·kg−2)

Sulfur
(mg·kg−2)

Phosphor
(g·kg−2)

Calcium
(g·kg−2)

Magnesium
(g·kg−2)

Potassium
(g·kg−2)

0 489 1.32 299 0.151 0.702 0.044 0.621
10 491 1.07 252 0.155 0.495 0.134 0.921
40 486 1.35 291 0.145 0.296 0.029 0.834
80 493 1.29 122 0.14 0.244 0.008 0.435

120 501 0.98 94 0.118 0.293 0.022 0.544

Cárdenas-Gutiérrez [39] performed ash microanalysis of various oak woods with
an X-ray spectrometer (Quercus candicans—Qc; Quercus laurina—Ql; Quercus rugosa—Qr).
Based on their results, sample Qc contains 19.91% of Mg, 8.27% of P, 1.28% of S, 38.33% of
K and 24.83% of Ca; sample Ql contains 5.41% of Mg, 1.22% of P, 0.22% of S, 8.93% of K
and 77.11% of Ca, and sample Qr contains 27.71% of Mg, 10.34% of P, 0.97% of S, 27.07%
of K and 33.28% of Ca. Kovář and Rybíček [38] conducted the analysis of the inorganic
elements of subfossil wood and determined the highest content of Ca. Based on the results
they assume that the samples have gone through a process of calcification.

3.2. Fire-Technical Properties

The spontaneous ignition temperatures together with the temperature recalculated
values (inverse value of the temperature in ◦C to the thermodynamic temperature in K,
necessary for the calculation of the activation energy) are shown in Table 4.

Based on the results given in Table 4, the sample of 10-year-old oak wood has the
highest fire resistance in the view of FIT, because we marked its average temperature of
434.14 ◦C in a time of 257.4 s. From the point of view of fire resistance, it is important to
record the highest temperature and the longest ignition time.

139



Polymers 2021, 13, 2059

Table 4. Flame ignition temperature and spontaneous ignition temperature of oak wood samples.

Age of Oak Sample
(years)

Thermal
Loading

Average Time
τ (s)

Average Temperature
t (◦C)

Average Temperature
T (K)

Inverse Value 1/T
(K−1)

0
FIT 219.6 ± 21.38 436.02 ± 21.05 709.17 0.0014111
SIT 336.4 ± 18.49 374.96 ± 23.09 648.11 0.0015448

10
FIT 257.4 ± 13.33 434.14 ± 23.14 706.19 0.0014153
SIT 336.1 ± 19.51 375.43 ± 24.30 648.58 0.0015436

40
FIT 248.2 ± 25.28 432.43 ± 17.62 705.58 0.0014182
SIT 376.1 ± 20.29 371.24 ± 26.72 644.39 0.0015542

80
FIT 221.6 ± 17.14 429.52 ± 16.24 702.67 0.0014274
SIT 379.2 ± 17.58 361.23 ± 22.13 633.33 0.0015777

120
FIT 229.5 ± 24.30 430.48 ± 18.12 703.63 0.0014219
SIT 391.2 ± 19.54 363.37 ± 21.89 636.52 0.0015727

The results of the calculated activation energy using the Arrhenius equation are intro-
duced. Table 5 shows the values of pre-exponential factor (A) representing the regression
coefficient in the correlation equation calculated between the spontaneous ignition temper-
ature and the induction time values of the individual samples. These data were used for
the calculation of the activation energy of individual samples, including the average values
of the spontaneous ignition temperature and the induction time.

Table 5. The activation energy values of individual test samples.

Age of Oak Sample
(years)

Exponential
Equation τ (s) A Activation Energy

(kJ·mol−1)

0 y = 0.067 × e5715.9x 219.6 0.0672 47.710
10 y = 0.108 × e5472x 257.4 0.1080 45.727
40 y = 0.044 × e6077x 248.2 0.0439 50.684
80 y = 0.045 × e5941x 221.6 0.0450 49.535
120 y = 0.162 × e5090.9x 229.5 0.1621 42.444

The activation energy of oak samples (Table 5) with different age ranged from 42.4 kJ·mol−1

(120-year-old) to 50.7 kJ·mol−1 (40-year-old). The value of the activation energy of a 40-year-
old sample was obtained in an average time of 248.2 s from the beginning of the thermal
loading. Based on these results, we can state that this sample has the higher resistance against
this kind of thermal loading. The data indicate that the activation energy of spontaneous
ignition may become a suitable tool for a more accurate comparison of the thermal resistance
of materials. The difference in spontaneous ignition temperature between these materials is
minimal (according to ISO 871:2006, the ignition temperature is measured with an accuracy of
10 ◦C), but the burning time achieved was different. The difference in the activation energy of
spontaneous ignition is very significant.

The lowest thermal resistance of oak wood was observed in the oldest wood (120-
year-old), which could cause its degradation and decomposition of the main chemical
components. The higher content of extractives in this sample indicates the decomposition of
lignin as the most stable macromolecule [55,56]. This sample also has the lowest proportion
of saccharides, mainly due to the degradation of hemicelluloses (C/H ratio = 1.09). Several
authors describe the decrease of polysaccharides during natural aging of wood [45,57].
Therefore, older wood poses a greater risk of ignition compared to the younger oak wood.

In general, the values of the induction time (τ) decrease with increasing values of the
temperatures (t) [23].

The scientific work of Tureková and Balog [58] showed that the activation energy of
spontaneous ignition, even if the sample weight is up to one gram, significantly depends
on the weight of the sample. The solution for obtaining the spontaneous ignition activation
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energy from these external factors is the measure the activation energy of spontaneous
ignition for a particular sample and the specific conditions (e.g., modeling the dynamics of
development of a particular fire, investigation of a specific fire, etc.).

The results of the mass burning rate are shown in Figure 1, where the maximum
values of burning rate and the time needed to reach the maximum values of burning rate
are given.
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The maximum values of burning rate and the time needed to reach the maximum
values of burning rate are presented in Figure 1.

Based on the changes in the mass burning rate curves shown in Figure 1, it can be
stated that the maximum burning rates can be observed over the entire time interval during
which the samples were subjected to the thermal loading.

The maximum burning rate of 0.4965%·s−1 was reached in 330 s for 10-year-old
samples. This was followed by 0-year-old samples, where the maximum burning rate
was 0.4678%·s−1 that was reached in 70 s; 40-year-old samples with the burning rate of
0.4093%·s−1 that was reached in 90 s and 120-year-old samples with the burning rate of
0.3625%·s−1 that was reached in 320 s. The lowest burning rate of 0.2992%·s−1 was reached
by 80-year-old samples in 320 s from the beginning of the thermal load. Based on the
results of burning rates, no clear conclusion can be drawn about the influence of the age of
the samples on the burning rate. The results show that the initiation and the subsequent
thermal degradation of oak wood occur in time interval from 30 to 90 s from the beginning
of the thermal loading. The impact of the age of the samples on initiation and subsequent
development of the fire cannot be confirmed.

The reason for a lower rate values was the difference in the initial phase of sample
burning. Kačíková a Makovická [59] compared coniferous species. The lowest average
burning rate, 0.090%·s−1, was reached for spruce wood. The maximum burning rate for
spruce wood reached 0.187%·s−1 in 180 s from the beginning of the thermal load.

4. Conclusions

The content of extractives and cellulose is higher and hemicelluloses lower with
increasing age of oak wood. The proportion of lignin does not change.

The 120-year-old samples contain the lowest relative content of hemicelluloses and
the highest relative content of both lignin and extractives due to the degradation processes.
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From the perspective of elementary analysis, the 120-year-old oak wood sample
contains the highest amount of carbon due to the initial carbonization process and the
lowest amount of nitrogen, sulfur and phosphor.

Samples of 10-year-old oak wood have the greatest fire resistance in the view of FIT.
In terms of fire-technical properties, especially the highest activation energy reached,

50.684 kJ·mol−1, we can state that the 40-year-old oak wood samples have the highest
thermal resistance.

The maximal burning rate values are range from 0.2992%·s−1 (80-year-old oak wood
samples) to 0.4965%·s−1 (10-year-old oak wood samples).

Comparing the activation energy (49.535 kJ·mol−1) and the mass burning rate (0.2992%·s−1),
the 80-year-old samples have the greatest fire resistance. Samples of 120-year-old oak wood
have the lowest values of these parameters; these samples also contain the lowest amount
of N, S, P and the largest amount of C elements due to the initial carbonization process.
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Abstract: This paper presents the differences in the color changes of unsteamed and steamed beech
wood (Fagus sylvatica L.) caused by long-term exposure to sunlight on the surface of wood in interiors
for 36 months. The light white-gray color of the yellow tinge of native beech wood darkened under
the influence of sunlight, and the wood took on a pale brown color of yellow tinge. The degree of
darkening and browning is quantified by the value of the total color difference ∆E* = 13.0. The deep
brown-red color of steamed beech under the influence of sunlight during the exposure brightened,
and the surface of the wood took on a pale brown hue. The degree of lightening of the color of
steamed beech wood in the color space CIE L*a*b* is quantified by the value of the total color difference
∆E* = 7.1. A comparison of the color changes of unsteamed and steamed beech wood through the
total color difference ∆E* due to daylight shows that the surface of steamed beech wood shows
52.2% smaller changes than unsteamed beech wood. The lower value of the total color difference of
steamed beech wood indicates the fact that steaming of beech wood with saturated water steam has a
positive effect on the color stability and partial resistance of steamed beech wood to the initiation
of photochemical reactions induced by UV–VIS wavelengths of solar radiation. Spectra ATR-FTIR
analyses declare the influence of UV–VIS components of solar radiation on unsteamed and steamed
beech wood and confirm the higher color stability of steamed beech wood.

Keywords: beech wood; thermal treatment; saturated water steam; natural aging; wood color;
ATR-FTIR spectroscopy

1. Introduction

The color of wood is a basic physical–optical property, which belongs to the group of
macroscopic features on the basis of which the wood of individual woody plants differs
visually. The color of the wood is formed by chromophores, i.e., functional groups of
the type >C=O, -CH=CH-CH=CH-, -CH=CH-, aromatic nuclei found in the chemical
components of wood (lignin and extractive substances such as dyes, tannins, resins and
others), which absorb some components of the electromagnetic radiation of daylight and
thus create the color of the wood surface perceived by human vision.

Using the coordinates of the color space CIE L*a*b* is one of the ways to quantify the
given optical wood property objectively. Lab color space (according to CIE-Commission
Internationale d’Eclairage) in accordance with ISO 11 664-4 is based on the measurement
of three parameters: brightness L* represents the darkest black at L* = 0 and the brightest
white at L* = 100. The value of a* is a measure of the red-green character of the color, with
positive values for red shades (+a*), and negative values for green (−a*). The value of b*
gives the yellow-blue character with positive values for yellow shades (+b*) and negative
for blue (−b*).

Wood with long-term exposure to sunlight changes color on its surface. The surface
of the wood darkens and mostly yellows and browns. This fact is also referred to in the
professional literature as natural aging [1–3].
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Solar radiation is electromagnetic radiation with wavelengths in the range from 100 to
3000 nm [4], which consists of ultraviolet radiation, visible radiation (light) and infrared
radiation. Ultraviolet radiation (UV) with wavelengths of 100–380 nm makes up about 2%
of the daylight spectrum. According to the effect of UV radiation on biological materials
and their effects on these materials, UV radiation is divided into: UV-A radiation, with a
wavelength of 320–380 nm; UV-B radiation, with a wavelength of 280–320 nm; and UV-C
radiation, with a wavelength below 280 nm. The spectrum of UV radiation falls on the
Earth’s surface from solar radiation, which is made up of 90–99% UV-A radiation and
1–10% UV-B radiation. The most dangerous UV-C radiation is completely absorbed by
the atmosphere. The visible light spectrum, referred to as VIS, with wavelengths from 380
to 780 nm, represents approximately 49% of the daylight spectrum. The rest consists of
infrared IR radiation with wavelengths of 780–3000 nm. The wavelengths of visible and
infrared radiation are absorbed or reflected by the wood surface. The reflected wavelengths
of the visible spectrum allow a person to perceive its color when looking at a given object.
The absorbed wavelengths of infrared solar radiation change to heat on the surface.

UV–VIS components of solar radiation (daylight) initiate wood photodegradation processes
when impacting on the wood surface (photolytic and photo-oxidation reactions with lignin,
polysaccharides and wood accessory substances), and carbohydrates absorb 5–20% and 2%
of the accessory substance [5]. These reactions cleave both lignin macromolecules with the
simultaneous formation of phenolic hydroperoxides, free radicals, carbonyl and carboxyl groups,
as well as polysaccharides into polysaccharides, with a lower degree of polymerization to form
carbonyl, carboxyl groups and gaseous products (CO, CO2, H2) [1,3,6–8].

The aim of this work is to compare the effect of solar radiation on the surface of
thermally treated beech wood with saturated steam (steaming) and unsteamed beech wood.
Through changes in the coordinates L*, a*, b* in the color space CIE L*a*b* and the total
color difference ∆E*, color changes of native and steamed beech wood caused by UV–VIS
components of sunlight (daylight) are evaluated.

2. Material and Methods
2.1. Material and Technology of Beech Wood Steaming

Blanks with dimensions 32 × 60 × 600 mm made of beech wood had a moisture content
wp = 56.4 ± 4.2% and were divided into 2 groups. The blanks of the first group were not
thermally steamed prior to drying. The blanks of the second group were steamed to modify
the color of the beech wood. Steaming was performed in an APDZ 240 pressure autoclave
(Himmasch AD, Haskovo, Bulgaria) installed at Sundermann Ltd. (Banská Štiavnica, Slovakia).
The steaming mode of beech wood with saturated water steam is shown in Figure 1, and the
technological parameters of the steaming mode are given in Table 1.
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Table 1. Mode of color modification of beech wood with saturated water steam.

Mode

Temperature of Saturated
Water Steam (◦C) Time of Operation (h)

tmin tmax t4 τ1-Phase I τ2-Phase II Total Time

Mode 132.5 137.5 100 6.0 1.0 7.5

2.2. Conditions of Beech Wood Exposure

Unsteamed and steamed beech blanks were dried by a low-temperature drying mode
preserving the original wood color to a moisture content wk = 12 ± 0.5% in a convection
hot air dryer: KC 1/50 (SUZAR Ltd., Považany, Slovakia) [9].

Samples of the following dimensions were produced from native and steamed beech
wood blanks: 20 × 50 × 400 mm. The planed surface of unsteamed and steamed beech wood
samples was exposed to daylight for a long time at an angle of 45◦ in the northern temperate
zone (Slovakia, Central Europe) locality for 36 months. The temperature and relative humidity
of the indoor air during the exposure were t = 20 ± 2.5 ◦C and ϕ = 50 ± 10%.

The average density of incident solar radiation in Slovakia is 1100 kWh/m2 per year.
The intensity of the sun’s rays changes throughout the year. The highest intensity of
solar radiation is in the summer months of June and July when it reaches a value of
5.9 to 6.0 kWh/m2 per day. During the autumn, the intensity of sunlight decreases and is
lowest during the winter. In December, the intensity of solar radiation is the weakest, with
an approximate value of 1.7 kWh/m2 per day.

2.3. Color Measurement of Beech Wood

The surface color of beech samples before and during the exposure was evaluated
in the color space CIE L*a*b* at monthly intervals using the Color Reader CR-10 (Konica
Minolta, Osaka, Japan) colorimeter was measured. A D65 light source was used, and the
diameter of the optical scanning aperture was 8 mm [10].

The total color difference ∆E* of the beech wood surface change during the 36-month
exposure to sunlight was determined according to the following ISO 11 664-4 equation:

∆E∗ =
√(

L∗
2 − L∗

1
)2

+
(
a∗2 − a∗1

)2
+
(
b∗2 − b∗1

)2 (1)

where L∗
1 , a∗1 , b∗1 are the coordinates of the color space CIE L*a*b* on the surface of the dried,

milled beech wood before exposure, and L∗
2 , a∗2 , b∗2 are the coordinates of the color space

CIE L*a*b* on the surface of the dried, milled beech wood during exposure.

2.4. Mathematical-Statistical Evaluation of Measured Data

The measured values on the brightness coordinate L* and the chromaticity coordinates
a*, b*, as well as the calculated values of the total color differences ∆E* during the observed
exposure periods, were statistically and graphically evaluated using Excel and Statistica
v.12 programs (V12.0 SP2, Palo Alto, CA, USA).

2.5. Analysis of Changes in Lignin-Cellulose Matrix of Wood ATR-FTIR Spectroscopy

Fourier-transform infrared spectroscopy (FTIR) was used to follow chemical changes in
beech wood after radiation in unsteamed and steamed beech wood. The measurements were
carried out using a Nicolet iS10 spectrometer (Thermo Fisher Scientific, Madison, WI, USA)
equipped with the Smart iTR ATR accessory.

The spectra were collected in an absorbance mode between 4000 and 650 cm−1 by
accumulating 32 scans at a resolution of 4 cm−1 using diamond crystal. All analyses were
performed in four replicates. The spectra were evaluated using the OMNIC 8.0 software.
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3. Results and Discussion

Beech wood, according to [11–13], has a light white-brown-yellow color. In the steam-
ing process with a steam–air mixture at atmospheric pressure, or thermal treatment of beech
wood with saturated water steam, as reported by [13–16], depending on the temperature
and length of the thermal treatment process, the wood darkens and acquires shades from a
pale pink-yellow color shade to brown-red color. Table 2 shows the coordinates of the color
space CIE L*a*b* of unsteamed and steamed beech wood at a moisture content of w = 12%
on the planed surface before and after 36 months of dazzling. The values for the brightness
coordinates L* and the chromatic coordinates a* and yellow b* of the color space CIE L*a*b*
of unsteamed beech wood given in Table 1 are similar to those reported by [13,17,18].

Table 2. Coordinate values of color space CIE L*a*b* of unsteamed and steamed beech wood.

Beech Wood

Unsteamed Beech Wood Steamed Beech Wood

Coordinates of Color Space CIE L*a*b*

L* a* b* L* a* b*

Before
exposure 76.6 ± 1.7 7.8 ± 1.5 19.8 ± 1.7 55.3 ± 1.6 14.5 ± 1.0 23.5 ± 0.8

After
exposure 71.3 ± 0.9 12.2 ± 0.6 26.8 ± 0.9 57.6 ± 0.9 14.1 ± 0.8 27.5 ± 0.6

The color of native and steamed beech wood before and after exposure to daylight
glare is shown in Figure 2.
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The courses of the measured values of beech wood color on the coordinates: L*, a*, b*
of the color space CIE L*a*b* in individual months, during 36 months of dazzling by the
sunlight of daylight are shown in Figures 3 and 4.

The course of the measured values on the light coordinate L*, the chromatic coordinates
of color a*, and the yellow color b* in Figures 3 and 4 during 36 months of dazzling is not
fluent. The fluctuations are attributed to the influence of the intensity of solar radiation
during the individual seasons, causing photolytic and photo-oxidative reactions of daylight
radiation with wood. Figures 5 and 6 show the magnitudes of changes in the average
values of ∆L*, ∆a*, ∆b* in individual seasons during the exposure.
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From the comparison of wood colors in Figure 2 and the values presented at the coordinates
L*, a*, b* of unsteamed and steamed beech wood during the exposure, Figures 3 and 4 show
that while the surface of the unsteamed beech wood darkened and browned, the brown-red
color on the steamed wood lightened.

The darkening and browning of unsteamed beech wood numerically documents the
shift of the brightness coordinate L* from the value L0* = 76.6 to L36* = 71.3, i.e., by the
value ∆L* = −5.3, and changes in chromatic coordinates: red color a* from a0* = 7.8 to
a36* = 12.2, i.e., by the value ∆a* = +4.4, and the yellow color b* from the value b0* = 19.8
to b36* = 26.8, i.e., by the value ∆b* = +10.0. The largest darkening of unsteamed beech
wood occurred during the first year of dazzling, when changes in the brightness coordinate
∆L* reached 76.9% of the total change in brightness of beech wood caused by daylight; in
the second year, it reached 16.8 and in the third year 6.3%. The browning of unsteamed
beech wood is described by changes in the chromatic coordinates: red a* and yellow b*.
The change in the red coordinate in the first year of exposure was 57.5% of the total change
∆a*, in the second year of dazzling 42.5% and in the third year oscillated around a* = 12.
In the yellow coordinate, the change ∆b* in the first year of dazzling was 57.7% of the total
value of the change in ∆b* beech wood, 38.7% in the second year and 3.6% in the third year.
The changes in the red a* and yellow b* coordinates of the color space CIE L*a*b* in the
third year, as the measurements show, are small, and, in addition, the different seasons are
contradictory, while in winter and spring, they show a decrease in values, so in summer, in
times of more intense sunlight, they grow. The darkening of wood due to solar radiation
is in line with the views of experts dealing with changes in the properties of wood due
to long-term exposure to sunlight, who state that the wood surface darkens and mostly
yellows and browns [2,3,8,19,20].

Steamed beech wood under the influence of sunlight for 36 months compared to
unsteamed wood showed the opposite character of the color change, where the surface
of the wood faded. Visually, this is documented in Figure 2, as well as the shift of the
brightness coordinate L* from the value L0* = 55.3 to L36* = 57.2, i.e., by the value ∆L* = +1.9,
on the red coordinate a* offset from a0* = 14.5 to a36* = 14.1, i.e., by the value ∆a* = −0.4, and
on the chromatic coordinate of yellow color b* from the value b0* = 19.8 to b36* = 25.5, i.e.,
by the value ∆b* = +5.7. On the basis of comparison of individual changes ∆L*, ∆a*, ∆b* on
the coordinates of the color space CIE L*a*b* of steamed beech wood caused by the action
of sunlight with changes ∆L*, ∆a*, ∆b* on the coordinates of the unmatched beech wood
caused by daylight, it can be stated that the values expressing the magnitude of changes in
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steamed beech wood are smaller. The magnitude of changes in the brightness coordinates
L* and yellow b*, similar to unsteamed beech wood, is largest in the first year of exposure.
The red coordinate changes of a* oscillated around the value of a* = 14.0. In winter, at
low sunlight intensity, the values on the red coordinate a* decreased, and from spring to
autumn, they increased at higher sunlight intensity. The rate of decline or the increase
in red coordinate values decreases over the years. Based on the above findings, it can be
stated that the functional groups of chromophores in beech wood with absorption of the
electromagnetic radiation spectrum with a 630–750 nm red wavelength causing reddening
of steamed beech wood were steamed and strongly eliminated for photochemical reactions
of wood caused by daylight.

The authors of [21,22] point out the effect of lightening the surface of steamed wood
under the action of UV radiation. In the work, a team of authors [21] report the lightening of
the surface color of steamed maple wood after its irradiation in Xenotest with a 450 xenon
lamp emitting UV radiation with a wavelength of 340 nm, 42 ± 2 W/m2 intensity, for 7 days.
The lightening of the red-brown color of steamed maple wood is declared by the increase in
the values on the brightness coordinate from L1* = 65.3 to the value of L2* = 70.7, i.e., by the
value ∆L* = +5.4, the increase in the value on the chromatic coordinate of the yellow color
from b1* = 19.4 to the value b2* = 28.9, i.e., by the value ∆b* = +9.3, with a slight change in the
red coordinate value from a1* = 10.8 to a2* = 10.3, i.e., by the value ∆a* = −0.5.

The influence of UV radiation on steamed acacia wood in [22] states that while the
surface of steamed acacia wood darkened slightly at the steaming temperature t = 100 ◦C,
the surface of acacia wood lightened at the steaming temperature t = 120 ◦C.

The authors [23] describe the positive effect of the steaming process on the decom-
position of functional groups of maple wood chromophores manifested by the darkening
and browning of maple wood and the elimination of photochemical reactions caused by
daylight. They point to the fact that the greater the darkening of the maple wood in the
steaming process, the smaller the color changes on the surface of the irradiated steamed
maple wood by UV radiation. This is declared by the decrease in the total color difference
from the value ∆E* = 18.5 for unsteamed maple wood to ∆E* = 7.2 and steamed maple
wood with saturated water steam with temperature t = 135 ◦C, as well as the results of
FTIR analyses.

The contribution of the influence of beech wood steaming on the color fastness and
resistance to the effects of sunlight declares a decrease in the value of the total color
difference ∆E* in Figure 7. While the change in the color of unsteamed beech wood caused
by solar radiation expressed by the value of the total color difference over 3 years is
∆E* = 15.7, the change in the total color difference of steamed beech wood in the same
period is ∆E* = 7.5, which is a decrease in color change by about 52.2%. This points to the
fact that beech wood steaming has a positive effect on changes in the chromophore system
of steamed beech wood and the partial resistance of steamed beech wood to the initiation
of photochemical reactions induced by daylight wavelengths.

Chemical changes on the surface of unsteamed and steamed beech wood before and
after solar irradiation were also monitored by ATR-FTIR spectroscopy. The FTIR spectra of
the examined samples in Figure 8 show the whole range of wavenumbers 4000 to 650 cm−1.
In Figure 9, only spectra in the range 1800 to 800 cm−1 are presented, where most of the specific
vibrations occurred.

During various thermal treatments of wood, the chemical composition changes in the
wood, which depends on the experimental treatment conditions, such as the temperature,
time and atmosphere used. However, many competitive reactions take place simultane-
ously, depending on experimental conditions. For these reasons, our results may differ
from those of other authors.
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The bands in the range of 3800 to 2750 cm−1 are assigned to hydroxyl and methyl/methylene
stretching vibrations [24]. In the FTIR spectra at 1730 cm−1 (assigned to unconjugated carbonyl
groups), the increase in absorbance, between the original beech wood before and after irradiation
and the steamed beech wood before and after irradiation, was due to an increase in carbonyl or
carboxyl groups in lignin or carbohydrates (Figure 9). At this observed band, the highest increase
in absorbance (by 34%) was recorded in the spectrum of the irradiated steamed beech wood
sample. The results of the FTIR analysis also suggest that the lignin macromolecule changes after
sun irradiation of the samples by reducing the absorption bands characteristic of lignin: 1594 cm−1

(belonging to aromatic skeletal vibration in lignin, and -C=O stretching [25]), 1506 cm−1 (C=C
stretching of the aromatic skeletal vibrations in lignin [26]), 1422 cm−1 (assigned to aromatic
skeletal vibrations combined with C-H deformation in carbohydrates [27]). The absorption band
at 1506 cm−1 almost disappeared with the irradiated steamed sample, and the reduction of the
band intensity was by more than 93% compared to the steamed sample. The reduction of band
intensity for lignin in wood samples after UV irradiation was also observed by the authors [28].
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In our research, we also recorded a decrease in absorbances at bands 1421 cm−1 (aromatic ring
vibration in lignin combined with C−H deformation in carbohydrates) and 1328 cm−1 (C-O
vibration in syringyl plus guaiacyl derivatives is characteristic for condensed structures in lignin)
when comparing unsteamed beech wood samples before and after irradiation, as well as steamed
wood and irradiated steamed beech wood. This decrease indicates cleavage of the methoxyl
groups during sunlight, leading to gradual demethoxylation. The reduction in the intensity of the
bands at 1124 cm−1 (C-H vibration of syringyl units in lignin) irradiated wood samples indicates
cleavage of the ether bond in the lignin structure.

The intensity of the band at 1370 cm−1 (C-H deformations in polysaccharides) is not
significantly affected by the treatment conditions of the wood samples, so this band was
used as a reference to determine lignin degradation. To compare the changes in chemical
composition on the surface of the wood samples used for the experiment, the ratios of
intensities 1506/1370, 1730/1370 and 1730/1506 were calculated (Table 3).

Table 3. Ratios of absorption bands for the beech wood.

Assignment Ratio of
Intensities Unsteamed Unsteamed +

Irradiated Steamed Steamed +
Irradiated

Nonconjugated
carbonyl/carbohydrates 1730/1370 2.04 2.72 2.49 3.19

Lignin/carbohydrates 1506/1370 1.03 0.08 0.43 0.03

Nonconjugated
carbonyl/lignin 1730/1506 1.98 33.40 5.78 119.00

The decrease in the 1506/1370 ratio of intensities in the wood samples after solar irradia-
tion demonstrates the decay of lignin, which occurs due to the interaction of radiation with
wood. The increase in unconjugated carbonyl groups (carbonyl-containing chromophores) due
to photo-oxidation is reflected in the increasing ratio of 1730/1370 (carbonyl/carbohydrates).
These results are consistent with published research by other authors [29–31]. The relative
increase in carbonyl groups in lignin or carbohydrates with the relative decrease in lignin
in parallel is reflected in an increase in the 1730/1506 ratio. The authors of [32] explained
the increase in this ratio by primarily lignin degradation and oxidation (photo-oxidation and
thermo-oxidation resulting in an increase in carbonyl groups).

The authors of [33] used FTIR analysis of chemical changes in beech and oak wood
after steaming and compression. Using FTIR, they observed changes in the hydroxyl
groups, as well as in the C-O and C-H functional groups in the polysaccharides and in
lignin on the surface of the samples. Other authors [34–38] state that the lightfastness of
various woody plants to a large extent mainly affects lignin and extractives.

4. Conclusions

This paper presents the results of the color change of the surface of unsteamed and
steamed beech wood with saturated water steam in a pressure autoclave, which was
exposed to daylight interior for 36 months. The results of analyses of the effect of solar
radiation on unsteamed and steamed beech wood showed:

1. The color surface of unsteamed beech wood changed under the influence of daylight
during the exposure. The wood darkened and browned into a brown-yellow color
shade. The opposite tendency, i.e., lightening, occurred during exposure on steamed
beech wood samples.

2. The measured changes in the values at the coordinates of the color space CIE L*a*b* caused
by solar radiation in unsteamed beech wood are: ∆L* = −5.3; ∆a* = +4.4; ∆b* = +10.0.
Changes were recorded also for steamed beech wood: ∆L* = +1.9; ∆a* = −0.4; ∆b* = 5.7.

3. The evaluation of the color change of beech wood in the form of the total color
difference ∆E* shows that the surface of steamed beech wood shows approximately
52.2% less color change than the total color difference of unsteamed beech wood.
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4. The decrease in the values of ∆L*, ∆a*, and ∆b* and the total color difference ∆E* of
steamed beech wood indicate a positive effect of steaming of wood on the partial
resistance of steamed beech wood to the initiation of photochemical reactions induced
by wavelengths daylight.

5. The lightfastness of wood is greatly affected by lignin. The main change in the ATR-
FTIR spectra is the decrease in lignin absorption bands in parallel with the increase in
unconjugated carbonyl absorption after irradiation of unsteamed and steamed beech
wood with daylight components. Photodegradation of irradiated unsteamed and
steamed wood was associated with a reduction in the ratio of lignin to carbohydrates
while at the same time increasing the ratio of unconjugated carbonyl to carbohydrates,
which may affect the partial resistance of steamed beech wood to daylight.

Author Contributions: Conceptualization, M.D.; methodology, M.D., L.D. and V.K.; software, M.D.
and V.K.; formal analysis, M.D., L.D. and V.K.; resources, M.D., L.D. and V.K.; data curation, M.D.,
L.D. and V.K.; writing—original draft preparation, M.D.; writing—review and editing, M.D., L.D.
and V.K.; visualization, M.D.; project administration, L.D. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by project APVV-17-0456 “Thermal modification of wood with
saturated water steam for purposeful and stable change of wood color”.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: This experimental research was carried out under the grant project APVV-17-
0456 “Thermal modification of wood with saturated water steam for purposeful and stable change of
wood color” as the result of the work of the author and the considerable assistance of the APVV agency.
This publication is the result of the project implementation: Progressive research of performance
properties of wood-based materials and products (LignoPro), ITMS: 313011T720 (25%) supported by
the Operational Programme Integrated Infrastructure (OPII) funded by the ERDF.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hon, D.S.N. Weathering and Photochemistry in Wood. In Wood and Cellulosic Chemistry, 2nd ed.; Hon, D.S.N., Shiraishi, N., Eds.;

Marcel Dekker: New York, NY, USA, 2001; pp. 513–546.
2. Reinprecht, L. Wood Protection; Technical University in Zvolen: Zvolen, Slovakia, 2008; 450p.
3. Baar, J.; Gryc, V. The analysis of tropical wood discoloration caused by simulated sunlight. Eur. J. Wood Wood Prod. 2011, 70,

263–269. [CrossRef]
4. Hrvol’, J.; Tomlain, J. Radiation in the Atmosphere, 1st ed.; Comenius University in Bratislava: Bratislava, Slovakia, 1997; 136p.
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Abstract: The wood of maple (Acer Pseudopatanus L.) was steamed with a saturated steam-air mixture
at a temperature of t = 95 ◦C or saturated steam at t = 115 ◦C and t = 135 ◦C, in order to give a pale
pink-brown, pale brown, and brown-red color. Subsequently, samples of unsteamed and steamed
maple wood were irradiated with a UV lamp in a Xenotest Q-SUN Xe-3-H after drying, in order to
test the color stability of steamed maple wood. The color change of the wood surface was evaluated
by means of measured values on the coordinates of the color space CIE L* a* b*. The results show that
the surface of unsteamed maple wood changes color markedly under the influence of UV radiation
than the surface of steamed maple wood. The greater the darkening and browning color of the maple
wood by steaming, the smaller the changes in the values at the coordinates L*, a*, b* of the steamed
maple wood caused by UV radiation. The positive effect of steaming on UV resistance is evidenced
by the decrease in the overall color difference ∆E*. While the value of the total color diffusion of
unsteamed maple wood induced by UV radiation is ∆E* = 18.5, for maple wood steamed with a
saturated steam-air mixture at temperature t = 95 ◦C the ∆E* decreases to 12.6, for steamed maple
wood with saturated water steam with temperature t = 115 ◦C the ∆E* decreases to 10.4, and for
saturated water steam with temperature t = 135 ◦C the ∆E* decreases to 7.2. Differential ATR-FTIR
spectra declare the effect of UV radiation on unsteamed and steamed maple wood and confirm the
higher color stability of steamed maple wood.

Keywords: maple wood; color difference; ATR-FTIR spectroscopy; steaming; saturated water steam

1. Introduction

The color of wood is a basic physical-optical property, which belongs to the group of
macroscopic features on the basis of which the wood of individual woody plants differs
visually. The color of the wood is formed by chromophores, i.e., functional groups of
the type: >C=O, –CH=CH–CH=CH–, –CH=CH–, aromatic nuclei found in the chemical
components of wood (lignin and extractive substances, such as dyes, tannins, resins, etc.),
which absorb some components of the electromagnetic radiation of daylight and thus create
the color of the wood surface perceived by human vision.

The color of wood changes in thermal processes, such as wood drying, wood steaming,
and thermo-wood production technologies. The wood darkens more or less and, depending
on the wood, acquires color shades of pink, red, and brown to dark brown-gray color [1–11].

Wood steaming is a physico-chemical process, in which wood placed in an environ-
ment of hot water, saturated water steam or saturated humid air is heated and changes its
physical, mechanical, and chemical properties. The action of heat initiates the chemical
reactions in wet wood, such as the extraction of water-soluble substances, degradation of
polysaccharides, cleavage of free radicals, and phenolic hydroxyl groups in lignin, resulting
in the formation of new chromophoric groups causing a change in the color of the wood.
These facts are used for the full-volume modification of wood color into non-traditional
color shades of wood of individual trees. Beech wood, depending on the length of the
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steaming time, acquires a pale pink to red-brown color shade [5,7,9,12–15]. Oak wood, as
reported by the works [11,16,17] and depending on the steaming conditions, achieves color
shades from a pale brown-yellow color to a dark dark-gray color. The light white-yellow
color of maple wood in the process of steaming the wood with saturated water steam
acquires shades of pale pink-brown to brown-red color [18,19].

The color of the wood also changes due to the long-term effects of sunlight on its
surface. The surface of the wood darkens and is mostly yellow and brown. This fact is also
referred to in the professional literature as natural aging [20–22].

Solar radiation falling on the wood surface is partly absorbed and partly reflected
from the surface. The absorbed spectrum of infrared electromagnetic radiation is con-
verted into heat. In addition, the photon flux of ultraviolet and part of the visible ra-
diation of wavelengths λ = 200–400 nm are the source of initiation of photolytic and
photooxidation reactions with lignin, polysaccharides, and accessory substances of wood.
Of the chemical components of wood, lignin is the most subject to photodegradation,
which captures 80–85% of UV radiation, while carbohydrates absorb 13–18% and 2% of
accessory substances [23]. These reactions cleave the lignin macromolecule with the si-
multaneous formation of phenolic hydroperoxides, free radicals, carbonyl and carboxyl
groups, and to a lesser extent depolymerize polysaccharides to polysaccharides with a
lower degree of polymerization to form carbonyl, carboxyl groups, and gaseous prod-
ucts (CO, CO2, H2). Although the photodegradation of natural wood is a widely studied
phenomenon [20,22,24–29], less attention has been paid to the issue of photodegradation
and color stability of steamed wood.

The aim of the work is to investigate the color fastness of maple wood obtained by
the process of steaming with a saturated steam-air mixture or with saturated water steam
through a simulated aging process-UV radiation in Xenotest Q-SUN Xe-3-H. The color
fastness of the wood is evaluated by changes in the coordinates L*, a*, b* of the color
space CIE L* a* b*, the total color difference ∆E*, and changes in the values of differential
absorbance Ad of selected bands in FTIR spectra.

2. Material and Methods
2.1. Material

The wet wood of maple blanks with the following dimensions: Thickness: h = 40 mm,
width w = 100 mm, length d = 750 mm, and moisture content wp = 57.8 ± 4.8%, was steamed
with a saturated steam-air mixture at a temperature of t = 95 ◦C or saturated steam at
t = 115 ◦C and t = 135 ◦C for τ = 9 h, in order to obtain a pale pink-brown, pale brown, and
brown-red color in a pressure autoclave: APDZ 240 in Sundermann s.r.o. (Banská Štiavnica,
Slovakia). The steamed and unsteamed maple wood blanks were subsequently dried to
a moisture content of w = 10 ± 0.5%. Samples measures with the following dimensions:
Thickness: h = 15 mm, width w = 50 mm, and length d = 100 mm, were made to test the
color fastness of the wood.

2.2. Color Measurement of Maple Wood

The color of steamed and unsteamed maple wood before and after irradiation was
measured in the color space CIE L*a*b*. To measure the color of maple wood, in the color
space CIE L*a*b*, the color reader CR-10 (Konica Minolta, Osaka, Japan) was measured. A
D65 light source was used and the diameter of the optical scanning aperture was 8 mm.

The color measurement was performed on a radial surface machined by planning. The
color coordinates of maple wood samples in the color space CIE L*a*b* before irradiation
are given in Table 1.
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Table 1. Coordinate values of color space CIE L*a*b* of native and thermally treated maple wood.

Maple Wood Wood Color
Color Coordinates in the Color Space CIE L*a*b*

L* a* b*

unsteamed maple wood pale white-yellow 84.2 ± 2.4 7.1 ± 1.5 15.6 ± 1.9
steamed at t = 95 ± 2.5 ◦C pale pink-brown 75.0 ± 1.8 10.3 ± 1.4 16.0 ± 1.6

steamed at t = 115 ± 2.5 ◦C light brown 69.7 ± 1.6 11.9 ± 1.4 16.4 ± 1.4
steamed at t = 135 ± 2.5 ◦C brown-red 61.1 ± 1.4 12.6 ± 1.3 16.9 ± 1.6

The total color difference ∆E* of the color change of the surface of the maple wood
samples under the influence of UV radiation is determined according to the following
equation ISO 11 664-4:

∆E∗ =
√(

L∗
298 − L∗

0
)2

+
(
a∗298 − a∗0

)2
+
(
b∗298 − b∗0

)2 (1)

where L*
0, a*

0, b*
0 are values on the coordinates of the color space of the surface of the dried

milled native and thermally treated maple wood before exposure.
L*

298, a*
298, b*

298 are values on the surface color coordinates of the dried milled native
and thermal treated maple wood during UV exposure.

2.3. Irradiation of Maple Wood in Xenon Test Chamber

In the Q-SUN Xe-3-H Xenon test chamber, Q-Lab Corporation, Westlake, OH, USA
(1800 W Xenon arc lamp-full spectrum, irradiation 0.35 W/m2-340 nm, black panel temper-
ature 63 ◦C), the samples were irradiated for τ = 298 h. During the exposure, the color of
the irradiated surface was measured regularly at τ = 24 h intervals.

2.4. Analysis of Changes in Lignin-Cellulose Matrix of Wood ATR-FTIR Spectroscopy

Infrared spectroscopy was used to monitor changes in maple wood components
induced by UV radiation in unsteamed and steamed wood. The FTIR surface analysis
of wood samples was performed on a Nicolet iS 10 FTIR spectrometer (Thermo Fisher
Scientific, Madison, WI, USA) using the attenuated total reflectance (ATR-FTIR) technique.
The measurements were performed on a diamond crystal in the range of 4000–650 cm−1.
For each sample, 64 scans were performed at a resolution of 4 cm−1. The obtained spectral
records were evaluated by the spectroscopic software OMNIC 8. The calculation of the
values of the differential absorbance Ad describes the relation:

Ad =

(
Ai − Are f

)

Are f
·100 (2)

where Ad is the differential absorbance, Ai is the absorbance at a given wavelength in the
spectrum of the irradiated sample, and Aref is the absorbance at a given wavelength in the
spectrum of the unirradiated sample.

3. Results and Discussion
3.1. Color Analysis

The color of unsteamed and steamed maple wood before and after UV irradiation
in the Q-SUN Xe-3-H test chamber (Q-Lab Corporation, Westlake, OH, USA) is shown in
Figure 1.

According to the visual evaluation of the color of maple wood before and after the UV
radiation, it can be stated that while the light white-yellow color of untreated maple wood
darkens and acquires a yellow-red-brown color shade due to photodegradation reactions
induced by UV radiation, which is the pale pink-brown of court wood treated with a
steam-air mixture with a temperature of t = 95 ◦C, it darkened slightly with UV radiation
and took on a pale brown-yellow color shade. The brown-red color of steamed maple wood
obtained by steaming with saturated steam with a temperature of t = 135 ◦C lightened.
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Figure 1. View of maple wood before and after UV irradiation: Native; steamed at t = 95 ◦C; steamed
at t = 115 ◦C; steamed at t = 135 ◦C.

The course of color changes of unsteamed and steamed maple wood in the color space
CIE L*a*b* under the influence of UV radiation in Xenotest Q-SUN Xe-3-H for 298 h, are
shown in Figures 2–4.
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Based on the experimentally determined values of color changes on the luminance
coordinate L*, which are the chromaticity coordinates red a* and yellow color b* of maple
wood samples induced by photodegradation reactions of individual maple wood com-
ponents with UV radiation in Xenotest Q-SUN Xe-3-H, it can be stated that significant
changes in the color of the wood occur in the first 72 h of UV radiation. The greater the
darkening and browning color of the maple wood by steaming, the smaller the changes in
the values at the coordinates L*, a*, b* of the steamed maple wood caused by UV radiation.
The greater the darkening and browning color of the maple wood by steaming, the smaller
the changes in the values at the coordinates L*, a*, b* of the steamed maple wood caused by
UV radiation. The change of color of unsteamed maple wood is greater than the steamed
maple wood. Numerically, this is documented by the shifts on the individual coordinates
of the color space CIE L*a*b* of the analyzed maple wood samples before and after UV
irradiation, as shown in Table 2.
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Table 2. Sizes of changes in ∆L*, ∆a*, ∆b* values in the CIE L*a*b* color space of unsteamed and
steamed maple wood before and after UV irradiation in the Q-SUN Xe-3-H test chamber.

Maple Wood
Color Coordinates of Samples in the CIE L*a*b* Sample Area before and after UV Irradiation in

the Q-SUN Xe-3-H Test Chamber

L0
* L298

* ∆L* a0
* a298

* ∆a* b0
* b289

* ∆b*

unsteamed maple wood 84.2 71.9 −12.3 7.0 12.5 +5.8 15.6 28.3 +12.7
steamed at t = 95 ± 2.5 ◦C 75.0 69.8 −5.2 10.3 12.5 +2.1 16.0 27.5 +11.5
steamed at t = 115 ± 2.5 ◦C 69.7 69.3 −0.4 11.9 12.5 +0.6 16.4 26.8 +10.4
steamed at t = 135 ± 2.5 ◦C 61.1 63.9 +2.8 12.6 12.3 −0.3 16.9 23.5 +6.6

The degree of darkening and browning of the unmapped maple during 298 h of
UV irradiation in the CIE L*a*b* color space is declared by a decrease in the luminance
coordinate by ∆L* = −12.3 and an increase in points in the red chromatic coordinate by
∆a* = +5.8 a on the yellow coordinate b* by the value ∆b* = +12.7. The above findings on
darkening of wood due to UV radiation are in accordance with the opinions of experts
dealing with changes in the properties of wood due to solar radiation, respectively UV
radiation is shown in [20,22,24,25,29–31].

The differences in the color of steamed maple wood before and after UV irradiation on
the light coordinate L* and the chromaticity coordinate of red a* and yellow b* are smaller
compared to the changes of unsteamed maple wood.

While the darkness of the thermal treated maple wood with the steam-air mixture
with the temperature t = 95 ◦C due to UV radiation increased, the darkness of the maple
wood treated with the saturated steam increased by decreasing the values from L0

* = 75
to L298

* = 69.8, i.e., ∆L* = −5.2 temperature t = 115 ◦C did not change due to UV radiation
and the brightness of steamed maple wood with saturated water steam with temperature
t = 135 ◦C increased from L0

* = 61.1 to L298
* = 63.9, i.e., the value of ∆L* = +2.8. The decrease

in the darkening of maple wood steamed at higher steaming temperatures due to UV
radiation or to achieving the opposite effect—lightening the surface of steamed maple
wood with saturated steam with temperature t = 135 ◦C indicates changes in the chromatic
system caused by steaming, which affects the photochemical reactions of UV radiation
with functional groups of the chromophore system of steamed maple wood. The work
of [32,33] also points that steamed wood, unlike unsteamed wood, is more or less resistant
to UV radiation.

The effect of fading of the red-brown color of the beech wood surface is achieved by
steaming with a saturated steam with temperature t = 120 ± 2 ◦C after UV irradiation in
the Xenotest 450 Xenon lamp. This emits UV radiation with a wavelength of 340 nm and
an intensity of 42 ± 2 W/m2 for 7 days, as stated in the work of [32].

In [33], the effect of UV radiation on steamed agate wood states that while the surface
of steamed agate wood darkened slightly at a steaming temperature t = 100 ◦C, the surface
of agate wood brightened at a steaming temperature t = 120 ◦C.

The positive effect of maple wood steaming on the resistance to the effects of UV
radiation is declared by the decrease in values ∆a* and ∆b* on the chromatic coordinates
given in Table 2. The pale pink-brown color obtained by steaming with a steam-air mixture
with temperature t = 95 ◦C by absorbing UV radiation increased on the red coordinate by
a* = +2.1. In addition, the pale-brown color of steamed maple wood formed by steaming
with saturated steam with temperature t = 115 ◦C due to UV radiation increased by the
value ∆a* = +0.6. Moreover, the effect of UV radiation on the surface of steamed maple
wood steamed with saturated steam with a temperature of t = 135 ◦C was manifested
by a decrease in the value on the red coordinate from a0

* = 12.6 to a298
* = 12.3, i.e., value

∆a* = −0.3. Similarly, at the yellow coordinate there are decreases in ∆b* values caused
by UV radiation on steamed maple wood. The value of the change ∆b* on the yellow
coordinate induced by UV radiation on the surface of maple wood steamed with a steam
mixture with temperature t = 95 ◦C is ∆b* = +11.5. In addition, maple wood steamed with
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saturated water steam with temperature t = 115 ◦C is ∆b* = +10.4 and saturated water steam
with temperature t = 135 ◦C is ∆b* = +6.6. Based on the above findings, it can be stated that
the functional groups of the maple wood chromophoric system absorbing electromagnetic
radiation spectra with a wavelength of red 630–750 nm and a wavelength of 570–590 nm of
yellow color were significantly eliminated for photochemical reactions of wood induced by
UV radiation for the red color and to a lesser extent for the yellow color.

The changes in the values at the individual coordinates of the color space CIE L*a*b*
induced on the surface of unsteamed and steamed maple wood by UV radiation in Xenotest
450 are reflected in the quantification of the color change of the maple wood surface
expressed by the total color difference ∆E*. The influence of UV radiation on the magnitude
of color changes of the analyzed maple wood samples in the form of the total color difference
∆E* is shown in Figure 5.
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The lower values of the total color difference ∆E* of steamed maple wood indicate
the benefit of steaming on the resistance of steamed maple wood to UV radiation causing
the color change in the process of natural aging. While the color change of unsteamed
maple wood caused by UV radiation reaches the value ∆E* = 18.5, for steamed maple wood
steamed with temperature t = 95 ◦C it is ∆E* = 12.6, which is a decrease of 31.8% compared
to the total color difference of unsteamed maple wood, for steamed maple wood with
saturated steam with temperature t = 115 ◦C is ∆E* = 10.4, which is a decrease of 43.8%,
and for steamed maple wood steamed with saturated steam with temperature t = 135 ◦C is
∆E* = 7.2, which is a decrease of 61.1%.

3.2. ATR-FTIR Spectroscopy Analysis

The color changes of maple wood samples caused by photodegradation reactions
initiated by UV radiation are also documented by FTIR analyses of the surface of unsteamed
and steamed maple wood after UV radiation in Figure 6 and Table 3.

The results of FTIR analysis indicate the formation of new carbonyl C=O groups in
the spectra of the samples manifested by an increase in the intensity of the absorption band
at a maximum of 1720 cm−1. In this section, an overlap of several absorption bands can
be observed, which is a manifestation of vibrations of conjugated and unconjugated C=O
bonds, as well as carboxyl groups. These can come not only from the main constituents
of wood (lignin, cellulose, hemicelluloses), but also from extractives [33]. We recorded
the most significant increase in the intensity of the C=O group bands in the spectrum of
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the irradiated native sample, by more than 57%. In the case of irradiated steamed wood
samples, this increase ranges from 16 to 21%.
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Table 3. Values of differential absorbances of selected absorption bands expressing the influence of
UV radiation on unsteamed and steamed maple wood.

Maple Wood Samples Ad (1720) (%) Ad (1504) (%) Ad (1235) (%)

unsteamed maple wood 157.23 −96.02 −25.30
steamed at t = 95 ± 2.5 ◦C 116.80 −96.24 −31.56

steamed at t = 115 ± 2.5 ◦C 121.43 −97.37 −35.04
steamed at t = 135 ± 2.5 ◦C 118.23 −100.00 −31.69

The performed FTIR analyses also indicate a significant degradation of the lignin
macromolecule due to UV radiation. After irradiating the steamed wood sample at 135 ◦C,
we recorded a complete loss of the absorption band at wavenumber 1504 cm−1, in order
to be able to speak of complete degradation of lignin in the surface layer of the samples.
After irradiation of the samples steamed at 95 and 115 ◦C, the intensity of the said charac-
teristic lignin absorption band decreased by 96.24% or 97.37%. The reduction can also be
observed by comparing the intensities of other absorption bands characteristic for lignin, at
wavenumber 1593, 1462, 1422, 1225, and 830 cm−1. However, it should be noted that at
1462 and 1225 cm−1, not only vibrations of lignin, but also hemicelluloses, occur.

Several studies have confirmed that lignin is the most sensitive to UV radiation among
all of the wood components [24,29,34,35]. By absorbing energy, the bonds are cleaved
and new functional groups (carbonyl and carboxyl) are formed, as well as radicals, which
further induce lignin depolymerization and condensation reactions. Aromatic phenoxyl
radicals react with oxygen to form unsaturated carbonyl compounds (quinones), which
contribute to the color changes of wood [25,36].

Based on the decrease in the intensities of the absorption bands at the wavenumber
1328 and 1126 cm−1, we can state that in addition to lignin, polysaccharide degradation
also occurs. While the first band corresponds to the vibrations of cellulose macromolecule,
the second band belongs to the symmetric valence vibrations of the ether bond and the
glucose ring [33,37].

Since the formation of new C=O bonds is considered to be the main cause of wood
color changes during its exposure to UV radiation, the results of FTIR analysis confirm the
positive effect of thermal steaming of wood on its color stability.
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4. Conclusions

The surface color of unsteamed maple wood changes more markedly than the surface
color of steamed maple wood due to UV radiation. The more pronounced the darkening
and browning color of the steamed maple wood, the smaller the UV-induced changes
in the color of the steamed maple wood. This is evidenced by the degree of darkening
of the surface of unsteamed and steamed maple wood at t = 95 ◦C and t = 125 ◦C after
UV irradiation by decreasing values on the luminance coordinate L*, as well as the rate
of decrease of ∆a*, ∆b* values on chromatic coordinates. The decrease in ∆a* and ∆b*
values on the chromatic coordinates indicates that the functional groups of the maple wood
chromophore system absorbing electromagnetic radiation spectra with a wavelength of
red of 630–750 nm and a wavelength of 570–590 nm were eliminated to a lesser extent by
steaming for photochemical reactions of wood caused by UV radiation.

The positive effect of maple wood steaming on the limiting effect of initiating photo
degradation reactions induced by UV radiation on the surface of steamed maple wood is
evidenced by the decrease in the overall color difference ∆E*. While the change in color of
unsteamed maple wood caused by UV radiation expressed by the total color difference is
∆E* = 18.5, for steamed maple wood the stated changes in color difference values depending
on the steaming temperature decrease from ∆E* = 12.6 to ∆E* = 7.2, which is a decrease
from 31.8 to 61.1%.

This is confirmed by the results of FTIR analyses. While in the case of unsteamed
wood we recorded an increase in the intensity of absorption bands of chromophoric C=O
groups due to UV radiation by more than 57%, in the case of steamed wood samples this
increase is lower and ranges from 16 to 21%.
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Abstract: The protection of wood in marine environments is a major challenge due to the high
sensitivity of wood to both water and marine microorganisms. Besides, the environmental regulations
are pushing the industry to develop novel effective and environmentally friendly treatments to
protect wood in marine environments. The present study focused on the development of a new green
methodology based on the laccase-assisted grafting of lauryl gallate (LG) onto wood to improve its
marine antifouling properties. Initially, the enzymatic treatment conditions (laccase dose, time of
reaction, LG concentration) and the effect of the wood specie (beech, pine, and eucalyptus) were
assessed by water contact angle (WCA) measurements. The surface properties of the enzymatically
modified wood veneers were assessed by X-ray photoelectron spectroscopy (XPS), Fourier transform-
infrared spectroscopy (FTIR). Antifouling properties of the functionalized wood veneers against
marine bacterium Cobetia marina were studied by scanning electron microscopy (SEM) and protein
measurements. XPS and FTIR analysis suggested the stable grafting of LG onto the surface of wood
veneers after laccase-assisted treatment. WCA measurements showed that the hydrophobicity of the
wood veneers significantly increased after the enzymatic treatment. Protein measurements and SEM
pictures showed that enzymatically-hydrophobized wood veneers modified the pattern of bacterial
attachment and remarkably reduced the bacterium colonization. Thus, the results observed in the
present study confirmed the potential efficiency of laccase-assisted treatments to improve the marine
antifouling properties of wood.

Keywords: laccase; lauryl gallate; wood; Cobetia marina; antifouling

1. Introduction

Wood is a renewable, cheap, and biodegradable bioresource with interesting me-
chanical properties which make it a competitive material in construction applications. In
marine environments, wood is used as a raw material for the construction of waterfront
structures, e.g., groynes, jetties, dolphins [1] and classic boats. Besides, wood is used
in marine platforms for the aquaculture of mollusks and crustaceous species. However,
wood is highly hydrophilic and very sensitive to the attack of biological organisms [2].
These characteristics are a major challenge in marine environments, due to the regular wet
conditions and the great number of living organisms in seawater. Under these conditions,
all the immersed surfaces are rapidly colonized by different microorganisms leading to
the formation of a biofilm, but also larger organisms could colonize the substrata after the
biofilm formation. This phenomenon is commonly known as marine biofouling [3].

The biofilm formation starts with the adsorption of free organic material onto the
surface of the substrata [3]. Then, bacteria and other microorganisms (e.g., diatoms, pro-
tozoa) are the first living organisms in colonizing the substrata [4]. Bacteria have the
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capacity to secrete extracellular polymeric substances (EPS) which are mainly composed
of carbohydrates and proteins [5], forming a 3D structure of bacterial aggregates which
facilitates their adhesion onto the substrata [6]. Such biofilm may change the physicochem-
ical properties of the substrata, influencing the future adhesion of larger fouling organisms
(e.g., barnacles, mollusks) [7]. A wide variety of paints and coatings have been used to
limit the marine biofouling. Most of them involved the use of heavy metals (e.g., copper,
zinc) or organic compounds that are toxic for fouling organisms, but also for non-target
organisms such as algae, mollusks, crustaceans and fishes and they could be introduced
in the food chain [8]. One of the most extended antifouling chemicals used in paints
(tributyltin) was banned years ago and other hazardous treatments should be avoided to
protect the marine ecosystems. Environmental factors and physicochemical properties of
surfaces are the two main parameters which may favor or hinder the biofilm formation [9].
Since environmental factors are not controllable, the modification of the physicochemical
properties of the substrata may disturb the pattern of bacterial colonization, minimizing the
subsequent adhesion of marine fouling organisms. Based on such a mechanism, different
non-biocide antifouling treatments have been proposed in the last decade [7,10]; most of
them aim to interfere with the adhesion of marine microorganisms adjusting the surface
free energy of the substrata between a specific range [11], which is usually controlled with
hydrophobic compounds e.g., fluorinated polymers or silicones [12].

Another important issue regarding the protection of wood in marine environments
is the leaching of the antifouling coatings and paints, since this release results in water
pollution but also in the requirement of a new antifouling treatment. Covalent grafting of
antifouling compounds onto surfaces could significantly reduce or avoid their leaching,
providing stable protection against fouling organisms. Regarding wood as a material,
a sustainable alternative to conventional chemical and thermal treatments is the use of
laccase, which enable the stable grafting of several chemical compounds. Such lignolytic
enzyme can oxidize phenolic and amine groups of a target compound [13,14], leading
to the formation of radicals that may link to the aromatic structure of woody lignin by
radical polymerization. By this mechanism, laccase could be used for functionalization
of lignocellulosic materials or their components, mainly lignin. It is worth noting that
laccase-assisted reactions are performed in mild conditions, minimizing the energy re-
quirements. Thus, the physicochemical properties of wood can be tailored by means of an
environmentally-friendly pathway. Enzymatic hydrophobization of wood veneers was
successfully performed with different chemical compounds such as alkylamines [15] and
fluorophenols [16]. Alkyl gallates are laccase-specific substrates with an aliphatic chain at
the para-position that could provide stable hydrophobic properties if grafted onto wood.
In fact, these compounds have been enzymatically grafted on different lignocellulosic
substrates for such purpose [17,18], but also for providing antibacterial properties [19]
since the aliphatic tail also presents this characteristic.

Therefore, the reaction conditions namely lauryl gallate (LG) concentration, laccase
dose and time of reaction for the enzymatic hydrophobization of wood veneers were
assessed in the present study. Water contact angle (WCA) measurements were carried out
for the assessment of the wettability of the enzymatically-hydrophobized wood veneers.
In addition, the surface of the hydrophobized wood samples was characterized by X-ray
photoelectron spectroscopy (XPS) and Fourier transform infrared spectroscopy (FTIR).
Finally, the potential antifouling properties of the enzymatically-hydrophobized wood
veneers were studied against the marine bacterium Cobetia marina by means of protein
measurements and scanning electron microscopy (SEM), in order to assess the capability of
hydrophobic functionalization of wood as a new antifouling strategy for such material.

2. Materials and Methods
2.1. Materials

Beech (Fagus sylvatica), eucalyptus (Eucalyptus globulus) and pine (Pinus pinaster) wood
veneers were supplied by Foresa (Caldas de Reis, Spain). Beech and eucalyptus veneers

168



Polymers 2021, 13, 3795

were vaporized before supplying. These wood species were selected because of their
importance regarding production and commercial interest in Galicia (NW of Spain).

Commercial laccase from Myceliophthora thermophila (NS51003) was provided by
Novozymes (Bagsværd, Denmark). The activity of the enzyme was calculated by the
2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) oxidation assay. One unit
of activity is defined as the amount of enzyme that oxidizes 1 µmol of ABTS per minute
at 25 ◦C and pH 7 in a 0.1 M phosphate buffer.

Cobetia marina (CECT4278) bacterium was purchased from the Colección Española de
Cultivos Tipo—CECT (Valencia, Spain).

Bradford reactive was provided by Bio-Rad (Hercules, CA, USA).
All the other chemical reagents were acquired from Sigma-Aldrich (St. Louis, MO, USA)

at reagent grade and used without any kind of purification.

2.2. Enzymatic Hydrophobization of Wood Veneers

Wood veneers from beech, pine or eucalyptus were cut in square plugs (50 × 50 mm),
washed with distilled water at 50 ◦C for 30 min and oven-dried at 50 ◦C for 4 h. Each
wood sample was then immersed in 58 mL of a phosphate buffer (pH 7, 0.1 M): ace-
tone solution (60:40, v/v) at 50 ◦C. An experimental design was performed for assessing
the treatment conditions which could provide the highest hydrophobic properties to
wood veneers. Three levels of each of the selected parameters were chosen: laccase dose
(3.36, 5.00 and 6.72 U/cm2 of wood), LG concentration (2.5, 5 and 10 mM) and treat-
ment time (1, 2 and 4 h). All the possible combinations of such parameters were assayed
(Table S1). The enzymatically treated samples were then dried at a room temperature
(18–20 ◦C) for 12 h and washed with an aqueous solution of acetone (50:50, v/v) at 50 ◦C
for 1 h. Finally, the samples were washed with distilled water three times and oven-dried
at 50 ◦C for 4 h. Control treatments without adding laccase and/or LG were performed in
parallel. All the experiments were performed in triplicate.

2.3. Water Contact Angle Measurements

The hydrophobization of wood veneers was assessed by water contact angle (WCA)
measurements. A goniometer MobileDrop GH11 (Krüss GmbH, Hamburg, Germany) was
used to measure the contact angle of one drop of distilled water on the surface of wood
veneers. DSA2 software (Krüss GmbH) was utilized to analyze the drop shape. WCA
measurements were performed after water drop deposition with intervals of 30 s for 5 min.
A minimum of two points per each side of the wood veneers were measured.

2.4. X-ray Photoelectron Spectroscopy (XPS)

The surface of wood veneers was analyzed by X-ray photoelectron spectroscopy
(XPS). The analyses were performed in a Thermo Scientific K-Alpha device using a
monochromized Al-K-α-X-ray source (1486.6 eV). As the samples were not conductive,
an electron flood gun was used to minimize surface changing. A constant analyzed en-
ergy mode (CAE) with 100 eV pass energy for survey spectra was used to perform the
measurements. Neutralization of the surface charge was implemented with a low-energy
flood gun (electrons in the range 0–14 eV) and a low-energy Ar ions gun. Binding energy
was adjusted using C1 (BE 284.6 eV). The elemental composition of the surface of wood
samples was defined plotting on the standard Scofield photoemission cross-sections. The
O/C ratio was calculated by means of the survey spectra collected (from 0 to 1350 eV)
which showed the components C1s and O1s.

2.5. Fourier Transform Infrared Spectroscopy (FTIR)

The surface of wood pieces was also studied with a 4100 Fourier transform infrared
spectrometer (Jasco), equipped with an attenuated total reflectance (ATR) device. A total of
32 scans were picked between 600 and 4000 cm−1 with a resolution of 4 cm−1. The spectra
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were scale normalized and analyzed with OMNIC Suite software v 7.3 (Thermo Scientific,
Waltham, MA, USA).

2.6. Stock Bacteria and Culture Conditions

Marine broth (5 g of bacteriological peptone, 3 g of yeast extract, 750 mL filtered
marine water, 250 mL distilled water and pH adjusted to 7.4) was used as culture media in
all assays.

Cobetia marina CECT4278 was provided lyophilized. It was resuspended in marine
broth, which was then used for the inoculation of two flasks with 50 mL of fresh marine
broth. Such culture media was incubated in an orbital shaker at 100 rpm and 27 ◦C for 24 h.
Optical density (OD) was measured with Unicam Helios Beta spectrophotometer (Thermo
Fisher Scientific) at 600 nm. When the value of OD was 1.0, 1.5 mL of bacterial culture
medium was used to inoculate fresh culture media (3% of inoculum, v/v), in duplicate.
After 24 h of incubation in an orbital shaker at 100 rpm and 27 ◦C, the culture medium was
centrifuged (10,000 rpm) and stored as stock culture in aliquots of 3 mL with glycerol (30%)
at −20 ◦C.

Working cultures were prepared in the same way, using stock cultures as inocu-
lum but discarding the supernatant, suspending the pellet with 1.5 mL of culture media;
then 750 µL of this suspension was used for inoculating 50 mL of culture media (3% of
inoculum, v/v).

2.7. Biofilm Assay

Pine wood samples were hydrophobized according to the results obtained from the
study of the treatment conditions. After the enzymatic treatment, the veneers were cut
in square plugs (25 × 25 mm), dried at 50 ◦C for 24 h. Finally, the pine veneers were
autoclaved at 121 ◦C for 20 min.

For the biofilm assay, each hydrophobized pine veneer was submerged in working
cultures (50 mL of marine broth inoculated with C. marina 3% (v/v)). The flask was
incubated in an agitator with orbital shaker at 100 rpm and 27 ◦C for 5 days. The colonized
pine veneers were gently washed with distilled water to remove unattached bacteria from
their surface. Control tests using untreated pine veneers and, also control test without
C. marina were performed. Six replicas of biofilm colonization were carried out for each
experiment.

2.8. Bacterial Surface Hydrophobicity

Surface hydrophobicity of C. marina was measured by means of the microbial ad-
hesion to hydrocarbons (MATH) method. The test was performed according to Warne
Zoueki et al. [20], who adapted the method previously proposed by Rosenberg et al. [21].
Firstly, 50 mL of marine broth were inoculated (3% (v/v) C. marina) and incubated for 24 h.
Such culture was then centrifuged (8000 rpm) at 4 ◦C for 20 min into a Falcon tube. The
supernatant was discarded, and the recovered biomass was suspended with KCl solution
(150 mM, pH 7). Centrifugation and supernatant removal steps were performed twice.
Then, the biomass was suspended with KCl solution (150 mM, pH 7) and diluted with the
same solution in order to obtain an absorbance of 1.0 at 600 nm (ABSi). After that, in our
experiment, 5 mL of the diluted bacterial solution were mixed with 300 µL of dodecane in
an acid washed Pyrex glass tube. Subsequently, the mixture was stirred for 10 min at 27 ◦C
and left for 15 min to separate the aqueous phase from the organic phase. The aqueous
phase was recovered, and its absorbance was measured at 600 nm (ABSf). The partition
coefficient (P) was calculated as follows:

P = 1 − (ABSf/ABSi) (1)

2.9. Protein Measurement

Each colonized pine veneer was immersed in 15 mL of distilled water in a 50 mL
centrifuge tube. The tube content was then sonicated with a HD 2070 Sonoplus sonicator
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(Bandelin GmbH, Berlin, Germany) for 10 min (power 65%, cycle 70%) divided in two
equal intervals of 5 min, with a pause of 2 min. After sonication, the wood samples were
removed, and the aqueous solution was centrifuged at 7500 rpm for 40 min. Finally, the
protein amount of the supernatant was measured using the Bradford’s method, with
slight modifications: 800 µL of the supernatant were mixed with 200 µL of Bradford’s
concentrated reagent and stirred with a vortex device; the mixture was left for 20 min
and its absorbance was measured at 595 nm. A standard curve (5–25 mg protein/L) for
protein quantification was performed using bovine serum albumin. Protein measurements
of bacteria biomass on the wood veneers were performed after one, three and five days of
incubation of C. marina.

2.10. SEM Analysis

Colonized pine veneers were introduced into plastic tubes with 2% of glutaraldehyde
in cacodylate buffer (0.1 M, pH 7.4) and left at 4 ◦C for 2 h. Part of the solution was
discarded avoiding the contact of the samples with atmospheric air and sodium phosphate
buffer was added and the samples left for 30 min. Such a step was performed twice.
Dehydration was performed with graded ethanol series, graded ethanol:amyl acetate
substitution series and CO2 critical point drying (73 atm, 31.3 ◦C). Then, the samples
were coated with a layer of gold (thickness: 10–20 nm) (K550X Sputter Coater, Emitech,
Ashford, UK). A Philips XL30 (SEMTech Solutions, Billerica, MA, USA) scanning electron
microscope (SEM) was used to perform the SEM analysis. The applied acceleration voltage
was 12kW and the magnifications were 100×, 200×, 500×, 1000×, 1500× and 2500×.

3. Results and Discussion
3.1. Enzymatic Hydrophobization

Nowadays, acetylation is the only processes available at industrial scale for the man-
ufacturing of hydrophobic wood. However, acetylation is a high-cost process with a
relatively high environmental impact. Hence, the wood industry needs to develop new sus-
tainable routes for the manufacturing of hydrophobic wood. In this sense, laccase-assisted
hydrophobization is a promising pathway to achieve an efficient hydrophobization of
wood with a low environmental impact but also a competitive production cost.

Several parameters of laccase-mediated hydrophobization of beech veneers, namely
laccase dose, LG concentration ([LG]) and time of reaction, were assessed to optimize the
enzymatic hydrophobization process on beech veneers. The hydrophobicity of the treated
beech veneers is showed as a function of the water contact angle (WCA).

It was expected that long reaction time combined with high [LG] improved the
hydrophobicity of the beech veneers. Nevertheless, long reaction times (higher than 3 h)
did not improve the surface hydrophobicity of the wood veneers. In fact, the time of
reaction necessary to achieve the highest WCA on the surface of beech veneers was between
2–3 h for the different [LG] and laccase doses studied (Figure 1). It is worth to mention that
besides the grafting of LG onto the surface of beech veneers, self-polymerization of LG
monomers could be expected leading to the formation of oligomers [22]. In fact, several
authors have already reported the laccase-catalyzed polymerization of phenolic compounds
such as epigallocatechin [23], lignin model compounds [24], or condensed tannins [25].
Hence, stable LG adsorption without correct orientation and/or grafting/adsorption of LG
oligomers without proper orientation after the grafting of LG monomers could explain the
lower hydrophobicity obtained after 3 h of treatment. These results allow us to set 2 h as
optimum time of treatment to achieve the highest enzymatic hydrophobization of beech
veneers. The [LG] that yielded the highest WCA was in the range of 5–6 mM. Moreover,
[LG] higher than 6 mM reduced the hydrophobicity of the wood samples. It is likely that
a [LG] higher than 5 mM favored the grafting of LG oligomers which apparently did not
provide high a hydrophobization of the wood veneers. Therefore, the optimum [LG] was
set at 5 mM.
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Regarding the laccase dose, the results observed suggest that the higher the laccase
dose the higher the WCA of the enzymatically treated beech veneers. The oxidation of
the phenolic moieties of lignin present in the beech veneers enables the stable grafting
of LG. Hence, the higher the laccase dose the higher the lignin oxidation and, therefore,
a higher grafting of LG could be achieved. A medium laccase dose (5 U/cm2 of wood)
was set as the optimum value considering the small differences in the WCA in the tested
range. Thus, the experimental design permitted to identify the conditions to improve the
hydrophobicity of treated beech veneers while minimizing the requirements of energy and
both chemical and enzymatic reagents.

The WCA of the beech veneers treated with laccase and LG was compared with those
samples treated only with laccase or LG. As noted in Figure 2, veneers treated with both
laccase and LG showed a stable WCA and always higher than 125◦, after 5 min of water
drop deposition. In addition, samples treated only with laccase showed a remarkable
hydrophobicity, but much lower than those samples treated with both laccase and LG.
Probably, laccase oxidized the hydroxyl groups of lignin’s phenolic structures [26], leading
to the formation of oxidized functionalities which, apparently, increased the hydrophobicity
of lignin. Samples treated with LG alone showed a WCA similar to the observed on the
untreated beech veneers. Thus, the activity of laccase was necessary to achieve a stable
grafting of LG onto wood veneers surface.

Regarding the different wood species tested (beech, pine, and eucalyptus), enzymati-
cally treated beech veneers showed a WCA slightly higher than pine and a much higher
hydrophobicity than eucalyptus veneers (Figure 3). Nonetheless, the highest change in
hydrophobicity was achieved in the enzymatically hydrophobized pine veneers, since their
WCA, after 5 min of drop deposition, was about 120◦ whereas untreated pine veneers had
already absorbed the water droplet. Enzymatically hydrophobized beech veneers showed
a WCA around 70% higher than untreated samples and such gap was much lower (20%) for
eucalyptus wood veneers. It is worth mentioning that LG was expected to be enzymatically
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grafted on lignin moieties and both eucalyptus and beech are hardwood species with a
similar lignin content (≈25%). Lignin biopolymer is composed of phenylpropane units
(C6–C3) which differ one each other in their methoxy substitutions on the aromatic ring,
e.g., guaiacyl (G), syringyl (S) and p-hydroxyphenyl (H). The S/G ratio in eucalyptus wood
is proximately to 6.25 which is much higher than the S/G ratio in beech wood, 0.71 [27,28].
In addition, the lignin of pine has a clear predomination of G units [29,30]. Thus, these
results obtained with the WCA measurements suggest that the laccase-assisted grafting of
LG was more efficient in wood species in which there is a relative low amount of S units.
G units present higher tendency to addition reaction in comparison with S units, due to the
lower content of methoxy groups in ortho-position. Otherwise, the radicals produced by
laccase in S units should be more stable than those produced in G units, since S units have
two electro-donating groups (methoxy) in ortho-position instead one methoxy group which
possess G units [31]. This extra methoxy group of S units seems to have a remarkable effect
in the laccase-mediated polymerization of technical lignins [32]. However, our results
suggest that the free ortho-position in G units apparently favored the laccase-mediated
grafting of LG.
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Figure 2. Water contact angle of beech wood veneers. Untreated (UW); treated with lauryl gallate
(LG); laccase (L); and laccase and lauryl gallate (L + LG).
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3.2. XPS Study

X-ray photoelectron spectroscopy (XPS) analysis was performed to obtain a bet-
ter knowledge of the surface chemistry of the enzymatically hydrophobized beech ve-
neers. Such technique has been previously used to study the surface chemistry of sev-
eral wood species [33,34], pulp and paper [35,36], cellulose nanocrystals [37,38] and
biocomposites [39,40]. Nevertheless, XPS analysis of some lignocellulosic species,
e.g., softwood must be carefully conducted due to the migration of lipophilic extractives to
the surface of the material which could be induced by the vacuum conditions necessary
to perform the analysis [41]. XPS analysis of beech wood samples provided the elemental
composition e.g., carbon (C1s), oxygen (O1s) and nitrogen (N1s), but also the functional
groups which are present in the surface of the wood veneers. Thus, the results obtained
were a powerful tool to study the changes induced by the laccase-assisted grafting of LG
onto beech veneers.

The elemental composition results confirmed that beech samples treated enzymatically
with LG showed a clear increase of carbon atoms (4.8%) and a decrease of oxygen (5.9%)
which were related to the presence of the aliphatic tail of LG onto the veneers surface
(Table 1). In addition, wood samples treated with laccase showed a higher nitrogen content
than untreated wood samples which suggests that laccase remained partially adsorbed
on the veneers surface even after the washing process. Importantly, adsorption of laccase
seems to be reduced when LG is present in the reaction [33].

Table 1. Elemental quantification (%) and functional groups relative percent (%) of beech veneers.
Untreated beech wood veneers (UW); beech veneers treated with lauryl gallate (LG); treated with
laccase (L); treated with laccase and lauryl gallate (L + LG).

Sample Elements C1s Components O1s Components O/C
Ra-
tio

C1/C2
Ra-
tioC1s O1s N1s C1% C2% C3% C4% O1% O2%

UW 65.29 30.85 1.29 47.25 38.98 11.30 2.47 16.82 83.19 0.48 1.21
LG 66.60 29.06 1.72 53.79 30.63 11.05 4.54 17.30 82.71 0.44 1.76
L 65.39 26.75 6.42 38.70 42.46 16.60 2.25 30.40 69.61 0.41 0.91

L + LG 70.09 24.95 3.24 53.68 31.99 11.77 2.56 26.68 73.32 0.36 1.68

Four different components were obtained after deconvolution of C1s spectra.
C1 was related to C-C or C-H bonds; C2 comprised a carbon bonded to single non-carbonyl
oxygen atom (C-O); C3 corresponded to a carbonyl group (C=O) or a carbon bonded
to two non-carboxyl oxygen atoms (O-C-O); C4 was assigned to a carbon bonded to a
carbonyl group and non-carbonyl oxygen (O-C=O). Beech veneers treated with laccase
showed a remarkable increase of C3 component which was related with the oxidation of
hydroxyl groups in the phenolic moieties of lignin to form carbonyl groups. The presence
of hydrophobic compounds on wood surface could be related with both a low O/C ratio
and a high C1/C2 ratio [42]. Samples treated only with laccase showed an important
reduction of C-C or C-H bonds and a higher proportion of both ether (C2) and carbonyl
(C3) groups which could explain the increase in the hydrophobicity of the laccase-treated
wood samples (Figure 2). Samples treated with LG without laccase addition showed a high
C1/C2 ratio but also a relative high O/C ratio which means that LG could be adsorbed
on the wood surface but not stably bonded. Nevertheless, the LG-treated wood samples
did not improve their hydrophobicity (Figure 2) which suggests that the adsorption of LG
was not meaningful, or the adsorbed LG was not properly oriented. On the contrary, beech
veneers enzymatically treated with LG showed the lowest O/C ratio and a much higher
C1/C2 ratio than untreated samples. Therefore, the increase of the C1/C2 ratio (39%) and
the decrease of the O/C ratio (25%) suggest that LG was stably bonded onto the wood
samples by means of the laccase-mediated treatment.

174



Polymers 2021, 13, 3795

3.3. FT-IR Analysis

Several works have shown that FT-IR spectra could be a useful technique to assess
the grafting of hydrophobic compounds onto the surface of biobased materials after their
laccase-mediated hydrophobization [18,19,43]. Generally, the main differences between
both hydrophobized and unmodified lignocellulosic materials are due to the vibration of
the chemical groups which are present in the aliphatic chain of the grafted compound. Thus,
FT-IR spectra analysis of the enzymatically hydrophobized beech veneers showed two
small peaks at 2921 and 2854 cm−1 which were related with the stretching of methyl (-CH3)
and methylene (-CH2-) groups of the 12-carbon aliphatic chain of LG (Figure 4). However,
such small peaks were not detected in the spectra of unmodified samples. Therefore, FT-IR
spectra analysis evidenced that there was a stable link between LG and beech veneers
surface after the laccase-assisted treatment.
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3.4. Biofilm Assay

The biofilm assay was performed for the assessment of the potential antifouling
properties provided by the laccase-mediated grafting of LG onto the surface of pine ve-
neers surface. Pine wood was the specie used for the antifouling assay due to its high
hydrophobicity (Figure 3) but also its economic importance in the Atlantic area of Europe.
The conditions for the enzymatic grafting of LG were those found in the factorial design
(5 mM LG, 5 U of laccase/cm2 of wood and 2 h of treatment).

Regarding the antimicrobial properties of LG, [44] found that the antimicrobial activity
of alkylphenols was related with the hydrophobicity of the para-substituent. In addition, it
was proved that LG has antibacterial properties, specifically against Gram-positive bacteria
due to inhibition of their membrane respiratory chain [45]. However, the bacterium
(C. marina) in this study is a Gram-negative bacterium which suggest that the potential
antifouling properties of the enzymatically-hydrophobized pine veneers were mostly
related with their hydrophobicity. It was showed that the antifouling properties of a
substrate are directly linked to its surface energy [46]. It was observed that the lowest
surface retention of fouling organisms was achieved when the surface energy of the
substrata was between 20–30 mN/m. Since surface energy is inversely proportional to
WCA, hydrophobic substrata present low surface energy. In fact, they showed that the
atomic groups that performed best antifouling properties were hydrophobic domains such
as methyl groups. Thus, it was expected that the long aliphatic chain of LG provided a
hydrophobicity high enough to hinder the C. marina adhesion onto pine veneers.

At the same time, bacterial surface chemistry is also an important parameter since its
hydrophilicity/hydrophobicity character will determine its chemical compatibility and
the strength of its initial attachment with the hydrophobized pine veneers. Therefore, the
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surface chemistry of C. marina was studied to assess its hydrophilicity degree. Hence, C.
marina was suspended in a solution containing both aqueous and organic phases and the
migration of the bacteria to the organic phase was measured. According to Karunakaran
and Biggs [47], a bacterial migration higher than 50% would mean that bacteria possess
a hydrophobic surface. Nevertheless, the partition coefficient was 19.65 ± 2.86% which
means that more than 80% of C. marina remained in the aqueous phase. Therefore, the
surface chemistry of the C. marina strain (CECT4278) was mostly hydrophilic.

3.5. Protein Measurement

The potential antifouling properties of the enzymatically-hydrophobized pine veneers
were studied by incubating the wood samples in a marine broth inoculated at 3% of C.
marina (v/v) for 1, 3 and 5 days. The amount of bacteria onto the veneers surface was
indirectly quantified by measuring the protein content on the surface of the wood samples.
Such protein measurement of the colonized wood samples showed that the laccase-assisted
grafting of LG reduced substantially the C. marina adhesion (Figure 5). After one day, the
hydrophobized pine veneers showed a protein content of 44.83% lower than untreated
veneers. Such trend was also observed after 3 and 5 days of incubation of the wood veneers
in the marine broth inoculated with C. marina. Apparently, the hydrophobicity induced by
the laccase-assisted grafting of LG onto the surface of pine veneers modified the pattern of
C. marina adhesion, restricting the bacterial attachment and/or the secretion of EPS.
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Figure 5. Protein measurement of the hydrophobized pine veneers submerged for 5 days in a marine
broth containing a C. marina culture.

It is worth noting that LG was grafted onto the aromatic moieties of lignin, which
means that the hydroxyl groups of cellulose and hemicelluloses were not significantly
modified [22]. Therefore, the surface of the enzymatically treated pine veneers resembles
to an amphiphilic surface, since both hydrophilic (hydroxyl groups from cellulose and
hemicellulose) and hydrophobic (alkyl groups from LG) domains are present on the veneers
surface. Such particular chemical composition could hinder the adhesion of a wide range
of microorganisms [48,49], but also reduce the impact of the secreted proteins which has an
important role in the microorganisms attachment [50,51]. The results proved the efficiency
of the laccase-assisted functionalization to provide antifouling properties to wood.

3.6. SEM Analyses

The surface of the colonized pine veneers was studied by SEM to confirm the results
obtained through the protein measurements. It was expected to detect the EPS produced
by C. marina after their attachment onto veneers surface [52]. Such EPS are a real problem
since they may protect bacteria against biocides and antibiotics [53]. In addition, EPS have
chelating properties which are used by bacteria to enhance the nutrients availability [54].
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Therefore, by hindering the production of EPS it could be easier to attack the bacteria and
reduce their biofouling activity.

Untreated pine veneers showed a relatively high density of EPS after one day of
in-cubation in the marine broth and, such EPS density was even higher after the fifth
day of test (Figure 6A,B). These pictures suggest that C. marina can adhere easily to the
surface of untreated pine veneers. On the contrary, SEM pictures of the enzymatically hy-
drophobized pine veneers showed a much lower density of EPS compared with untreated
veneers. Moreover, there were not significant differences in the apparent EPS density of the
hydrophobized pine veneers between the first and the fifth day of incubation in the marine
broth. These results agreed with the data obtained in the measurements of the amount of
protein which was present on the veneers surface. There are two plausible mechanisms that
could explain the big differences observed between the SEM pictures of the untreated and
the enzymatically hydrophobized pine veneers. One the one hand, the 12-carbons aliphatic
tails of the LG that was enzymatically grafted onto the surface of pine veneers could disrupt
notably the normal secretion of EPS. On the other hand, the hydrophobization of the pine
veneers could delay or directly hinder the surface colonization of C. marina and, therefore
the EPS could not be secreted yet.

Polymers 2021, 13, x FOR PEER REVIEW 12 of 15 
 

 

 
Figure 6. SEM pictures of pine wood veneers colonized by C. marina. Untreated pine wood veneers 
after one day of anti-biofilm assay (A); and after five days (B). Enzymatically hydrophobized pine 
wood veneers after one day of anti-biofilm assay (C); and after five days (D). All the pictures were 
acquired at 100× magnification. 

 
Figure 7. SEM pictures of colonized pine wood veneers after five days of antibiofilm assay. Un-
treated pine wood veneers (A); and enzymatically hydrophobized pine wood veneers (B). The pic-
tures were acquired at 1000× magnification. 

4. Conclusions 
A new environmentally friendly strategy to improve the marine antifouling proper-

ties of wood has been proposed in the present study. Such new green strategy is based on 
the laccase-assisted grafting of LG onto wood veneers. Different wood species (beech, 
pine, and eucalyptus) were effectively hydrophobized through the enzymatic treatment. 
It was observed that the reaction conditions played an important role on the extent of 
hydrophobization, but the treated wood species were also a major factor. Based on these 
results, pine wood was selected to study the impact of the laccase-mediated hydrophobi-
zation on the marine antifouling properties of wood. SEM pictures and protein measure-
ments confirmed that the hydrophobized wood veneers modified the colonization pattern 
of Cobetia marina, revealing that the proposed enzymatic methodology could act as a new 
marine antifouling treatment for lignocellulosic materials. Future studies should analyze 
the antifouling properties of the enzymatically treated wood against other marine micro-
organisms and the “in situ” response of the hydrophobized wood under marine environ-
ments. The combination of the proposed treatment with other conventional ones is also of 
interest for future research. 
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It is worth noting that both untreated and hydrophobized pine veneers showed
an important surface roughness which apparently affected to the bacterial adhesion. In
fact, the higher density of EPS was observed on the angled edges of the veneers surface,
which means that such angled zones likely favored the attachment of C. marina (Figure 7).
Nonetheless, hydrophobized pine veneers showed a much lower density of EPS onto such
angled edges than untreated veneers which, confirm the effectiveness of the enzymatic
grafting of LG. These results confirm that the laccase-assisted grafting of LG modified
the normal pattern of C. marina adhesion and/or the secretion of EPS. Thus, the marine
antifouling properties of the pine veneers were remarkably improved by means of the
laccase-assisted grafting of LG onto the pine veneers surface. These results could lead to
the development of a new environmentally friendly treatment to protect wood in marine
environments.
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4. Conclusions

A new environmentally friendly strategy to improve the marine antifouling properties
of wood has been proposed in the present study. Such new green strategy is based on the
laccase-assisted grafting of LG onto wood veneers. Different wood species (beech, pine,
and eucalyptus) were effectively hydrophobized through the enzymatic treatment. It was
observed that the reaction conditions played an important role on the extent of hydropho-
bization, but the treated wood species were also a major factor. Based on these results, pine
wood was selected to study the impact of the laccase-mediated hydrophobization on the
marine antifouling properties of wood. SEM pictures and protein measurements confirmed
that the hydrophobized wood veneers modified the colonization pattern of Cobetia marina,
revealing that the proposed enzymatic methodology could act as a new marine antifouling
treatment for lignocellulosic materials. Future studies should analyze the antifouling
properties of the enzymatically treated wood against other marine microorganisms and the
“in situ” response of the hydrophobized wood under marine environments. The combina-
tion of the proposed treatment with other conventional ones is also of interest for future
research.
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Abstract: Optically transparent wood is a type of composite material, combining wood as a renewable
resource with the optical and mechanical properties of synthetic polymers. During this study,
the effect of monochromatic UV-C (λ—250 nm) radiation on transparent wood was evaluated.
Samples of basswood were treated using a lignin modification method, to preserve most of the
lignin, and subsequently impregnated with refractive-index-matched types of acrylic polymers
(methyl methacrylate, 2-hydroxyethyl methacrylate). Optical (transmittance, colour) and mechanical
(shore D hardness) properties were measured to describe the degradation process over 35 days. The
transmittance of the samples was significantly decreased during the first seven days (12% EMA,
15% MMA). The average lightness of both materials decreased by 10% (EMA) and 17% (MMA), and
the colour shifted towards a red and yellow area of CIE L*a*b* space coordinates. The influence of
UV-C radiation on the hardness of the samples was statistically insignificant (W+MMA 84.98 ± 2.05;
W+EMA 84.89 ± 2.46), therefore the hardness mainly depends on the hardness of used acrylic
polymer. The obtained results can be used to assess the effect of disinfection of transparent wood
surfaces with UV-C radiation (e.g., due to inactivation of SARS-CoV-2 virus) on the change of its
aesthetic and mechanical properties.

Keywords: transparent wood; UV-C radiation; optical properties; basswood; hardness; chromophores
deactivation

1. Introduction

Wood, as a renewable and earth-abundant resource, is a well-established material
in many applications due to its good physical and chemical properties, including high
strength, low thermal conductivity, non-toxicity, and biodegradability [1,2]. The future
of sustainable development depends on how humans will transfer their dependability
from finite fossil-based materials to sustainable and renewable materials to combat the
climate change. Recently, there is an increasing number of articles dealing with eco-friendly
composites [3,4].

Wood composite materials are engineered and produced with tailored physical and
mechanical properties appropriate for a wide variety of applications, both known and not
discovered yet [5].

Transparent wood is a composite material consisting of a modified wood component
(deactivated chromophores or delignification) and an in situ polymerized, transparent
component. Transparent wood has received much attention, owing to its great potential for
applications in light-transmitting buildings, which can partially replace artificial light with
sunlight and therefore save energy [6,7]. Transparent wood can be used to produce build-
ing [8,9], solar cells [10] and magnetic materials [11]. Additional functionalization has been
demonstrated, such as lasing [12], heat shielding [13], thermal energy storage [14], electro-
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luminescent devices [15], and combined with conducting polymers in electromechanical
devices [16].

To fabricate transparent wood, two steps are typically involved: completely removing
the light-absorbing lignin from the cell walls of natural wood by a solution-based immer-
sion method and infiltrating a refractive index matching polymer into the delignified wood
matrix to minimize light absorption and scattering, respectively [9,17–20].

Alternatively, many studies have focused on physically and/or chemically modify-
ing lignin structures to reduce lignin colour and impart new functionalities, including
fractionation [21], grind [22], acetylated lignin [23,24], fragmented lignin [25,26] and metal-
decorated lignin [27,28].

Although considered critical in previous publications, delignification processes are
time consuming and not necessarily environmentally friendly because of the production of
odorous components and chlorinated compounds. Moreover, the removed lignin signif-
icantly weakens the wood structure so it can be challenging to work with such a fragile
material, and this also lowers the number of suitable wood species for transparent wood
preparation; pine and spruce, for example, breaks into pieces after the delignification step.
The lignin modification method is superior to the delignification process in the following
four aspects [29]:

(1) The lignin modification method is completed in a short time.
(2) Lignin is largely retained, and the wood structure is therefore better preserved.
(3) Lignin-modified wood templates show better mechanical properties.
(4) The lignin modification method is a green process since toxic effluents are minimized.

Also, it is important to note that wood consists of around 30 wt% of lignin which
provides structural support and therefore the transparent wood fabricated by this process
could be considered more environmentally friendly because less synthetic polymer is
needed for its fabrication.

There is an increasing number of studies with various applications for the use of
transparent wood where it needs to withstand outdoor weather conditions from which
UV radiation may cause its degradation. Such applications include perovskite solar cells
assembled directly on transparent wood substrates [30], anisotropic transparent paper
with high efficiency as a light management coating layer for GaAs solar cell [10], smart
photo-responsive windows with energy storage capabilities [31], radiative cooling struc-
tural materials [32], smart and energy-saving buildings applications [9,33], and structural
elements in architectural construction. [34,35] In addition, due to the worldwide pandemic
caused by COVID-19, the use of UV-C radiation for sanitation of surfaces and internal
spaces has risen dramatically.

Based on the arguments described above, it is necessary to understand the influence
of UV radiation on this type of material that has huge potential applications in the future.
According to a review made by [36], there are questions which should be addressed in the
future studies to allow industrialization of the technology, such as optical and mechanical
stability and the desirability of increased cellulose content. The increased cellulose content
was addressed by [29].

A study, conducted by [37], evaluated colour, chemical and optical (transmittance)
changes of a transparent wood composite made from poplar wood and epoxy resin with
a UV absorber when exposed to UV-A (340 nm) light. To the best of our knowledge, to
this date, it is the only study dealing with this issue. Therefore, the aim of this study is
to further examine the effect of UV radiation (UV-C, 250 nm) on optical (transmittance
and colorimetry) and mechanical stability (hardness) of lignin retaining transparent wood
obtained by lignin chromophores deactivation.

2. Materials and Methods
2.1. Materials and Chemicals

Radially cut basswood (Tilia) was purchased from JAF Holz Slovakia s. r. o. (density:
0.53–0.56 g cm−3). Sodium silicate, sodium hydroxide, magnesium sulfate, DTPA and
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H2O2 (35%), propanol, acetone were purchased from CentralChem s.r.o. Deionised water
was prepared directly in the laboratory. MMA and 2,2′-azobis(2-methylpropionitrile)
were purchased from Sigma-Aldrich and 2-hydroxyethyl-methacylate with activator were
purchased from Epoxy s.r.o.

2.2. Lignin Modification

The lignin modification procedure was originally proposed by [29]. Basswood samples
with dimensions of 100 × 50 × 1.2 mm (±0.1 mm) were submerged into a lignin modifying
solution at 70 ◦C until the wood became white. The solution was prepared by mixing
chemicals in the following order: deionized water, sodium silicate (3.0 wt%), sodium
hydroxide solution (3.0 wt%), magnesium sulphate (0.1 wt%), DTPA (0.1 wt%), and then
H2O2 (4.0 wt%). Gradually, H2O2 (35% vol) was added to the solution until the samples
became completely white. The samples were then washed with hot deionized water to
remove traces of residual chemicals. Finally, the samples were dehydrated with propanol
and acetone, subsequently, and stored until polymer infiltration.

2.3. Transparent Wood Preparation

Before polymer infiltration, wood samples were dehydrated with ethanol and ace-
tone sequentially. Each solvent-exchange step was repeated three times. MMA was
pre-polymerized before infiltration to remove the dissolved oxygen. Pre-polymerization
was carried out at 75 ◦C for 15 min with 0.3 wt% 2,2′-azobis(2-methylpropionitrile) as
initiator and the solution was then cooled to room temperature. Subsequently, the bleached
wood template was fully vacuum-infiltrated in a pre-polymerized PMMA solution. Finally,
the infiltrated wood was sandwiched between two glass slides, packaged in aluminium
foil, and the polymerization was performed in an oven at 75 ◦C for 4 h. Infiltration of 2-
hydroxyethyl-methacylate was carried out without pre-polymerization. Activator (0.2 wt%)
was mixed with 2-hydroxyethyl-methacrylate and it was allowed to dissolve for 1 h. After
full vacuum-infiltration the samples were sandwiched between two glass slides, packaged
in aluminium foil, and the polymerization was performed in an oven at 90 ◦C for 4 h. In
total 20 pieces of samples were prepared (10 for each methacrylate). After fabrication of
the samples, the resulting product can be considered to be around 40% renewable.

2.4. Characterization

According to the study by Li et al. [29], the transparent wood samples retained up
to 80 wt% of lignin leading to a stronger wood template compared to the de-lignified
alternative. In this study, the weight loss of the wood component due to the modification
of lignin was 21.9 ± 0.9%. After polymer infiltration, a high-lignin content transparent
wood with a transmittance of 83%, a haze of 75%, a thermal conductivity of 0.23 Wm K−1,
and work-to fracture of 1.2 MJ m−3 (a magnitude higher than glass) was obtained (MMA
samples). Samples prepared for this study did not reach the values of previously mentioned
research because of the use of different (more dense) wood. Figure 1 shows a boxplot
of wood and acrylate polymer weight in the samples. The average proportion of wood
component in the W+MMA and W+EMA samples was 27% and 29%, respectively.

The colorimetry of the samples was performed using by a Colorimeter NR200 Preci-
sion (Threenh Technology Co., Ltd.; Shenzhen, China) with the following characterizations:
Measuring aperture Φ8 mm, Colour space CIE L*a*b* and Light Source D65. The colour
change caused by UV radiation was monitored using the CIE L*a*b* colour space coordi-
nates. In this way, the colour of the measured surface is expressed using three coordinates:

• L*—coordinate on the axis indicating lightness
• a*—coordinate on the axis between red and green
• b*—coordinate on the axis between yellow and blue
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To describe the total shift in this colour space, the total colour difference is used, which
can be expressed as follows:

dEt =

√(
L∗t − L∗0

)2
+
(
a∗t − a∗0

)2
+
(
b∗t − b∗0

)2 (1)

where dEt is the total colour difference at time t, L∗t is the value of L* at time t, L∗0 is the
value of L* before exposure to UV radiation, a∗t is the value of a* at time t, a∗0 is the value a*
before exposure to UV radiation, b∗t is the value of b* at time t, b∗0 is the value of b* before
exposure to UV radiation.

The transmittance was measured using a modified photometer RMG2.1 (Heil Metalle
GmbH, Mülheim, a. d. Ruhr, Germany). The measuring area was 20 mm × 20 mm.

For the measurement of the hardness Digital Shore D Hardness Tester—Sauter HD
(Sauter GmbH, Balingen, Germany) was used.

The UV ageing (an accelerated weathering test) has been carried out in a UV chamber.
The samples were irradiated for 35 days. All measurements have been done after 7 days
of UV exposition. The ageing has been done under a temperature of 50 ◦C. As a source
of UV-C radiation, 4 germicidal fluorescent lamps Philips TUV 15 W (Piła, Poland) were
used. The efficiency of the fluorescent lamp was 32%. UV-C radiation (wavelength 250 nm)
reached a power output of 4.9 W and the volume of the chamber was 50 L. The samples
were placed 100 mm from the UV lamps in every direction. The irradiance flux density
was 16.07 W m−2 and the inner surface of the chamber was made of stainless steel with a
50% reflectance factor.

For FTIR analysis, Varian FT-IR Spectrometer 660 (Agilent Technologies, Inc., Santa
Clara, CA, USA) samples were directly applied to a diamond crystal of ATR GladiATR
(PIKE Technology Inc., Madison, WI, USA) and the resulting spectra were corrected for
background air absorbance. The spectra were recorded using a Varian Resolutions Pro
and samples were measured in the region 4000–400 cm−1; each spectrum was measured
146 times, at resolution 4.

All of the measurements were carried out using Stat Soft STATISTICA 10 (StatSoft
s.r.o., Praha, Czechia) software. The impact of the exposure time of UV radiation on the
total colour difference, transmittance and hardness were evaluated by the Duncan’s test.
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3. Results
3.1. Colorimetry

In terms of colour change due to UV radiation, the most significant changes occurred
during the first 7 days. This fact is clearly visible in Figure 2. A significant change was
observed in all three coordinates, which was subsequently reflected in the value of the
overall colour difference.
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Figure 2. Time dependence of colour components in CIE L*a*b* space and total colour difference: (a) Lightness; (b) the
coordinate a*; (c) b* coordinate; (d) total colour difference *, **, *** denoted exposure times of W+EMA and **** denoted
exposure times of W+MMA at which the total colour differences were statistically significant based on the results of
Duncan’s test (difference between 0 days of exposure and other exposure times is obvious without statistical test).

The average lightness of both measured materials was approximately 73.5. However,
after the first 7 days of UV exposure, it decreased to values of around 66 for W+EMA
samples and to an average of 64 for W+MMA samples, which represents a reduction of
10% and 17%, respectively.

The a* coordinate also changed most rapidly at the onset of UV exposure. In 7 days, its
average value increased from 2 to almost 6 (W+EMA) and from 3.4 to 9 (W+MMA). A less
pronounced increase subsequently continued until day 28 of the test. Subsequently, there
was a very slight decrease. As with L*, W+EMA samples proved to be less susceptible to
changes due to UV radiation.

In the case of the b* values, it is possible to see a similar course as in the case of a*,
but after the initial significant increase it changes only slightly over a period of more than
7 days. Although the b* of both materials is very similar in the samples before exposure
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to UV radiation, the samples of W+MMA acquire higher values than W+EMA due to
its influence.

The results of the overall colour difference reflect the changes described in the individ-
ual coordinates. A significant colour change occurs mainly during the first 7 days, followed
by only a slight increase.

As already mentioned, the graphs corresponding to the values of a* and b* have a sim-
ilar course. The following equations can be determined from the graphical representation
of the measured values (Figure 3):

b∗W+EMA = 9.96 + 26.24× log a∗W+EMA (2)

b∗W+MMA = 1.83 + 33.91× log a∗W+MMA (3)

where b∗W+EMA is the coordinate b* for the sample W+EMA, a∗W+EMA is the coordinate
a* for the sample W+EMA, b∗W+MMA is the coordinate b* for the sample W+MMA and
a∗W+MMA is the coordinate a* for the sample W+MMA. The coefficients of determination in
these cases are 0.9376 (W+EMA) and 0.8191 (W+MMA).
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The comparison of colour changes in transparent wood infiltrated by 2-hydroxyethyl-
methacrylate (a,b) and methyl methacrylate (c,d) before and after 840 h of UV-C irradiation
is shown in Figure 4a,b, and in Figure 4c,d. The significant colour darkening (photo
yellowing) was observed within the first few hours of exposure, which increases with
further exposure.
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3.2. Transmittance

Depending on the acrylic polymer used, the transmittance values differ significantly,
even for samples not exposed to UV-C radiation (Figure 5). While W+EMA transmits
almost 69% of light, W+MMA is about 58%. After 7 days, these values decrease to 57%
resp. 43% and consequently their change is almost negligible. Throughout the experiment,
the W+EMA samples remained significantly more transparent, with the difference between
them highlighted by the action of UV-C radiation, as is shown in Figure 5.

3.3. FTIR Analysis

Changes to the chemical structure (bond scission/forming) of W+EMA and W+MMA
sample after UV-C irradiation are displayed in Figure 6 as infrared spectrum. There are
two characteristic bands attributed to the stretching C–O and CH3–O of methyl ester,
peak at wavenumber 2916 cm−1 and 2848 cm−1 the –CH stretching aliphatic band of the
ethylene segment. It is seen, a very strong peak is visible at 1720 cm−1 due to carbonyl
(–C=O) stretching vibration of the acrylate ester group, in both samples. Two peaks at
1435 and 1381 cm−1 can be attributed to CH3 symmetric and asymmetric deformation.
At wavenumber 958 cm−1 can be seen C–O–C stretching vibration and at 746 cm−1 is
band characteristic for C–H stretching [38–41]. However, after irradiation by UV-C, major
changes were observed evidencing chemical changes in the polymer samples. The bands
that undergo prominent changes are the functionalities of hydroxyl O–H, carbonyl C=O
and ester (C–O–C) in region of wavenumber from 746 to 1435 cm−1. Other photo products,
e.g., carbonyl groups or double bonds may be weakened from the surfaces, leading to
reduced absorption [42].
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3.4. Hardness

The hardness of both types of materials was at a very similar level. Its values were
initially around 86. In contrast to the optical properties, the hardness of the measured
samples is significantly less affected by the UV-C radiation to which the transparent wood
samples were exposed. Figure 7 shows its course as a function of the time of UV-C treatment.
The hardness of both types of samples was practically the same during the experiment and
no differences are apparent between them.
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4. Discussion

Shore A hardness of PEMA is according to Hourston, Satgurunathan and Varma
78 [43]. A value higher than 95 can be deducted from the graph in the work of Hourston
and Schäfer [44]. The W+EMA samples had a hardness of 86 ± 2.3 and were therefore
among the data of the mentioned authors.

The hardness of PMMA in the Shore D scale can be found in a higher number of
works than in the case of PEMA. According to Poomali, Suresha and Lee, its value is
90 ± 1 [45]. Seeger et al. state a value of 87.5 ± 0.4 [46] and Akinci, Sen and Sen 79 [47].
The data measured in this study for W+PMMA are 85.4 ± 1.9, which is in agreement with
the reported values. Because of these similarities as well as the high proportion of acrylic
polymer in the samples (approximately 35%), it can be stated that the hardness is much
more significantly influenced by the properties of the resin as a component of delignified
wood. It was also observed that the samples were more brittle during hardness testing.
No cracks and fractures were observed directly after UV-C irradiation. This behaviour
was confirmed by the study of [48] where ultraviolet radiation altered PMMA stiffness,
resulting in changes in tensile properties, such as reduction in elongation at break and
tensile strength.

Light exposure is a major cause of wood degradation, leading to colour change and
loss in mechanical properties [49–51]. Significant changes were observed after 4 h of
irradiation. All m/z signals of lignin were either absent or their intensity was considerably
reduced, suggesting that lignin underwent an extensive degradation. The irradiation
promoted a reduction in the transparency, due to the yellowing [47].

UV degradation of poly(methyl methacrylate) and its vinyltriethoxysilane containing
copolymers, was tested using a mercury lamp with a wavelength of 259 nm, situated 10 cm
away from the samples and found out that UV irradiation causes changes in the mechanical
properties of PMMA [52].

Wochnowskia et al. [53] irradiated PMMA by UV-laser light with different wave-
lengths (193 nm, 248 nm and 308 nm) in order to investigate the photolytic degradation
of the physico-chemical molecular structure and reported that, during the UV-irradiation
(248 nm), there was the existence of methyl formate, a great amount of methanate, methanol
and additionally the occurrence of methyl and other molecule fragments of the polymer
side-chain even at a low irradiation dose. At this irradiation dose, side chain cleavage from
the polymer main chain takes place yielding mechanical densification of the polymeric
material due to Van-der-Waals forces with a subsequent increase in the refractive index.

From the above-mentioned arguments we can conclude that the change of favourable
optical properties of transparent wood (transmittance and colour) was caused by the
degradation of both components, the acrylic polymer as well as the wood itself.

5. Conclusions

Transparent wood, combining many advantageous properties, is an emerging new
material for light-transmitting and environmentally friendly applications. There is an
increasing number of research teams who introduce new methods of fabrication and new
ways to use transparent wood. Therefore, it is crucial to know how this material behaves
under various conditions.

Exposure to UV-C sources has a significant effect on the colour of transparent wood.
It was mostly pronounced from the beginning of the test (during the first 7 days). Samples
became darker with increasing exposure time and their colour shifts towards shades of
red and yellow which can be possibly explained by the reactivation of chromophores.
The values of the coordinates a* and b* show an interdependence that appears to be
logarithmic. W+MMA samples are more prone to discolouration due to UV-C radiation
than W+EMA samples.

The transmittance of light through the measured samples of transparent wood was
significantly affected by the action of UV-C radiation. As in the case of colour changes, the
UV-C effect was most pronounced at the beginning and had only a minimal effect in the
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later stages. W+EMA had higher light transmission and its reduction due to UV-C was less
pronounced than in the case of W+MMA.

The influence of UV-C on shore D hardness of W+EMA and W+MMA is significantly
lower than in the case of optical properties. The differences between these materials are
not statistically significant. The measured values show that the resulting hardness of
transparent wood depends mainly on the hardness of the acrylic polymer used.

In a previously mentioned study, the impact of UV-B radiation on the optical and
mechanical properties of transparent wood has been investigated. The UV-B radiation was
used for ageing acceleration. Due to the SARS-CoV-2 virus pandemic, the UV-C radiation
(for virus deactivation purpose) began to be used massively. However, there were no
data concerning the impact of UV-C radiation on transparent wood key properties before
this study. This is the first study revealing the impact of UV-C radiation on key optical
and mechanical parameters of transparent wood. Obtained results also proved that UV-C
radiation (at irradiance flux of 16 W·m−2 during 35 days) has virtually no effect on the
transparent wood (W+EMA and W+MMA) shore D hardness. Obtained results also proven
that the impact of UV-C radiation on the optical characteristics of transparent wood (at
stated irradiance flux) is significant only for the first 7 days (in the following days the
impact was only negligible).

In future research, it is necessary to evaluate the effect of different wavelengths on
the properties of transparent wood and also to describe the time period during which the
highest degradation occurs.
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