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Preface to “Wood-Based Materials in Building”

The high strength of wood, combined with its relatively low density, makes it a widely used

material in the broader construction industry. However, despite its many advantages, wood has

defects that limit its range of applications in building construction. For this reason, in modern

timber construction, new solutions and wood-based materials are being introduced to increase

the durability, stiffness, and load-bearing capacity of wooden constructions. The main topics of

this Special Issue were knowledge on the possibility of reinforcing laminated timber beams, the

strength of glulam–concrete composite beams and the connections of individual components of

timber construction, innovative solutions for the connection of lightweight wood frame panelized

roofs, the effect of fire retardation of wood on its strength depending on the time of accelerated

aging, and the production of innovative wood-based and insulating materials for the broadly defined

construction industry. The presented reprint contains 11 high-quality original scientific and research

papers by 27 authors from various research centers including Poland, the Czech Republic, Austria,

Canada, and China. These papers, published in the Special Issue entitled ”Wood-Based Materials in

Building” in the journal Materials, represent examples of the latest solutions and achievements in the

field of modern timber construction. The Guest Editors would like to thank all of the authors who

contributed to this Special Issue. The Guest Editors would also like to thank the Section Managing

Editor of the journal Materials and the editor of the Special Issue, Sybil Zhang, for her professionalism,

kindness, and all of the assistance provided during the publication process.

Radosław Mirski and Dorota Dukarska

Editors
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Wood is a widely used building material. It is characterized by a high strength-to-
weight ratio, predictable fire behavior, good performance in seismic zones, and it is easy
to use in the construction of prefabricated buildings. In addition, wood reduces energy
consumption during construction and reduces a building’s overall environmental impact,
has lower embedded energy compared to steel and concrete, and has a positive effect on a
building’s carbon footprint [1]. The use of wood in building constructions is limited by its
tendency to crack, twist fibers, and it can be difficult to obtain the right dimensions and
shapes for use. As a result, it is being replaced by new-generation wood-based materials.
Therefore, the aim of this Special Issue is to present the latest knowledge and current trends
in the production of innovative wood-based materials, including composite materials
for modern wood constructions, and to provide new solutions to ensure better strength
parameters and safer wood constructions. Such solutions include the reinforcement of
ashlar glulam beams, proposed by Wdowiak-Postulak [2], using carbon fiber reinforced
plastic (CFRP) cords and carbon laminates made of carbon fibers embedded in an epoxy
resin matrix. Two types of reinforcement were tested, i.e., internal strengthening, in which
carbon cords are placed into cut grooves in the last and penultimate lamella, and an external
surface of near-surface mounted carbon laminates, which are glued to the bottom surface
of the beam to reinforce the laminated ashlar beams. The effectiveness of the reinforcement
of the beams was evaluated in a four-point bending test. It was found that reinforcing the
glulam beams of ashlar with carbon cords increases their load-bearing capacity by about
36%, and with carbon cords and carbon laminates by about 45%. At the same time, this
type of beam reinforcement reduces the amount of displacement of the timber materials.
From a practical point of view, it is important that this type of beam reinforcement is used
in the construction of new structures, as well as the renovation of existing ones.

For multi-story floors, glulam-concrete composite beams (GCC) have been used for
years, in which bending tensile forces are mainly carried by laminated wood, and compres-
sive forces by concrete. Compared to typical glulam beams, GCC beams are characterized
by, among other things, better load-bearing capacity, flexural strength and stiffness, better
sound insulation, and greater thermal mass [3]. Du et al. [4], conducting experimental
studies and finite element modeling, determined the properties of GCC beams depending
on the height of the glulam beam, the spacing of the shear connectors, the thickness of
the timber board interlayer, and the thickness of the concrete slab. It was shown that the
failure mechanism of this type of beam is the combination of bend and tensile failure in the
glulam beam, and that the weakening of interfacial interaction leading to a sharp increase
in slip in the interfacial region occurs at a load corresponding to 28% of the maximum load.
Increasing the height of the glulam beam results in a significant increase in the flexural
capacity and stiffness of the GCC beams. On the other hand, increasing the spacing of the
shear connectors decreases the ultimate bearing capacity and bending stiffness of the beams.
The timber boards used as formwork for pouring concrete, placed on top of the glulam
beam, have no significant effect on the flexural performance of GCC beams. It is clear that
the bending bearing capacity and flexural stiffness of the composite beams increase as the
thickness of the concrete slab increases. It is noteworthy that the finite element method and

Materials 2023, 16, 2987. https://doi.org/10.3390/ma16082987 https://www.mdpi.com/journal/materials
1



Materials 2023, 16, 2987

numerical simulation used by the authors make it possible to accurately predict the failure
mode and change characteristics of GCC composite beams during the loading process.

The permanent preservation of the form and safety of wooden constructions is ensured
not only by the structural elements with adequate load-bearing capacity and strength but
also by the properties of connectors and connections of individual components. Among
the most common connectors in wooden constructions are dowel-type fasteners, which
include screws, dowels, and bolts. According to Johanides et al. [5,6], in order for them to
perform their function, it is necessary to know their mechanical behavior under load and the
relationship between load and slip, stress distribution, and possible different failure modes.
Therefore, the authors conducted a series of tests on the basis of which they determined
the load-carrying capacity, and the rotational stiffness of a semi-rigid connection of a rung
and two stands using dowel-type mechanical fasteners. These tests were further validated
through numerical models. Two types of fasteners were evaluated, i.e., those made from
a combination of bolts and dowels, and those made from high-strength fully threaded
screws. In the first case, the load-carrying capacity and rotational stiffness were found to be
higher than the values estimated according to the standard for the ultimate load condition
during the entire loading process. The second type of connection from fully threaded
screws also showed a higher load carrying capacity compared to the design capacity, but its
rotational stiffness did not reach values higher than those estimated for the ultimate limit
state for the load level corresponding to 80% of the ultimate limit state. Therefore, as the
authors concluded, both types of connections are safe and reliable until the ultimate limit
state is reached.

An important aspect of current research is numerical modeling, which is an excellent
tool for understanding the behavior of joints in wood constructions [5,6]. The numerical
analysis of single-step joints, applied by Braun et al. [7], made it possible to satisfactorily
determine the stiffness and predict the forces at the onset of local failure of single- and
double-step joints. In doing so, it was found that the prediction was more accurate for
single-step joints, due to the fact that the model was calibrated for this type of joint, and
that the joint itself is less susceptible to geometric inaccuracies. The developed model is
recommended for the future, nondestructive testing of various types of wood joints to
estimate their stiffness and failure mode.

An innovative solution for connecting light timber-framed roof elements has been
proposed by Islam et al. [8]. The apex connection developed by the authors is expected
to reduce the workload both at the construction site and at the roof panel manufacturing
plant, in order to allow multiple panels to be lifted at the same time, and to streamline their
transportation and installation at the site. In addition, the fastener itself is collapsible and
has a self-locking mechanism that eliminates the installation steps of the panel connection
on-site. To demonstrate the proposed solution, the authors prepared a 3D printout of
the developed joint, which shows its effectiveness in providing a folding and unfolding
mechanism as well as a self-locking mechanism for a lightweight panel roof. In addition,
a finite element analysis was carried out to determine the strength requirements of this
connection according to different load cases. The results of this analysis as well as the
prepared 3D model indicate that it is useful and significantly improves the transportation
and installation of the panel roof, mainly by providing a mechanism for its folding be-
fore installation. They also demonstrated that it can withstand the load in its unfolded
state at service.

The safety of wood construction relies on proper construction technique, the quality
of the engineered wood, and fire resistance. The fire safety of the structure is one of the
basic requirements to be met when designing, constructing, and using a wooden house.
For this reason, flame retardants are used for wood and wood-based materials, which are
designed to, among other things, reduce the spread of fire, weight loss, and the rate of heat
release. However, the use of flame retardants affects the mechanical properties of the wood.
Grześkowiak et al. [9] determined the effect of wood flame retardants on the compressive
strength and elastic modulus of wood as a function of accelerated aging time. The wood
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was treated with solutions of chemical compounds included in the flame retardant for-
mulations, i.e., monoammonium phosphate, boric acid, sodium tetraborate (borax), urea,
monoammonium sulphate and diammonium phosphate, as well as commercially available
formulations. In addition, to determine the progressive changes in the wood over time,
a proprietary accelerated aging cycle was developed to simulate conditions in temperate
climates. The process included 0, 8, and 16 cycles, and each cycle consisted of the following
phases: heating at 130 ◦C for 24 h, then freezing at −15 ◦C for 24 h, reheating to 130 ◦C for
24 h, conditioning at 40–45 ◦C and 90% relative humidity for 24 h, and refreezing at −15 ◦C
for 24 h. Of the non-aged wood samples tested, wood treated with urea, boric acid borax,
and monoammonium phosphate showed the lowest compressive strength. A significant
decrease in the modulus of elasticity was also observed for the last compound. In contrast,
after a full aging process of 16 cycles, wood treated with urea, diammonium phosphate, and
boric acid showed the highest compressive strength values. In the case of elastic modulus,
the best results were obtained using monoammonium phosphate. Protecting the wood
with a commercial formulation gave positive results, but only for a maximum of eight
aging cycles.

One of the research directions presented in this Special Issue is the possibility of using
wood by-products from primary wood processing in the production of wood-based and
insulation materials for the wider construction industry. In the sawmill industry, during the
primary processing of wood raw material, in addition to losses due to desorption changes,
material losses of up to 50% of the wood raw material originally intended for production
are also generated [10]. These losses primarily involve wood chips, sawdust, and bark,
which must be managed. Mirski et al. [11] demonstrated the possibility of managing
ground bark and sawdust from pine roundwood processing lines as a partial substitute for
wood chips during the production of wood-based boards glued with urea–formaldehyde
(UF) resin. In the produced boards, the proportions of wood chips to bark were 70:30,
60:40, and 50:50, while that of sawdust was 70:30. Regarding the results of the study, the
authors showed that the most homogeneous structure and the most favorable properties
are characterized by boards in which the weight ratio of wood chips to finer particles
(i.e., sawdust or bark) is 70:30. They also found that the partial substitution of sawdust for
bark increases the homogeneity of the board cross-section, and contributes to a significant
reduction in formaldehyde emissions and water absorption. However, a potential limitation
of its application in industrial practice is the variability of the chemical composition of the
bark. Therefore, further research is needed, taking into account the influence of factors such
as wood species, habitat, age, size, and quality of the debarked log on board properties.

The bark has a unique chemical composition and contains numerous organic com-
pounds such as tannins, lignin, cellulose, catechins, gallocatechins, flavonoids, and proan-
thocyanidins [12–14]. For this reason, Walkiewicz et al. [15] used the powdered bark
of various tree species as UF resin fillers in the process of plywood production. Birch,
beech, maple, pine, and spruce bark were considered. Replacing the traditional filler (i.e.,
rye flour commonly used in the plywood industry) with maple bark did not affect the
bond quality of the plywood produced with it. In other cases, a significant decrease in
tensile strength values was noted, especially in the case of spruce bark. Despite these de-
creases, the obtained values still exceeded the normative requirements, i.e., they were above
1 N/mm2. The decrease in the bond quality of plywood glued with resin with the addition
of different bark species is due to its chemical composition, which can affect the resin curing
process and lower the pH of the adhesive mixture. The consequence of this can be the
occurrence of resin pre-curing and a decrease in the strength of the adhesive bond. In
addition, spruce bark causes a decrease in the elastic modulus of plywood and its bending
strength, especially in the perpendicular direction. However, the presence of lignin as well
as tannins in the bark contributed to a favorable reduction in formaldehyde emissions,
which was clearly observed for birch, beech, maple, and pine bark. Only in the case of
spruce bark was a deterioration in the hygienic quality of the plywood produced.
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By-products from the wood industry have also become a source of fillers that can be
used in the production of polymer-based composites. Dukarska et al. [16] showed that pine
sawdust is a material with a high application potential in the production of polyurethane
(PUR) composite foams. The authors determined the effect of modification of a rigid PUR
foam with a closed-cell structure with various amounts of sawdust, with particle sizes
in the range of 0.315–1.25 mm, on the kinetics of the foam foaming process, its structure,
and selected functional properties. It was shown that the introduction of up to 10% by
weight of sawdust into the structure of foams does not significantly affect the course of
the foaming process, while such an amount of filler allows them to reduce their thermal
conductivity coefficient and significantly reduce their brittleness, while maintaining the
required dimensional stability. This is accompanied by a slight decrease in the compressive
strength of the foams, a decrease in their flexural strength, and an increase in water
absorption. However, despite the slight decrease in the values of the above parameters,
composite foams containing up to 10% sawdust are characterized by favorable properties
comparable to rigid PUR foams currently available on the market. The introduction of
larger amounts of sawdust into the polyurethane matrix, i.e., at the levels of 15% and 20%,
results in serious changes in the cellular structure of PUR foams, which, as a consequence,
leads to a significant decrease in almost all the studied physical and mechanical parameters.
Thus, as the authors propose, rigid PUR foams made with a 10% addition of pine sawdust
can be used as thermal insulation materials in the construction industry, for example for
door insulation. However, they can also be used in the refrigeration and heating industries,
for example, for the insulation of refrigerated furniture or boilers. The significantly reduced
brittleness of this type of foam also allows it to be used in the production of usable items
such as ceiling and wall decorations.

The current technological and social trends require the construction sector to imple-
ment the principles of sustainable development. An important element of this concept is
the principle of wooden construction based mainly on wood and wood-based materials,
which counteracts climate change by storing carbon dioxide in wood and reducing the
consumption of high-emission materials such as concrete and steel. The introduction of new
and innovative solutions improves the energy efficiency of buildings, their functionality,
and reduces their negative impact on the natural environment. The works presented in this
Special Issue exemplify the current directions of research in modern wooden construction
in accordance with the concept of sustainable development.

Author Contributions: Conceptualization, D.D. and R.M.; formal analysis, D.D. and R.M.; writing
and editing, D.D. All authors have read and agreed to the published version of the manuscript.
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Strengthening of Structural Flexural Glued Laminated Beams of
Ashlar with Cords and Carbon Laminates

Agnieszka Wdowiak-Postulak

Faculty of Civil Engineering and Architecture, Kielce University of Technology, 25-314 Kielce, Poland;
awdowiak@tu.kielce.pl; Tel.: +48-41-34-24-480

Abstract: Changes in the condition of existing timber structures can be caused by fatigue or biological
attack, among other things. Replacing damaged timber is still very expensive, so it seems more
advisable to repair or reinforce damaged elements. Therefore, in order to improve the static perfor-
mance analysis of timber structures, reinforcement applications in timber elements are necessary.
In this experimental study, technical-scale glulam beams measuring 82 × 162 × 3650 mm, which
were reinforced with carbon strands and carbon laminates, were tested in flexure. A four-point
bending test was used to determine the effectiveness of the reinforcement used in the timber beams.
Internal strengthening (namely, glued carbon cords placed into cut grooves in the last and penulti-
mate lamella) and an external surface of near-surface mounted (NSM) carbon laminates glued to
the bottom surface of the beam were used to reinforce the laminated ashlar beams. As a result of
this study, it was found that the bending-based mechanical properties of ash wood beams reinforced
with carbon fibre-reinforced polymer composites were better than those of the reference beams. In
this work, the beams were analysed in terms of the reinforcement variables used and the results
were compared with those for the beams tested without reinforcement. This work proves the good
behaviour of carbon fibre reinforced plastic (CFRP—Carbon fibre reinforced polymer) cords when
applied to timber beams and carbon laminates. This study illustrated the different reinforcement
mechanisms and showed their structural properties. Compared to the reference samples, it was
found that reinforcement with carbon strings or carbon laminates increased the load-bearing capacity,
flexural strength and modulus of elasticity, and reduced the amount of displacement of the timber
materials, which is an excellent alternative to the use of ashlar and, above all, inferior grade materials
due to the current shortage of choice grade. Experimental results showed that, with the use of carbon
fibre (carbon cords SikaWrap® FX-50 C—Sika Poland Sp. z o.o., Warsaw), the load bearing capacity
increased by 35.58%, or with carbon cords SikaWrap® FX-50 C and carbon laminates S&P C-Laminate
type HM 50/1.4 - S&P Poland Sp. z o.o., Malbork, by 45.42%, compared to the unreinforced beams.

Keywords: glued laminated beams; fibre-reinforced timber; load-bearing capacity; stiffness; ductility;
modulus of elasticity; bending test; carbon cords; carbon laminates; knots

1. Introduction

Wood is anisotropic, hygroscopic and organic [1–4]. It should be remembered, also,
that wood has many beneficial properties [5,6]. It represents a material that is advantageous
for use in structures and in non-structural areas [7]. There is currently a rapid increase in
the use of wood materials, primarily for structural applications. However, there are also
certain limitations that allow the use of wood in the structural area. These limitations are:
fibre twists, knots, cracks, difficulties in finding materials with the desired shapes and sizes,
changes in production methods, production methods, use of materials with low strength
properties in production, a high waste rate when using solid wood material, and the joining
of short pieces. Therefore, wood as a material can be strengthened by supporting it with
fibre-reinforced polymers both to increase the resistance of the strength properties of the
joints of the structures to be obtained by using the wood material, and to repair damage
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caused by external factors such as material deterioration of previously built structures or
due to earthquakes [1,8,9].

Wood construction makes an important contribution to the global energy consump-
tion of greenhouse gas emissions. This has a significant impact on renewable materials,
primarily timber structures. Although wood is a natural composite and is one of the oldest
materials used in construction, it is important to remember that the use of wood and
wood-based materials for structural purposes is still used today [4]. The use of timber as
a structural element is the oldest known technique, especially in structural engineering
projects, as an example of high deadweight construction. This is because these materials
have a high strength-to-weight ratio and can be considered as highly sustainable materials.
Recently, there has been a growing fondness for the use of timber in construction projects.
This is triggered by its ability to hold dynamic loads and its mechanical properties, hence
the many research works [10–15]. Currently, there are various structural timber products,
and glulam is one of these products, described as one of the most efficient composite
building materials. These glulam components consist of different layers of laminated
timber, which are bonded together using a high-strength adhesive material to create a
uniform component. Moreover, this causes a decrease in natural heterogeneities, such as
knots occurring in the wood material [11–19]. Glulam elements make it possible to obtain
elements with different dimensions and avoid inconsistencies in their properties. In recent
years, a number of researchers have looked into the scope of glulam beams, so various
experimental studies have been carried out. In a study by Anshari et al. [20], compressed
timber layers in pre-cut rectangular holes were used to reinforce glulam beams. The study
confirmed that the use of pressed timber layers as a reinforcing material is economically and
environmentally effective. Another study [21] presented an investigation of the feasibility
of glulam beams, the purpose of which was to determine the effective gluing factor, stating
in its conclusions that the gluing parameters must be adjusted depending on the timber
species. Another study [22] presented an investigation of the mechanical properties of the
glue in a rod embedded in a glulam beam, where the results of an experimental pull-out
test of this rod showed that failure occurred as a result of the rod slipping into the glulam
beam and the delamination of the shear bond. Subsequently, the paper [23] demonstrated
and concluded that reinforcement played an important role in the change of the failure
form from brittle to ductile, which represented an increase in the load carrying capacity of
the reinforced beams. Subsequent experimental studies [24] investigated bonded beams
and carbon composites as reinforcing materials. Afterwards, it was found that the type and
position of the reinforcement had a direct influence on the mechanical properties of the
whole element. Subsequently, in [25], the influence of the toe joint profile of glued beams
made of hardwood and its behaviour on the tensile strength was determined. As a result,
it was suggested that the species studied could be used to produce glulam with a high
tensile strength.

In recent years, the demand for wood has increased significantly, while timber is now a
popular building material due to its ability to be used as a lightweight construction material.
Ease of production or its unique physical and mechanical properties and low density are
also enhanced by its attractive appearance. Due to its environmental protection or low
energy requirements, wood is a commonly used construction material. Reinforcing or
joining of wooden materials is usually done with steel elements. It is important to remember,
however, that steel elements detach from the wood material over time and corrode. This
decreases the quality of the environment over time, damages human health, shortens the
life of the wooden element and also creates environmental problems. Therefore, nowadays
most historic and existing wooden structures need to be safely repaired or reinforced.
Known repair work, as well as insect infestation in various parts of the wooden elements
over time, as well as fungal activity or decay, etc., can also cause environmental problems.
On the other hand, leaving such elements that should be replaced for various reasons can
cause serious problems both in terms of cost and structural safety. It would therefore be
more appropriate to replace the damaged element rather than replace all the elements used
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in the building. Changes can be applied by using a dowel, a nail, or a blotting technique.
However, this may not have the desired static result. On the other hand, reinforcing timber
structures with FRP does not take a lot of time and at the same time provides an advantage
also aesthetically [6]. Therefore, it is advisable to use man-made or natural fibres, whether
based on basalt, glass, carbon, aramid, jute, etc., used in the study to reinforce wood [26–39].
It should be noted that performance reinforcing polymer (FRP) composites support the use,
the care and reinforcement, of damaged structures. Their characteristics include their low
height, high strength, high resistance to action and convenience and installation. Types
of FRP include carbon fibre reinforced polymer (CFRP), glass fibre reinforced polymer
(GFRP) and basalt fibre reinforced polymer (BFRP) composites. Due to the use of pultrusion
technology, CFRP sheets can be rapidly developed with high forming properties. On the
basis of experimental studies, the use of CFRP duct instead of externally bonded CFRP
board was found to be a very effective way to renew or reinforce structures. This has
the effect that the build-up rate of the CFRP plate can help 20–30% when the source is
used. In addition, by using a specific compressed CFRP plate, load and shear capacity,
deflection performance and crack growth can be effectively achieved. In addition, when
providing prestressed CFRP for structural reinforcement, the end result creates the effect
of the properties of the CFRP exposed to the generating temperature, water absorption
and attachment with the necessity of loading. Although some analysis has been carried
out to investigate the performance of FRP to study the environment, it should be noted
that it is difficult to obtain the effect of the pressure level on the degradation of mechanical
properties [40]. The paper [41] presents the results of a four-point bending test of fifteen
small-size glulam specimens reinforced with glass (GFRP) or carbon (CFRP) cords, differing
in the type of adhesive (epoxy resin or melamine glue). It was found that the effectiveness
of the proposed technique was compromised by inadequate soaking of the installed cords
and by too much resin. The reinforcements used were able to induce compressive failure of
the upper timber layer once the beam cracked. In contrast, specimens reinforced with basalt
cords showed better performance in terms of both strength and ductility. The average
increase in strength was about 25%, while the average increase in ductility was about
40%, relative to unreinforced specimens. In an experimental paper [42], a programme for
strengthening cross-laminated timber beams using carbon fibre reinforced polymer (CFRP)
and glass fibre reinforced polymer (GFRP) composite sheets was presented. Encouraging
results were found: the percentage increase in flexural stiffness was 26.29% and 45.76%
for 2.5% and 5% addition of GFRP composite sheets on the tension side of the beam,
respectively. However, for the same percentage addition of GFRP, the increase in flexural
strength was 36.91% and 40% compared to the unreinforced beam. For a 1.67% and 3.33%
addition of CFRP composite sheet to the tension side of the beam, the percentage increase in
flexural stiffness compared to the unreinforced beam was 36.19% and 64.12%. Furthermore,
the increase in flexural strength for the respective percentage additions of CFRP was 45.86%
and 50.62%.

Due to its orthotropic natural properties, it must be taken into account that wood is
a complex material and, therefore, analytical methods to describe its basic workings are
limited. The presence of knots or cracks or skewness of the fibres also has a significant
impact on the mechanical behaviour of a wood component, especially in the tensile zone
that is present. For this reason, the material properties of wood can vary even between
the same wood species, so many parameters are important and necessary to fully describe
its modelling.

Based on an analysis of the literature, there has been some minor research carried out
on carbon cord-reinforced laminated beams. In contrast, there has been virtually no research
involving reinforcement with inferior carbon ropes or laminates with a reinforcement
scheme such as that in the work below. Therefore, this paper presents the results of an
experimental study carried out on glulam beams of medium and inferior quality class, with
the aim of determining the effectiveness of an innovative strengthening technique involving
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the use of CFRP cords, instead of rods and CFRP laminates. Based on these considerations,
further experimental studies are needed, for example by considering circular grooves.

2. Materials and Methods

2.1. Materials

Ash was the hardwood species that was chosen for the flexural testing of beams
reinforced with CFRP materials. Obviously, the properties of this species are similar even to
those of pine, primarily used in the construction industry, primarily in the manufacture of
glulam or CLT (Cross Laminated Timber). It is a fast-growing, leaf-shedding and medium-
sized tree, around 25–35 m in height and up to around 100 cm in diameter. In contrast to
the trunks of trees growing in forests, its compactness is well-grown, long, straight, up to
a height of about 20 m, and free of branches. In its slow-growing state, the tree is prone
to bifurcation. The bark, up to about 50 years of age, is smooth and greenish-grey, then
brown, almost black, and cracked. The proportion of bark is about 9–14% of the trunk
volume with bark. Ash is found throughout Europe, from southern Scandinavia to the
northern Mediterranean coastline (but not on the Apennine or Peloponnese peninsulas),
and in Spain only in the north. In Poland, it is a wild forest tree ranked among the most
valuable, noble species of native deciduous trees. It also requires fertile, deep, plump, moist
or wet soils. It is very sensitive to frost. It does not form solid stands. It is found in river
valleys, where it forms stands together with alder and oak.

The lamellas came from timber elements with strength classes D18—(fm,k—18 MPa,
ft,0,k —11 MPa, fc,0,k —18 MPa, E0,mean —9500 MPa, Gmean–590 MPa) oraz D24—(fm,k —24 MPa,
ft,0,k —14 MPa, fc,0,k —21 MPa, E0,mean —10,500 MPa, Gmean—620 MPa), [43]. Smooth sawn
timber beams, with a density of approximately 670 kg/m3, were reinforced with carbon
fibre SikaWrap® FX-50 C-carbon fibre cord, and SikaWrap® FX-50 C and S&P C-Laminate
type HM 50/1.4-carbon laminate.

According to the manufacturer, SikaWrap® FX-50 C—Sika Poland Sp. z o.o., Warsaw [44]
is a rope of unidirectionally aligned carbon fibres, encased in a foil sleeve, used as a
surface mounted reinforcement, and provides a connector for anchoring SikaWrap® mats.
Unidirectionally aligned carbon fibres in a SikaWrap® FX-50 C foil sleeve sheath with a dry
fibre tensile strength of 4 GPa, 240 GPa dry fibre tensile modulus and a dry fibre density of
1.82 g/cm3. Sikadur®-330—Sika Poland Sp. z o.o., Warsaw [45] epoxy resin was used to
bond the carbon fibre cords in the bonded beams in layers. The hardener and resin were
mixed at a ratio of 1 to 4 by weight. Sikadur®-330 has the following parameters: flexural
modulus E~3 800 MPa, tensile strength ~30 MPa, tensile modulus ~4500 MPa.

According to the manufacturer, S&P C-Laminates—S&P Poland Sp. z o.o., Malbork [46]
are finished composite products made from carbon fibres embedded in an epoxy resin
matrix. They are designed for the reinforcement of steel, reinforced concrete masonry and
timber structures. Technical data are as follows: tensile strength ≥2800 N/mm2, modulus of
elasticity ≥205 kN/mm2 and density 1.6 g/cm3. S&P Resin 55 HP—S&P Poland Sp. z o.o.,
Malbork [47] liquid epoxy resin was used to bond the carbon fibre laminates in the sandwich
bonded beams to achieve a good wood—FRP bond. From the experimental studies already
carried out, it was found that the best performance was obtained for the liquid epoxy
resin, which penetrates very well into the pores of the wood; see [26]. S&P Resin 55 HP
is a two-component, solvent-free adhesive based on epoxy resin with an amine hardener.
The manufacturer’s technical data are as follows: modulus of elasticity ≥3200 N/mm2,
compressive strength ≥ 100 N/mm2 and mixing ratio of components A:B is 4.2:1.8.

The wood species used in the study was ash, which has recently been increasingly
used in the production of wood composites, and above all for structural purposes. For fibre
composites, on the other hand, if high tensile strength is desired, then carbon fibres are an
excellent material. Carbon fibre-reinforced polymers are the most common reinforcement
applications used in industry. Other types of commonly used fibres are already significantly
inferior to carbon fibres in terms of their modulus of elasticity or tensile strength, which
makes them a suitable choice for reinforcing wooden beams in particular. In addition,
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carbon fibres have a high fatigue resistance, so that they can withstand significant stresses
(for a certain number of cycles) without breaking. In addition, they are also non-combustible
and have a low coefficient of thermal expansion. Although natural fibres appear to be
a better choice in terms of their sustainability, natural fibres have a significantly lower
tensile strength compared to carbon fibres. In contrast, natural fibres reduce greenhouse
gas emissions. In this research, carbon fibre cords were used instead of natural fibres due to
the potential increase in the mechanical properties of the composite. In contrast, the impact
on greenhouse gas creation potential could be offset if recycled carbon fibres were used
instead of virgin carbon fibres.

2.2. Samples Preparation

The timber samples were selected from pieces with natural defects, such as knots, to
investigate the possibility of which fibres could address the natural defects in the timber.
The timber samples were cut from the same trunk (with the timber fibres parallel to the
length of the beam) to reduce differences that could affect the comparison of results. All the
timber elements from which the glued laminated beams were made were visually sorted
by strength methods, dividing them into sorting classes: KS—medium quality class, and
KG—lower quality class, according to PN-D-94021:2013-10 [48]. The experimental tests
mainly focused on the analysis of the increase in load-bearing capacity compared to the
load-bearing capacity of unreinforced elements.

The timber beams were grooved in designed square patterns for the placement of
the reinforcement, so as to provide an opportunity to lay the carbon fibres as cords on the
timber beams, The carbon fibres were laminated onto the beams using an epoxy resin mix
and allowed to dry for 24 h.

Considering the type of reinforcement material, 15 unreinforced and reinforced lam-
inated timber beams were designed and designated as NCFRP (5 units) as unreinforced
beams, followed by CFRP1 (5 units) as reinforced with carbon strands with a degree of
strengthening of 2.51% and CFRP2 (5 units) as reinforced with both carbon strands and
carbon laminates with a degree of strengthening of 3.07%.

Four grooves were made along the length of the timber beams; next, the cords were
placed in the cut-out, then these were bonded to the timber using epoxy resin. This
reinforcement technique would allow significant bending strength to be achieved in the
designed beams while maintaining shallow depths. It would therefore allow for a long-span
structure with reduced dimensions and a significant visual effect.

All the beams were made with the same external section size: their length was
3650 mm, the span between supports was 3000 mm, the height was 162 mm and the
width was 82 mm. The beams, designated CFRP1, were reinforced with carbon fibre cords
of approximately 10 mm in diameter and 3750 mm in length. The CFRPs were bonded in
holes of approximately 14 mm to the compressed carbon fibres using Sikadur®-330 epoxy
adhesive. The square holes around the carbon cords were filled with this epoxy adhesive.
S&P Resin 55 HP epoxy adhesive, on the other hand, was applied to the primed surfaces
using a roller to a thickness of 1 mm. Substrate preparation was carried out by planing the
beam elements. The resulting dust was removed with a hoover. The surface was primed
using S&P Resin 55 HP system adhesive immediately before bonding with S&P C-Laminate.
A diagram of the reinforcement including dimensions is shown in Figure 1. The prepared
beams were stored for 1 week before bending tests. Prior to testing the beams, all elements
were stored at a temperature of 20 ± 2 ◦C and a relative humidity of 65 ± 5%. The moisture
level was checked with an electric moisture meter at 12%.
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Figure 1. Cross-section of the laminated beams.

2.3. Test Methods

The bending tests were carried out on timber beams according to EN 408+A1:2012 [49]
and EN 1995-1-1:2010 [50]. All the beams were tested at a span of 3000 mm in four-point
bending. Steel plates, 50 mm wide and 15 mm thick, were placed at the bearing and support
points to relieve displacement rotation and to recreate a simply supported beam. A freely
supported glulam beam is shown in Figure 2. The four-point bending experimental test was
carried out using a mechanical testing machine. In order to delineate the change in strain
at the mid-span of the specimen during the entire loading process, the measuring points
were evenly distributed along the height. The deformations were tested using a ‘Demec’
extensometer. The span of the support points was taken as 203.2 mm. The deflection tests,
on the other hand, were determined at the centre of the beam span using dial gauges. The
four-point bending test as a representation of the experimental setup is shown in Figure 2.

Figure 2. Four-point bending test.

3. Results

In this study, laminated beams were reinforced with carbon fibre: SikaWrap® FX-50 C
or S&P C-Laminate type HM 50/1.4 carbon fibre CFRP. The reference and reinforced beams
were subjected to bending tests.

3.1. Load-Displacement Responses

Load-displacement diagrams and the bending strength and modulus of elasticity
values obtained in the test are given in Figures 3–5.
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Figure 3. Load-displacement diagrams of FRP-strengthened and unstrengthened beams.

Figure 4. Diagrams of the moduli of elasticity of strengthened and unstrengthened beams.
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Figure 5. Bending strength diagrams of the strengthened and reference beams.

From the tests, it was found that the load capacity of the elements reinforced with
carbon fibre SikaWrap® FX-50 C increased by 35.58% or with SikaWrap® FX-50 C and S&P
C-Laminate type HM 50/1.4 carbon fibre CFRP by 45.42% with the reference beams. It was
found that the displacement volume with the SikaWrap® FX-50 C reinforced beam increased
by 15.22% and with the SikaWrap® FX-50 C reinforced beam and S&P C-Laminate type
HM 50/1.4 CFK carbon fibre CFRP laminates by 19.49%, compared to the reference beams.

After analysing Figures 4 and 5, it was found that beams reinforced with SikaWrap®

FX-50 C carbon fibre–carbon ropes, had a flexural strength (129.22 MPa) and modulus
of elasticity (13,910 MPa), while beams reinforced with SikaWrap® FX-50 C and S&P C-
Laminate type HM 50/1.4 had a flexural strength (137.97 MPa) and modulus of elasticity
(14,920 MPa). It was found that the flexural strength value of the reinforced SikaWrap®

FX-50 C beam increased by 31.53%, SikaWrap® FX-50 C and S&P C-Laminate type HM
50/1.4 by 39.36%, whereas the modulus of elasticity of the SikaWrap® FX-50 C increased
by 35.58%, and SikaWrap® FX-50 C I laminate S&P C-Laminate type HM 50/1.4 by 45.42%.

3.2. Deformations of Unstrengthened and Strengthened Beams

The variation of the bending strain of the reinforced beams at the height of the section
in the middle span and the FRP materials used are shown in Figures 6–8. The figures show
that the compressive strain is negative, while the tensile strain is positive. In contrast, the
strain at the height of the glued beam varies linearly, which is obviously consistent with
the assumption of a planar section. Note that the neutral axis in some cases of SikaWrap®

FX-50 C or S&P C-Laminate type HM 50/1.4 reinforced beams shifts downwards. In the
experimental process of loading laminated timber beams, the timber in the compression
zone is in a plastic state, while it can be seen that the applied reinforcements, i.e., SikaWrap®

FX-50 C or S&P C-Laminate type HM 50/1.4 CFRP in the tension zone, have an increasingly
significant effect on the static performance analysis of the beams.
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Figure 6. The distribution of deformations in timber beams at the section height.

3.3. Effect of CFRP Reinforcement on Beam Bending

As can be seen in the experimental results in Figures 3–8, the elastic modulus of the
FRP materials increased with the increasing percentage of reinforcement. The lower the
elastic modulus, the smaller the deformation was. In the case of beam elements reinforced
with carbon strings and carbon laminates, it proved to be the most effective, providing up
to a 39.36% additional increase in load capacity compared to the unreinforced condition
(see Figures 6–8).

Based on the experimental tests carried out, due to the selective placement of the FRP
material in the areas of the beam subjected to stronger tension, the wood fibres in the upper
part of the beam produced plastic compressive deformation (see Figures 7 and 8).

Figures 3–8 clearly show a significant increase in the load carrying capacity of the
carbon fibre reinforced beams compared to the reference beams. Furthermore, in Figure 3,
it can be seen that the elongation of the beam improved significantly after strengthening.
It can be seen from the experimental study that the more the beams were reinforced, the
more they showed a plastic curve.

On the basis of the research, it was also found that beam elements can also be used for
building structures as well as components that can also be subjected to sudden impact loads
such as from earthquakes at the same time. It should further be noted that, on the basis of
the bending test, it was noted in order to increase the ductility of the reinforced section,
it is recommended that the timber elements do not have natural defects. Furthermore, it
was noted that, by analysing the strain distribution, fibre reinforcement in the tensile zone
of the member maximises the effective use of the material in the compressive zone. In
the experimental tests, it was further noted that during the tests the laminated beams or
reinforcing materials did not slip as well as creep.
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Figure 7. The distribution of deformation in timber beams and FRP materials at the section height.
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Figure 8. The distribution of deformation in timber beams and FRP materials at the section height.

For the group of beams reinforced with carbon cords or ropes and carbon laminates,
the compressive strain was slightly lower than the tensile strain at the initial loading
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stage. The strain distribution in the four-point bending of reinforced beam elements
was initially characterised by elastic deformation of the laminated beams, followed by
an initial elastic-plastic deformation, then elastic-plastic deformation. Subsequently, the
deformation reached the elastic final tensile deformation in the tensile zone, improved by
carbon reinforcement.

From the beginning of the load up to about 70 per cent of the failure load, the object–
load–displacement curve was linear (Figure 3), which at the same time shows linear elastic
characteristics. Thereafter, until the final load point was reached, the curve is non-linear.
Thus, it can be seen that the laminated beam behaved plastically to a certain extent as the
load increased. Subsequently, the beam underwent failure, in which the stiffness of the
laminated beam increased continuously with the increasing load to the effect of reaching
total failure. In contrast, once reinforcement was applied in the tension zone, the ductility of
the sandwich glued beam was then fully exploited and failure occurred in the compression
zone. In some beams, the failure occurred from vertical cracks in the middle zone. In
addition, the remaining beams experienced wood fibre cracking longitudinally in the shear
zone between the support and the point of force application. The failure in most of the
unreinforced beams was related to longitudinal cracking as delamination of the wood grain,
most commonly in the wood defects, was present. Three beams failed with no cracks, and
no separation of the CFRP laminate. The failure was associated with longitudinal cracking
as destruction between the support and the load application point, usually at the top of the
section. On some beams, the longitudinal crack appeared in the lower part of the section.
That is, it was related to shear. There was usually no peeling of the CFRP laminate from
the glue or the glue from the timber. On the other hand, the beam behaved differently
when it was subjected to rapid damage related to the peeling off of the CFRP laminate. The
destruction occurred from the tearing of part of the timber member from the lower edge of
the beam near the support; this was associated with shear cracks and carbon cords.

In this study, no CFRP reinforcement failed. The yield strength of the CFRP is higher
than the yield strength of wood. It was observed in the study that complete failure occurred
when the mid-span deflection was over 60.16 mm. This value is considered a high value,
which provides good results from the point of view of ductility, as a result of which people
have enough time to escape from the building before collapse. The study also concluded
that there was a significant increase in ductility. It was noted that, even after the final
collapse, the beams were still united. Therefore, there was no catastrophic failure when the
beams were reinforced with CFRP. What is important, as a ductile material in design, is
that it is possible to make ductile timber beams by adequate reinforcement of the tension
zone, where it is possible to design reinforced timber beams up to yield strength, as is the
case with steel structures.

4. Conclusions

On the basis of experimental tests carried out on glued laminated timber beams made
of ash reinforced with Sika Wrap® FX-50 C carbon strings and S&P C-Laminate type HM
50/1.4 carbon laminates, it was concluded that:

(1) Research has shown that ashlar timber used for glulam beams has become an im-
portant and attractive alternative in today’s construction industry. It can be seen
that wood is now being used to supplement or even replace concrete structures in
composite and hybrid systems. On the basis of the study, it was also noted that
the FRP reinforcement technology used (SikaWrap® FX-50 C carbon cords or S&P
C-Laminate type HM 50/1.4 carbon cords) for the reinforcement of ashlar timber
elements is structurally very effective and can also complement concrete structures. It
should be noted that wood beams reinforced with carbon fibre in the form of cords
or laminates can be used both to repair existing structures and to build new ones. It
should also be noted that carbon fibres as FRP materials also have a high deformation
tolerance and a low coefficient of thermal expansion.
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(2) In a four-point bending experimental study, the effect of carbon reinforcement on the
properties of the wood material of laminated beams made of ash graded KS and KG
was investigated. Compared to reference samples, it was found that reinforcement
with carbon strings or carbon laminates increased the load capacity, bending strength
and modulus of elasticity, and the magnitude of displacements of the timber materials,
which is an excellent alternative to the use of ash and, above all, inferior grade
materials due to the current shortage of choice grade.

(3) With reference to the experimental studies carried out regarding the four-point test of
the effectiveness of the applied reinforcement in the form of cords or CFRP laminates
in laminated reinforced beams, there was an average increase in the ultimate load of
30.51% and 39.36% for reinforcement ratios of 2.51% and 3.07%, respectively. With this
performance of reinforced members, this allows for the use of lower height members,
which can be an alternative for projects with architectural constraints.

(4) Based on the tests, it was found that laminated beams with an applied reinforcement
ratio of 2.51% and 3.07% showed higher average displacements of 15.22% and 19.49%,
respectively. In addition, it was noted that, at higher loads and higher displacements,
the reinforced beams exhibited more ductile behaviour.

The results confirmed the analyses of experimental studies, which showed the effec-
tiveness of the use of cords or carbon laminates in increasing the load-bearing capacity
of beams, as well as ductility. In addition, load-displacement and strain diagrams are
shown as part of the verification of the study, enabling a procedure for the dimensioning
of components reinforced with cord and carbon laminates. However, further research is
needed with different types of wood or reinforcement, as well as with different dimensions
and loads.
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Abstract: In this research, experimental research and finite element modelling of glulam-concrete
composite (GCC) beams were undertaken to study the flexural properties of composite beams con-
taining timber board interlayers. The experimental results demonstrated that the failure mech-
anism of the GCC beam was the combination of bend and tensile failure of the glulam beam.
The three-dimensional non linear finite element model was confirmed by comparing the load-
deflection curve and load-interface slip curve with the experimental results. Parametric analyses
were completed to explore the impacts of the glulam beam height, shear connector spacing, timber
board interlayer thickness and concrete slab thickness on the flexural properties of composite beams.
The numerical outcomes revealed that with an increase of glulam beam height, the bending bearing
capacity and flexural stiffness of the composite beams were significantly improved. The timber
boards were placed on top of the glulam members and used as the formwork for concrete slab casting.
In addition, the flexural properties of composite beams were improved with the increase of the timber
board thickness. With the elevation of the shear connector spacing, the ultimate bearing capacity and
bending stiffness of composite beams were decreased. The bending bearing capacity and flexural
rigidity of the GCC beams were ameliorated with the increase of concrete slab thickness.

Keywords: glulam-concrete composite beam; timber board interlayer; bending performance; finite
element model; parametric study

1. Introduction

The glulam-concrete composite (GCC) beam is a novel structural element in which
the glulam member and the concrete slab fit together through shear connections. Due to
the sufficient composite effect provided by shear connections, the material properties of
the glulam and concrete are better utilized, as tensile forces from bending are primarily
resisted by the glulam and compressive forces are resisted by the concrete [1,2]. The GCC
beam exhibits better bending, bearing capacity and flexural rigidity than the pure glulam
beam, and displays greater acoustic insulation, better vibration comfort, and superior
fire protection ability [3–5]. Over the past ten years, the GCC beam has been extensively
utilized to reinforce and strengthen timber slabs in existent and newly-built multistory
buildings. In different practical uses of GCC beam, especially in the restoration of timber
architectures, the timber boards are placed on top of glulam members and can be used as
the formwork for concrete slab casting [6].

Up to now, substantial experimental studies on the structural behaviors of GCC
beams have been published [7–10]. Clouston et al. [11] performed bend tests on GCC
beams with steel toothed plate connectors. It was verified that composite beams exhibited
excellent mechanical properties. Persaud et al. [12] conducted experimental studies on
the flexural properties of GCC beams with screw connectors. The outcomes revealed that
the flexural bearing capacity and rigidity of GCC beams were significantly higher than
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those of pure glulam beams. Khorsandnia et al. [13] completed experimental research
on the short-term behavior of GCC beams with different forms of shear connectors (lag
screws, SFS and triangular notched connectors). Through nonlinear regression, analytical
models were established for investigating the load-slip behavior of the three types of
connections. Schanack et al. [14] found that during the stress process of GCC beams with
screw connectors, the cracking of concrete slabs reduced the stiffness of concrete, which
resulted in the increase of the deflection deformation and section stress of composite beams.
Hong et al. [15] conducted bending tests to investigate the effects of shear connection ratio
and concrete type on the bending performance of GCC beam. The outcomes revealed that
the failure modes of the GCC beam were tensile brittle failure and finger joint failure of
the glulam beams. Giv et al. [16] used adhesive to connect the concrete slab and glulam
beam, and carried out experimental research and theoretical analysis pertaining to the
shear bonding performance of the adhesive and the flexural performance of the composite
beams. Du et al. [17] conducted experimental research on the fire behavior of GCC beams
with timber board to study the effects of the timber board thickness and load ratio, and
established the mechanical model for analyzing the flexural bearing capacity and rigidity
of GCC beams in the presence of fire.

There are multiple numerical research and theoretical analyses regarding the structural
behavior of GCC beams. The existent finite element (FE) models for GCC beams can be
separated into 1D, 2D, and 3D. Lukaszewska et al. [8] established one-dimensional FE
models of timber-GCC floors. The glulam beam and concrete slab were emulated as two
parallel beams, and the shear connectors were simulated by discrete nonlinear spring
elements. The shear lag effects on the concrete slab were ignored, which might induce
computational outcome overestimation when the broad slab was utilized. Crocetti et al. [18]
developed two-dimensional FE models for timber-concrete composite beams produced
via simulating the concrete slab with multi-layer shell elements and emulating the timber
beam by beam elements. The discrete steel reinforcement bars were assumed as the steel
layers with the identical section area, and the interface connections were defined by the
non-linear springs. Thereby, the shear lag effects on concrete slabs and the impairment
plasticity behaviors of concrete were covered by the model. The research conducted by
Monteiro et al. [19] proved that two-dimensional FE models exhibited remarkable accuracy
based on the test outcomes, particularly for composite beams with comparatively larger
slab widths. Nevertheless, given that timber was a kind of orthotropic material, neglecting
the effect from weak orientations could cause the slight overestimation of the bending
performances of the GCC beam. To thoroughly reveal the influence of material performance
and the interplay between the members, solid elements with the specific definitions of
the stress-strain and contact associations were used in three-dimensional FE models. The
studies validated that three-dimensional FE models could precisely describe the load-
deflection, stress distributional status, and slip behavior of timber-concrete composite
beams [20–22].

Up to now, few researches on the structural performance of GCC beams containing
timber board interlayers have been completed. Here, the experimental research on glulam-
concrete composite beams was undertaken to study the flexural properties of composite beams
containing timber board interlayer. Then, the three-dimensional non-linear finite element model
was developed and confirmed by comparing the load-deflection curve and load-interface slip
curve with the experimental results. Based on the finite element studies, the influences of the
glulam beam height, shear connector spacing, timber board interlayer thickness and concrete
slab thickness on the flexural properties of composite beams were investigated.

2. Bending Tests

2.1. Composite Beam Sample

One full-scale GCC beam with inclined fasteners was constructed and loaded by
the four-point bending approach. In the composite beam sample, the glulam beam was
connected to the concrete slab using shear connectors (Figure 1). The glulam beam was
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150 mm wide, 300 mm high and 3900 mm long. The concrete slab was 80 mm thick
and 800 mm wide. The concrete slab was enhanced with steel meshes utilizing 8 mm
reinforcement bars with a spacing of 150 mm in two orientations. A timber board was
placed on the top of the glulam beam and utilized as formwork for concrete slab casting.
The inclined screw exhibited higher shear bearing capacity and slip modulus than that
of screws inserted vertically. Thus, an overall 19 horizontal cross-wise pairs of inclined
screw fasteners were used for connecting. The embedment lengths into concrete and timber
of the screw connectors were 70 and 100 mm, respectively. The glulam beam comprised
evenly glued laminated larch timber. The mean density of the timber was 0.526 g/cm3, and
the mean water content was 12.8%. The compressive elasticity modulus and compressive
strength of the lumber were obtained through material tests according to ISO 3787 [23].
The average compressive elastic modulus was 11,580 N/mm2, the compressive strength
parallel to the timber grain was 39.6 N/mm2, and the tensile strength parallel to the timber
grain was 84.89 N/mm2. The mean compressive strength of the concrete was 35.8 N/mm2.

 

Figure 1. Dimensions of composite beam specimen GCCB.

The four-point bending loads were applied to the beam specimen using a 300 kN
hydraulic jack. Firstly, the applied loads were applied at a rate of 0.2 kN/s to 10% of the
anticipated ultimate load, and then the loads were released to verify the efficiency of the
bending test setup and measurement equipment. After that, the load increased at a rate
of 0.2 kN/s until it reached the ultimate load. For obtaining the relative slips between the
concrete slab and the glulam beam, two displacement meters were mounted at the end of
the GCC specimen.

2.2. Test Results

At the beginning of loading period, there was no observable relative slip because of the
strong bonding effect at the interfacial region. With an increased level of the applied load, a
small relative slip was identified. For the composite beam sample, when the applied load
was elevated to approximately 85% of the ultimate load, cone expulsion failure happened on
the concrete layer around inclined screw fasteners (Figure 2a). The total collapse happened
on the testing sample because of the combination of bend and tensile failure in the glulam
beam (Figure 2b). Figure 3a displays the association between the loads and mid-span
deflections acquired from the bend test. The design of the glulam-concrete beam is usually
controlled by deflection. The corresponding mid-span deflection under serviceability limit
state ΔSLS was based on GB 50,005 [24], ΔSLS = l/250. At the beginning of loading, the
GCC beam displayed linear elasticity behavior. When the load was elevated to about 60%
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of the maximum load, the applied loads presented an analogous parabolic increase with
the elevation of the mid-span deflections. The flexural stiffness of GCC beam was lower,
and diminished continuously. When it attained the maximal load, with the elevation of
deflections, the loads decreased remarkably because of the brittle failure of the glulam
beam. Figure 3b presents the association between the loads and interface slips at the end of
the GCC beam. With the bending loading elevated, the relative slips at the at the interfacial
region increased because of the bending deformation of screw fasteners under longitudinal
shearing force.

  

(a) (b) 

Figure 2. Failure mode of composite beam specimen. (a) Cone failure of concrete slab, (b) Tensile
failure of glulam beam.

  

(a) (b) 

Figure 3. Test results of composite beam specimen. (a) Load-deflection curve, (b) Load-slip curve.

3. Finite Element Model

3.1. Constitutive Model of Materials

To sufficiently consider the effect of the failure mechanisms on the flexural behavior of
GCC beams containing interlayers, three-dimensional (3D) FE models were established by
the commercially available FE software ABAQUS. In the FE models, the damage plasticity
model was utilized to realize the modeling of the physical performances of concrete. The
concrete damage elicited by cracking or crushing causes a decrease in the elasticity modulus
of the concrete. The tensile behavior of concrete was hypothesized to be linear up to the
uniaxial tensile strength equal to f t = f ’

c/10. According to Eurocode 2 [25], the compression
uniaxial stress-strain association for concrete can be identified by the formula below:

σc

fcm
=

kη − η2

1 + (k − 2)η
(1)
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where: η = εc/εc1; εc1 = the strain at peak stress; k = 1.05Ecm × |εc1|/ fcm; Ecm = elasticity
modulus of concrete; f cm = cylinder compression strength of concrete.

The timber was simulated as an orthotropic material. It was hypothesized that both
rigidity and intensity in the radial or tangential orientations were identical. The association
between elasticity modulus in the grain and cross grain orientation as well as the association
between elastic modulus and shearing modulus are specified in standard EN 338 [26]. The
orthotropic yield standard put forward by Hill [27] was utilized to realize the definition of
glulam, which has been evidenced to have precise delineation of timber performances [28].

The steel material properties of screw fasteners were defined as isotropic elastic-plastic
constitutive. The yield strength and ultimate tensile strength of screw fasteners were
375 MPa and 462 MPa, which were measured from material tests.

3.2. Element Type and Interface Simulation

The composite beam specimen was mainly composed of the concrete slab, glulam
beam, screw fasteners and steel bars. The screw section cutting of the threaded section
was considered in the screw modeling. The net section diameter was used for the screw
modeling. The 8-node solid linear elements with reduced integration C3D8R were utilized
to model the concrete slab, glulam beam and screw fasteners. The T3D2 truss element
was utilized to simulate the steel reinforcement in the concrete slab. The global size of the
element meshed in the connection model was 10 mm, and for the beam model, the relevant
size was 100 mm. The interplay between the steel bars and concrete were analyzed through
the “Embedded region” option. The longitudinal spacing and transverse spacing of screw
fasteners were 200 mm and 50 mm, respectively. Both tangential and normal contact
behaviours were identified in the FE model to simulate interaction among screw fasteners,
concrete slab and glulam beam. The option “Hard Contact” was selected to identify the
normal contact behaviours, and “Penalty” was chosen for identifying tangential behaviourd
through postulating the timber-concrete frictional coefficient of 0.7. The model diagram of
the GCC beam after defining boundary and load conditions is shown in Figure 4.

Figure 4. Model diagram of GCC beam after defining boundary and load conditions.

3.3. Validation and Discussion

Figure 4 displays the stress distributional status of the GCC beam at the maximal load.
When the composite beam model reached the limit state, the midspan bottom of the glulam
beam achieved the ultimate tensile stress (Figure 5a). In addition, the maximum principal
stress distribution of the concrete slab indicated that the cone expulsion failure occurred
at the inclined screw fasteners (Figure 5b). The outcomes revealed that the numerical
simulation could precisely predict the failure mode and the change characteristics of
the composite beam in the loading process. Figure 6 presents the numerical simulation
results of the load-deflection relationship and load-interface slip curve for the GCC beam.
As shown in Figure 5, the developed finite element model adequately predicted the load-
deflection relationship and load-interface slip curve, particularly in the elasticity range.
With the elevation of the applied load, the cracks appeared on the weak surface of the
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glulam member under the combination of bending and shear effects, which resulted in
reduction of the stiffness and load carrying capacity. The maximal bearing capacity of
the composite beam forecasted by the finite element modelling was a little lower than the
testing outcomes. The main reason was the simplified constitutive law of timber utilized in
the finite element modelling. At the beginning of loading, the slip displacement was small
because of the strong bonding effect at the concrete-timber interfacial region. When the
loading was elevated to approximately 28% of the maximum load, with the applied loads
increased, the attenuated composite actions at the interfacial region led to a rapid increase
of the interface slips.

 
(a) 

 
(b) 

Figure 5. Stress distributions of GCC beam at maximum load. (a) Glulam beam, (b) Concrete slab.

  

(a) (b) 

Figure 6. Comparison between the test and finite element results. (a) Load-deflection curve,
(b) Load-slip curve.
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4. Parametric Study

4.1. Section Height of Glulam Beam

To reveal the impact of the glulam beam section size on the flexural performance of
composite beams, different sizes of the glulam beams (150 mm × 300 mm, 150 mm × 200 mm,
150 mm × 100 mm and 150 mm × 400 mm) were simulated. The numerical simulation results
of the composite beam with different glulam beam section size are presented in Figure 7.
When the section height of the glulam beam increased from 300 mm to 400 mm, the elastic
bending capacity of the GCC beams increased by 51.4% and the ultimate bearing capacity
increased by 59.4%. When the section height decreased from 300 mm to 200 mm, the elastic
bearing capacity was reduced by 42.9% and the maximal load carrying capacity was reduced
by 38.2%. The comparison results showed that the section height of the glulam beam could
significantly affect the flexural bearing capacity. Through the analysis of the load-deflection
curves, it was found that the flexural rigidity of the composite beam was improved with
the increase of the glulam beam section height. In addition, the increasing section height
of the glulam beam could significantly ameliorate the deformation-resistance capability of
GCC beam.

Figure 7. Comparison of load-deflection curves of composite beams with different beam heights.

4.2. Screw Connector Spacing

The shear connections play an important role in GCC beams through transferring shear
forces among the glulam and concrete members and preventing detachment mechanisms.
Four finite element models of the GCC beams with 100, 200, 300 and 400 mm spacing of
inclined screw fasteners were simulated and analyzed to research the influence of shear
connector ratio on the flexural properties. The load-deflection curves of GCC beams with
different shear connector spacings are displayed by Figure 8. The numerical results revealed
that the ultimate bending bearing capacity of the GCC beams with 100, 200 and 300 mm
spacing of screw connectors increased by 13.5%, 7.6% and 4.0%, respectively, compared
to that of the composite beam with 400 mm spacing of screw connectors. In addition, the
flexural stiffness of the GCC beams was improved by 6.3%, 20.0% and 33.6%, respectively,
compared to that of the composite beam with 400 mm spacing of screw connectors. Thus,
the bending bearing capacity and flexural stiffness of the composite beams decreased with
the increase of the screw fasteners spacing, which was mainly due to the decrease of the
composite action between the glulam beam and the concrete slab.
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Figure 8. Comparison of load-deflection curves of composite beams with different screw connec-
tor spacing.

4.3. Thickness of Timber Board

Timber boards may be utilized as the permanent formwork for concrete casting. This
can not only create convenience for the construction, but also keep the integral beauty
of the timber structures. Five finite element models of GCC beams with various timber
board thicknesses were established to study the impacts of timber board thickness on
the structural properties. The load-deflection curves of the GCC beams are presented in
Figure 9. The numerical simulation outcomes revealed that when the timber board thickness
increased from 0 mm to 10 mm, the flexural stiffness and ultimate bending bearing capacity
of the composite beams displayed no obvious difference, which indicated that the presence
of the timber board had no significant effect on the mechanical performance of GCC beam.
The maximal bending bearing capacity of the GCC beams with 15, 20 and 30 mm timber
board thickness was improved by 3.2%, 7.5% and 10.8%, respectively, compared to that
of the composite beam with 10 mm timber board thickness. It was discovered that the
bending bearing capacity and flexural stiffness of the composite beams was enhanced with
the elevation of the timber board thickness.

Figure 9. Comparison of load-deflection curves of composite beams with different timbe board thicknesses.

4.4. Thickness of Concrete Slab

Five finite element models of GCC beams with various concrete slab thicknesses were
established to study the impact of concrete slab thickness on the mechanical properties.
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The load-deflection curves of the GCC beams with 60, 70, 80, 90 and 100 mm concrete
slab thickness are displayed in Figure 10. The numerical simulation outcomes revealed
that the ultimate bending bearing capacity of the GCC beams with 70, 80, 90 and 100 mm
concrete slab thickness increased by 6.4%, 7.6% and 4.0%, respectively, compared to that of
the composite beam with 60 mm concrete slab thickness. In addition, the flexural stiffness
of the GCC beams was increased by 6.2%, 12.7%, 19.2% and 26.1%, respectively, compared
to that of the composite beam with 60 mm concrete slab thickness. The numerical results
indicated that the bending bearing capacity and flexural rigidity of the composite beams
were enhanced with the increase of concrete slab thickness.

Figure 10. Comparison of load-deflection curves of composite beams with different concrete slab thicknesses.

5. Conclusions

To study the flexural performance of GCC beam containing interlayer, experimental
research and finite element modelling of the composite beam were conducted. The finite
element studies were performed to investigate the impacts of the glulam beam height, shear
connector spacing, timber board thickness and concrete slab thickness on the structural
properties of GCC beam.

(1) The experimental results demonstrated that the failure mechanism of the GCC beam
was the combination of bend and tensile failure in the glulam beam. At the beginning
of loading, the slip displacement was small because of the strong bonding effect at the
concrete-timber interfacial region. When the loading was elevated to approximately
28% of the maximum load, with the applied loads increased, the attenuated composite
actions at the interfacial region led to a rapid increase of the interface slips.

(2) The finite element results showed that the numerical simulation could precisely
predict the failure mode and the change characteristics of the composite beam in
the loading process. The developed finite element model adequately predicted the
load-deflection relationship and load-interface slip curve, particularly in the elasticity
range. For the elastic-plastic stage, the predicted deflection of the GCC beam deviated
from the test results due to the nonlinear bending performance. The elastic-plastic
damage constitutive model of glulam needs to be optimized.

(3) The parametric study results showed that with increase of the glulam beam height,
the bending bearing capacity and flexural stiffness of the GCC beam were significantly
improved. With the shear connectors spacing increased, the ultimate bearing capacity
and bending stiffness of the composite beam were decreased. The existence of timber
board had no significant effect on the flexural performance of the composite beams.
The bending bearing capacity and flexural stiffness of the composite beams were
enhanced with the increase of the concrete slab thickness.
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Abstract: The paper deals with the analysis of the rotational stiffness of a semirigid connection
created from a system of two stands and a rung. The connection was made from glued laminated
timber with metal mechanical dowel-type fasteners. Not only a common combination of bolts and
dowels but also fully threaded screws were used for the connection. The aim of the research and its
motivation was to replace commonly used fasteners with more modern ones, to shorten and simplify
the assembly time, and to improve the load-carrying capacity of this type of connection. Each of these
two types of connection was loaded to the level of 60%, 80%, and 100% of the ultimate limit state
value. Subsequently, the rotational stiffness was determined for each load level after five loading and
unloading cycles. This paper presents the results and comparison of the experimental testing and the
numerical modeling. The obtained results were also compared with the assumption according to the
currently valid standard.

Keywords: bolts; dowels; dowel-type fasteners; FEM; frame connection; fully threaded screws; glued
laminated timber; numerical model; rotational stiffness

1. Introduction

Stiffness is an important property of connections in timber structures. When designing
and assessing a structure, it is necessary to take into account not only the load-carrying
capacity but also the deformation behavior in order to ensure sufficient reliability of the
structure. In 1949, Granholm [1] began to deal with the issue of deformation capacity of
structures after the fall of a formwork of the Sandö Bridge, which was located in Sweden in
the 1930s. The failure of the structure was caused by ignoring the nonlinear deformation
behavior of fasteners in connections. The scientist found that the stiffness was not constant
and varied depending on the load level and deformation of the connection. A decrease in
connection stiffness can be observed with increasing deformation. In 1963, Granholm [2]
determined the tangent and secant stiffness along the entire curve of a load–deformation
diagram for a nail connection. The stiffness was calculated based on 70 load–deformation
curves for a nail diameter of 5.6 mm and a length of 150 mm. The scientist also emphasized
consideration the friction between the timber elements in the connection. In the case of the
collapse of the aforementioned bridge formwork, the stiffness at failure was only about
20–25% of the initial values.

Ehlbeck [3] identified some parameters that influence the load–deformation behav-
ior. These parameters are divided into four main parts. The dimensions and material
properties of fasteners represent the first part. These properties include the size, length,
diameter, surface treatment, and bending properties of the fastener. The second part in-
cludes mechanical properties of fasteners, such as slip moduli and yield moment. The third
part contains configurations of fasteners, i.e., number of shear planes, thickness of timber
element, predrilling of holes, and spacing and distances for fasteners. The last part of
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influences includes loading conditions. These can be static or dynamic, short term or long
term, and also loading rate. The identification of these parameters means that the stiffness
values given in the design codes are only rough estimates, due to the great variability of
material properties [3].

In 1981, Dubas and Gehri [4] stated that the standard at the time took into account only
the slip modulus corresponding to the ultimate limit state. This failure stiffness was too
conservative for the serviceability limit state due to the strong dependence of the respective
stiffness value on the respective load value. It was also emphasized that the initial slip of
the connection is usually smaller for tested connections than for actual connections made
on the construction site in practice. This is due to greater accuracy and precision under
laboratory conditions. They also stated that the initial slip can be observed for all types of
connections, even for predrilled ones. It is possible to expect an initial slip of 0.50–1.00 mm
depending on the fastener diameter or timber drying. There are very few experiments and
scientific work that have evaluated the effect of moisture content on connection stiffness
2020 [5]. That latter work assumes that the most deformations in the connection occur in the
timber element, so the same moisture content dependence can be applied to the connection
stiffness. Furthermore, the paper states that as the moisture content of the timber element
increases, its modulus of elasticity decreases and thus the deformation increases. However,
this idea needs to be verified by several studies.

In experimental tests by Ehlbeck and Werner in 1988 [6], it was observed that deforma-
tion under the allowable load according to DIN 1052 [7] increased with increasing fastener
diameter. They derived an equation for calculation of the slip modulus. This was later
modified by Ehlbeck and Larsen [8], and became the standard equation for the calculation
of the slip modulus. This relationship was and is still under investigation. Jorissen [9] also
dealt with this relation in his dissertation and found that in the case of multiple fastener
connections, the stiffness values were significantly lower than assumed by the current
standard approach. This is explained by the clearances for holes and the nonuniform load
distribution of individual fasteners during loading.

Nowadays, the slip modulus for fasteners (translational stiffness) is calculated on the
basis of the equations given in Eurocode 5 [10]. However, this standard does not specify a
procedure for calculating rotational stiffness. Rotational stiffness can be calculated on the
basis of the equations given in the scientific literature [11] using the slip modulus according
to Eurocode 5 [9].

Dowel-type fasteners, such as screws, bolts, and dowels, are one of the most popular
fasteners in timber structures [12,13]. They are easy to use, cheap, and available everywhere.
In order to effectively apply dowel-type connections, it is crucial to understand their
mechanical behavior under loading. It is desirable to know the relationship between load
and slip, stress distribution, or possible different failure modes. The mechanical behavior
of connections in timber structures is a complex problem that is influenced by a number
of factors [14]. The most important factors are the geometry and arrangement of the
connection (i.e., spacing, edge and end distances) [15], the material characteristics, the type
of timber [16], and the method of loading.

The load-carrying capacity and stiffness of connections are influenced not only by
mechanical properties of fasteners but also by mechanical properties of timber. The stiffness
is mainly affected by the timber density. The findings described in [17,18] can be used to
determine the mechanical properties and to classify the structural timber. It is possible
to use selected nondestructive experimental testing [19,20], dynamic testing [21], and a
nondestructive vibrational method [22] in order to determine these mechanical properties.
A semidestructive method can also be used to determine the density and moisture content
of timber [23].

Nowadays, numerical modeling should also be included as an important part of
experiments. Numerical modeling is an excellent tool to understand the behavior of
connections in timber structures. Dobeš [24], Braun [25], and Kupniewska [26] dealt with
the calibration and validation of numerical models according to experimental tests. The
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papers stated that numerical modeling was especially suitable for determining the stress
in individual elements of the connection and determining the locations of stress peaks.
However, the exact prediction of the load–deformation response is often problematic,
because the response of the tested connection is influenced by many factors that can hardly
be taken into account in the numerical model (e.g., unpredictable initial slip and the gradual
increase in stiffness in the initial consolidation phase of the connection when the contact
between the timber and the fastener is just forming).

The paper is focused on the experimental determination of the rotational stiffness of a
semirigid connection, with subsequent validation of a numerical model. The fist variant of
the connection is made of a combination of bolts and dowels in Experiment A. The second
variant of the connection is made of high tensile fully threaded screws in Experiment B. The
fasteners in Experiment A are used in practice, so it is a common combination. Knowledge
on the design of such a semirigid connection can be found elsewhere [27–29]. However,
the fasteners in Experiment B are not commonly used in practice. The presented paper is a
follow-up of previous research [30–32]. Papers [30,31] dealt with determining the rotational
stiffness and load-carrying capacity of a timber frame corner. However, this structure was
much larger and made of larger cross-sections with greater number of fasteners. The aim
was to create a connection with higher load-carrying capacity using the same structural
elements. Johanides [32] dealt with smaller timber frame corners. The paper determined
and compared the ductility of these two types of connection (bolts and dowels vs. fully
threaded screws).

This paper brings knowledge about the results of analytical, experimental, and nu-
merical determination of the rotational stiffness of a semirigid connection with mechanical
fasteners. The reader can view the results of a comparison of two types of fasteners and
form his/her own opinion on the advantages and disadvantages of individual fasteners
based on the presented data.

2. Materials and Methods

2.1. Description of Structure and Geometry

The tested specimens corresponded to actual connections used in practice. The ar-
rangement and loading of test specimens was designed to correspond with the actual state
of the connection in a real load-carrying structure. The air temperature was 21 ◦C and the
relative air humidity 55% during the experimental testing.

The structural system for the experiments was created from a semirigid connection of
two stands and a rung. These structural elements were made of spruce timber, which is the
most used structural timber in Central Europe for structural practice due to its availability.
The disadvantage of this timber is its low durability in the outdoor environment. The
connection was made of dowel-type metal fasteners. Two identical structural systems
were created with different types of fasteners. Experiment A contained a combination
of bolts and dowels as fasteners. Experiment B contained fully threaded screws. Glued
laminated timber of the strength class GL24h was used. Four-point bending tests were
performed to verify the properties of the used timber. Results of the tests have already
been published [32]. The stands were made of a cross-section of 100/300 mm and the rung
was made of a cross-section of 100/300 mm. The material properties of the fasteners were
also experimentally verified by tensile tests [32]. Bolts and dowels in Experiment A were
made of steel, grade 10.9. The outer diameter of the threaded shank was 8 mm, the inner
diameter was 7.25 mm. The bolt length was 360 mm and the dowel length was 300 mm.
Holes for fasteners were predrilled with an 8 mm-diameter drill to get connections without
initial slip. The fully threaded bolts in Experiment B were made of steel, grade 10.9. The
outer diameter of the screw was 8 mm, the inner diameter of the screw was 5 mm, and the
length was 300 mm. Holes for fasteners were predrilled with a 5 mm-diameter drill, also in
order to eliminate the initial slip.
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The arrangement of fasteners in both experiments was identical. They were located
on one symmetrical circle with a radius r = 90 mm, with 10 pieces. The arrangement (see
Figure 1) was determined according to [11].

Figure 1. The arrangement of fasteners.

It was necessary to create the boundary conditions of the structure to carry out these
experiments. A steel structure was designed and made to ensure the correct boundary
conditions. A steel sheet of the desired shape was fastened to the steel structure by bolts
and subsequently the stand of the semirigid connection was fastened to the plate using
24 bolts with a diameter of 8 mm. This connection was calculated and designed for 400% of
the estimated load that would cause the connection failure. The entire steel structure was
placed on a reinforced concrete floor at the required distance from the testing machine so
the load could be applied to the required position on the rung. After the correct positioning
of the steel structure, the rear part of the steel structure was loaded with a steel box with a
weight of 1000 kg against its overturning and displacement. A schematic illustration of the
experiment is shown in Figure 2.

Figure 2. Schematic illustration of the experiment.
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2.2. Description of the Testing Machine

The experiments were performed using a LabTest 6.1200 electromechanical testing
machine from Labortech (Opava, Czech Republic) [33] with a maximum force of 1200 kN.
This testing machine allows tensile, compressive static, and cyclic dynamic testing. The test
speed of the testing machine ranges from 0.0005 to 250 mm/min. The machine and testing
procedure is controlled by computer software.

2.3. Position of Gauge Sensors

To evaluate the rotational stiffness from the tests, it was necessary to obtain the most
accurate input data for the calculation. This was achieved by using the force gauge sensors
(see Figure 3 on the right), which was located under the crosshead. The ALMEMO FKA0255
gauge sensor records force up to 50 kN with an accuracy of ±0.20% in pressure and ±0.10%
tension. Furthermore, it was necessary to fit the strain gauge sensors correctly (see Figure 3
on the left), according to the scheme in Figure 4. An Almemo FWA100TR gauge sensor with
a range of 0–100 mm with an accuracy of ±0.002 mm was used to record the deformation.
Both sensors were from Ahlborn (Holzkirchen, Germany) [34].

Figure 3. Strain gauge sensor (on the left); force gauge sensor (on the right).

Figure 4. Position of strain gauge sensors: front view (on the left), side view (on the right).

2.4. Determination of the Rotational Stiffness

The system for loading (see Figure 2) included several influences that cause the vertical
movement of the rung end. These components must be subtracted to determine the actual
deformation caused by the rotational stiffness of the frame connection. The following text
therefore focuses on determination of the deformation caused by the rotational stiffness.

The first important factor is the semirigid connection between the lower part of the
stand and the supporting steel structure (see Figure 5). This connection causes an inclination
of the stand during loading, and subsequently a vertical displacement of the rung end.
Therefore, one strain gauge sensor is placed horizontally (S2 in Figure 4). It records the
horizontal displacement (inclination) of the stand. It is then possible to determine this
vertical deformation based on the obtained data.

It is also necessary to take into account deformations of the individual segments (see
Figure 6), caused by the bending moment and the shear force. These deformations can be
determined analytically according to cross-sectional characteristics and dimensions of the
individual segments, for example, by means of the force method.
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Figure 5. Semirigid connection between the stand and the steel plate (on the left); deformation due to
inclination (on the right).

Figure 6. Deformation of segments due to bending moment and shear force.

The actual value of the deformation caused by the rotational stiffness can be obtained
if the abovementioned effects of the vertical displacements are subtracted from the total
displacement measured by the sensor S1 (see Figure 4). Based on the obtained value of
deformation, it is possible to determine the course of rotational stiffness depending on
the applied load (see Figure 7). It can subsequently be compared with the value from the
numerical model and analytical calculation [11].

Figure 7. Deformation of the rung end caused by the rotational stiffness of the frame connection.

2.5. Description of the Loading Procedure of Quasi-Static Tests

The aim of the quasi-static cyclic testing was to investigate the behavior of the semirigid
connection at different load levels. The rotational stiffness values for the individual load
levels were determined based on the obtained data.

The idea of such testing is built on a practical basis. This means that building struc-
tures are designed with consideration of the ultimate limit state. The limit value of the
load-carrying capacity must not be exceeded in a real structure; otherwise, there is a risk of
permanent damage of the supporting structure, or its collapse [10]. For this reason, the rota-
tional stiffness of the connection beyond the ultimate limit state was not investigated. The
selection of individual load levels for the cyclic testing was chosen strategically as follows.

1. The first value for loading was calculated as 60% of the ultimate limit state value
of load-carrying capacity. This load represents a common design situation of most
load-carrying structures.

2. The second value for loading was calculated as 80% of the ultimate limit state value
of load-carrying capacity. This load is also a common design situation of some load-
carrying structures.
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3. The third value for loading was calculated as 100% of the ultimate limit state value
of load-carrying capacity. This load represents the maximum load of load-carrying
structures in practice.

The tensile load was generated by electrohydraulic cylinders. During the test, the time,
tensile force, and deformation (i.e., crosshead displacement) were continuously recorded.
Strain gauge sensors were installed on the structures in order to enable a correct evaluation
of the results (see Section 2.3).

The test specimens were subjected to nondestructive tests before the cyclic testing
to determine the moisture content and density of the used timber. The timber density is
the main factor in the analytical calculation of the slip modulus of fasteners according to
Eurocode 5 [10] and thus also the rotational stiffness according to Koželouh [11].

It is important to note that a new unloaded connection was used for each test to
achieve correct results. Using an already loaded specimen would affect the results, as a
consequence of embedment of timber or irreversible permanent deformation of fasteners.

The following loading procedure is a modified approach of the authors, which is based
on the standard EN 26891 [35].

1. Calculation of the maximum force Fed for the tested connection (i.e., 100% ULS);
2. Loading of the specimen to 60% Fed, then holding for 30 s;
3. Unloading to 10% Fed, then holding for 30 s;
4. Repeating steps 2 and 3 four times, until a total of 5 load cycles is done.

The procedure mentioned in the text above was also applied to test specimens at 80%
and 100% Fed.

Table 1 shows the values that determine the course of the experimental loading for
Experiment A (bolts and dowels) and Experiment B (fully threaded screws) at 60% of the
ultimate limit state value. The load-carrying capacity of the connection Fed was calculated
as the design value (using modification factor kmod = 0.90 and partial factor for material
properties γcon = 1.30). This value represents the maximum load-carrying capacity of the
connection and was calculated according to Eurocode 5 [10] and the literature [10].

Table 1. The course of the 60% ULS experiment setup.

Loading Step
Bolts and Dowels Fully Threaded Screws

From To From To
(kN) (kN) (kN) (kN)

Step 1 0 4.93 0 6.31
Step 2 Hold Hold
Step 3 4.93 0.85 6.31 1.05
Step 4 Hold Hold
Step 5 0.85 4.93 1.05 6.31
Step 6 Hold Hold

Repeating steps 3, 4, 5 four times.

The loading speed was chosen as constant in kN/min according to the selected loading
schemes. The total testing time of one specimen was 30 min.

Figure 8 shows the graphic course of individual experimental tests.

2.6. Experimental Testing

All the experiments were carried out at the Centre for Building Experiments and
Diagnostics at VSB—Technical University of Ostrava, Czech Republic. Figure 9a shows
Experiment A, a combination of bolts and dowels. Figure 9b shows Experiment B, fully
threaded screws. The load was applied to the connection using a steel cylinder with a
diameter of 50 mm. A rubber pad with a thickness of 10 mm was placed under this cylinder
to eliminate local damage of the timber rung during loading.

41



Materials 2022, 15, 5622

Figure 8. The course of individual experiments.

(a) (b)

Bolts and
dowels

Full threaded
screws

Figure 9. Experimental specimens: (a) Experiment A, bolts and dowels; (b) Experiment B, fully
threaded screws.

2.7. Numerical Modeling

The numerical model was created in the Ansys 21 software in the Workbench
21 environment (Canonsburg, PA, USA) [36]. The models used 3D finite elements with the
support of material nonlinearity, geometric nonlinearity, and contact elements. The material
model of timber was considered to be orthotropic with the Hill yield criterion to predict
plastic behavior, [37]. Steel elements were considered isotropic with plastic behavior based
on the Von Mises yield criterion [37]. The load–deformation response of the numerical
model would not be sufficiently accurate without considering the orthotropy of timber
and the plastic behavior of materials. Mikolášek [38] and Gunderson and Goodman [39]
were also used to gain the material characteristics of timber for the numerical models. The
material characteristics of timber are shown in Table 2, and the material characteristics of
steel are shown in Table 3.
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Table 2. Elastic constants of the material model for timber.

Timber Properties Value Unit

Young’s modulus in X 9200 MPa
Young’s modulus in Y 740 MPa
Young’s modulus in Z 400 MPa
Poisson’s ratio in XY 0.47 -
Poisson’s ratio in YZ 0.25 -
Poisson’s ratio in XZ 0.37 -
Shear modulus in XY 650 MPa
Shear modulus in YZ 38 MPa
Shear modulus in XZ 700 MPa

Table 3. Elastic constants of the material model of fasteners.

Steel Properties Value Unit

Young’s modulus 190,000 MPa
Poisson’s ratio 0.30 -

The modulus of elasticity of fasteners was determined on the basis of the experience
of the authors.

The values of the plastic behavior of timber (see Table 4), and the plastic behavior of
steel (see Table 5) were obtained based on an experimental testing. The results of the testing
have already been published in [31].

Table 4. Values for the plastic behavior of the material model for timber.

Hill Yield Criterion Value Unit

Yield strength in X 32 MPa
Yield strength in Y 1 MPa
Yield strength in Z 1 MPa

Yield strength in XY 6 MPa
Yield strength in YZ 3 MPa
Yield strength in XZ 6 MPa

Table 5. Values for the plastic behavior of the material model for steel.

Bolts and Dowels

Yield strength 670 MPa
Ultimate strength 970 MPa

Hardening modulus 1000 MPa

Fully Threaded Screws

Yield strength 690 MPa
Ultimate strength 1075 MPa

Hardening modulus 1000 MPa

Figures 10 and 11 show individual numerical models that were used for the analysis of
the rotational stiffness at different load levels after five cycles of loading and unloading. The
connection with bolts and dowels (Experiment A) contained 125,000 nodes, 32,467 finite
elements and 375,000 equations. The connection with fully threaded screws (Experiment B)
contained 78,557 nodes, 15,868 elements, and 218,729 equations.

43



Materials 2022, 15, 5622

Figure 10. Numerical model for Experiment A, bolts and dowels.

Figure 11. Numerical model for Experiment B, fully threaded screws.

Thanks to carefully placed strain gauge sensors and analytical calculations described in
Section 2.3, it was possible to choose a fixed support for the stands as boundary conditions.
After subtracting the already mentioned external influences causing the deformation of
the rung, we can get the deformation caused by the rotational stiffness of the connection.
Figure 12 shows the selected boundary conditions of the numerical model (the fixed support
of the stands).

Figure 12. Boundary conditions of the numerical models.

It is very important to correctly apply the load into the numerical model. Figure 13
shows the finite-element mesh for both numerical models for applying the load using
the press head (cylinder) of the testing machine. The model was loaded by a vertical
displacement (displacement controlled loading), which represented the actual loading by
the cylinder during the experimental testing.
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Figure 13. Finite-element mesh for applying load.

The mesh was created from 3D hexahedral finite elements. The finite-element mesh
was divided into several subregions with different finite-element sizes with respect to the
estimated areas of increased local stress concentrations. A finer mesh was chosen around
the contact of the fastener with the timber element. A ratio of 3:1 (length to height) for the
finite elements of the subregions was set to obtain optimal results. The interface between
individual elements was simulated using frictional contacts. The coefficient of friction
between timber–timber elements was 0.40, steel–steel 0.10, and timber–steel 0.30. Figure 14
shows the finite-element mesh for Experiment A (bolts and dowels). Figure 15 shows the
finite-element mesh for Experiment B (fully threaded screws).

Figure 14. Finite-element mesh for Experiment A, bolts and dowels.

Figure 15. Finite-element mesh for Experiment B, fully threaded screws.
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3. Results

3.1. Results of Experimental Testing
3.1.1. Experiment A, Bolts and Dowels

Figure 16 shows load–deformation curves from the experimental testing. The defor-
mation u represents the actual vertical deformation of the rung end after subtracting all
the influences that were explained in Section 2.3. The loading procedure was carried out
according to the explanation in Section 2.4, and the position of the load is shown in Figure 4.

Figure 16. Load–deformation curves of nondestructive quasi-static cyclic testing for individual speci-
mens made from a combination of bolts and dowels (Experiment A).

Figure 17 shows the curves of the rotational stiffness depending on the load level for
the connection made from a combination of bolts and dowels. The figure also indicates the
rotational stiffness values calculated for the ultimate limit state according to Eurocode 5 [10].

Figure 17. Course of rotational stiffness of a semirigid connection for specimens made from a combina-
tion of bolts and dowels (Experiment A).

The results of the individual tests are listed in Tables 6–8. The first column indicates
the load level. The second column shows the maximum force achieved during the test.
The third column shows the corresponding value of the bending moment. The fourth
column shows the actual deformation caused by the rotational stiffness of the semirigid
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connection. The fifth column contains the calculated value of the rotational stiffness based
on the experimental data. The sixth and the seventh columns contain the standard deviation
value and the average value of the experimental data. The eighth column contains the
calculated rotational stiffness according to Eurocode 5 [10]. The ninth column shows the
ratio between the rotational stiffness obtained experimentally and the rotational stiffness
calculated according to Eurocode 5 [10].

Table 6. Results of quasi-static cyclic testing for Experiment A at 60% ULS.

Load Level
F60% ULS

[kN]
M60% ULS

[kNm]
u

[mm]
kr, 60% ULS

[MNm/rad]
SD,kr,60

[MNm/rad]
AVG,kr,60

[MNm/rad]
kr, u, EC5

[MNm/rad]
Test/u

[-]

60% ULS 4.93 3.80

3.06 0.955

0.023 0.917 0.323

2.96
3.13 0.934 2.89
3.21 0.911 2.82
3.25 0.899 2.78
3.27 0.894 2.77

Table 7. Results of quasi-static cyclic testing for Experiment A at 80% ULS.

Load Level
F80% ULS

[kN]
M80% ULS

[kNm]
u

[mm]
kr, 80% ULS

[MNm/rad]
SD,kr,80

[MNm/rad]
AVG,kr,80

[MNm/rad]
kr, u, EC5

[MNm/rad]
Test/u

[-]

80% ULS 6.50 5.01

6.85 0.563

0.005 0.554 0.323

1.74
6.92 0.558 1.73
6.98 0.553 1.71
7.02 0.550 1.70
7.04 0.548 1.70

Table 8. Results of quasi-static cyclic testing for Experiment A at 100% ULS.

Load Level
F100% ULS

[kN]
M100% ULS

[kNm]
u

[mm]
kr, 100% ULS

[MNm/rad]
SD,kr,100

[MNm/rad]
AVG,kr,100

[MNm/rad]
kr, u, EC5

[MNm/rad]
Test/u

[-]

100% ULS 8.66 6.67

12.58 0.408

0.002 0.401 0.323

1.26
12.63 0.406 1.26
12.68 0.404 1.25
12.69 0.404 1.25
12.70 0.404 1.25

Figure 18 shows the course of the rotational stiffness of the connection. It was created
on the basis of the individual load levels. It is possible to observe a decreasing trend in the
level of rotational stiffness with the increasing load.

Figure 18. Trend of rotational stiffness for Experiment A.
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3.1.2. Experiment B, Fully Threaded Screws

Figure 19 shows load–deformation curves from the experimental testing. The defor-
mation u represents the actual vertical deformation of the rung end after subtracting all
the influences that were explained in Section 2.3. The loading procedure were carried out
according to the explanation in Section 2.4, and the position of the load is shown in Figure 4.

Figure 19. Load–deformation curves of nondestructive quasi-static cyclic testing for individual
specimens made from fully threaded screws (Experiment B).

Figure 20 shows the curves of the rotational stiffness depending on the load level for
the connection made from fully threaded screws. The figure also indicates the rotational
stiffness values calculated for the ultimate limit state according to Eurocode 5 [10].

Figure 20. Course of rotational stiffness of a semirigid connection for specimens made from fully
threaded screws (Experiment B).

The results of the individual tests are listed in Tables 9–11. The first column indicates
the load level. The second column shows the maximum force achieved during loading.
The third column shows the corresponding value of the bending moment. The fourth
column shows the actual deformation caused by the rotational stiffness of the semirigid
connection. The fifth column contains the calculated value of the rotational stiffness based
on the experimental data. The sixth and the seventh columns contain the standard deviation
value and the average value of the experimental data. The eighth column contains the
calculated rotational stiffness according to Eurocode 5 [10]. The ninth column shows the
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ratio between the rotational stiffness obtained experimentally and the rotational stiffness
calculated according to Eurocode 5 [10].

Table 9. Results of quasi-static cyclic testing for Experiment B at 60% ULS.

Load Level
F60% ULS

[kN]
M60% ULS

[kNm]
u

[mm]
kr, 60% ULS

[MNm/rad]
SD,kr,60

[MNm/rad]
AVG,kr,60

[MNm/rad]
kr, u, EC5

[MNm/rad]
Test/u

[-]

60% ULS 6.31 4,86

9.39 0.383

0.002 0.386 0.323

1.19
9.28 0.388 1.20
9.34 0.385 1.19
9.33 0.386 1.19
9.33 0.386 1.19

Table 10. Results of quasi-static cyclic testing for Experiment B at 80% ULS.

Load Level
F80% ULS

[kN]
M80% ULS

[kNm]
u

[mm]
kr, 80% ULS

[MNm/rad]
SD,kr,80

[MNm/rad]
AVG,kr,80

[MNm/rad]
kr, u, EC5

[MNm/rad]
Test/u

[-]

80% ULS 8.10 6.24

15.28 0.314

0.000 0.313 0.323

0.97
15.32 0.313 0.97
15.33 0.313 0.97
15.35 0.313 0.97
15.36 0.313 0.97

Table 11. Results of quasi-static cyclic testing for Experiment B at 100% ULS.

Load Level
F100% ULS

[kN]
M100% ULS

[kNm]
u

[mm]
kr, 100% ULS

[MNm/rad]
SD,kr,100

[MNm/rad]
AVG,kr,100

[MNm/rad]
kr, u, EC5

[MNm/rad]
Test/u

[-]

100% ULS 10.17 7.83

8.77 0.688

0.069 0.784 0.323

2.13
8.08 0.746 2.31
7.67 0.787 2.44
7.51 0.803 2.48
6.73 0.896 2.77

Figure 21 shows the course of the rotational stiffness of the connection. It was created
on the basis of the individual load levels. It is possible to observe an increase in the
rotational stiffness with the increasing load.

Figure 21. Trend of rotational stiffness for Experiment B.

3.2. Results of the Numerical Modeling
3.2.1. Experiment A, Bolts and Dowels

Figure 22 shows load–deformation curves from the numerical models. The deforma-
tion u represents the vertical deformation of the rung end in the numerical model.
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Figure 22. Load–deformation curves of quasi-static numerical modeling for individual specimens
made from a combination of bolts and dowels (Experiment A).

Figure 23 shows the normal stress perpendicular to the grain in the individual elements
of the connection at a load level of 60% ULS. As can be seen, the maximum tensile stress
perpendicular to the grain (1 MPa) is locally concentrated mainly near the holes.

(a) (b)

(c)
Figure 23. Tensile stress perpendicular to the grain [MPa] at 60% ULS, Experiment A: (a) inner side
of the stand; (b) outer side of the stand; (c) rung.
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Figure 24 shows the normal stress perpendicular to the grain in the individual elements
of the connection at a load level of 80% ULS. The maximum tensile stress perpendicular to
the grain (1 MPa) is also concentrated mainly near the holes at this load level. However,
the stress in the critical area of the connection (marked in Figure 24c) increased to values of
0.25–0.50 MPa. This stress did not cause any visible cracks in the timber elements during
the testing.

(a) (b)

(c)
Figure 24. Tensile stress perpendicular to the grain [MPa] at 80% ULS, Experiment A: (a) inner side
of the stand; (b) outer side of the stand; (c) rung.

Figure 25 shows the normal stress perpendicular to the grain in the individual ele-
ments of the connection at a load level of 100% ULS. Areas of the maximum tensile stress
perpendicular to the grain (1 MPa) continue to expand around the holes at this load level.
The stress in the critical area of the connection (marked in Figure 25c) remained unchanged
with values of 0.25–0.50 MPa. This stress did not cause any visible cracks in the timber
elements during the testing.

The results of the individual numerical models are listed in Tables 12–14. The first
column indicates the load level. The second column shows the maximum force achieved
during loading. The third column shows the corresponding value of the bending moment.
The fourth column shows the actual deformation caused by the rotational stiffness of the
semirigid connection. The fifth column contains the calculated value of the rotational
stiffness based on the numerical model. The sixth and the seventh columns contain the
standard deviation value and the average value of the experimental data. The eighth
column contains the calculated rotational stiffness according to Eurocode 5 [10]. The
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ninth column shows the ratio between the rotational stiffness obtained from the numerical
analysis and the rotational stiffness calculated according to Eurocode 5 [10].

(a) (b)

(c)
Figure 25. Tensile stress perpendicular to the grain [MPa] at 100% ULS, Experiment A: (a) inner side
of the stand; (b) outer side of the stand; (c) rung.

Table 12. Results of quasi-static cyclic numerical modeling for Experiment A at 60% ULS.

Load Level
F60%,num

[kN]
M60%, num

[kNm]
u

[mm]
kr, 60%, num

[MNm/rad]
SD,kr,num,60

[MNm/rad]
AVG,kr,num,60

[MNm/rad]
kr, u, EC5

[MNm/rad]
Num/u

[-]

60% ULS 4.93 3.80

3.32 0.880

0.010 0.887 0.323

2.72
3.32 0.880 2.72
3.32 0.880 2.72
3.25 0.889 2.75
3.23 0.905 2.80
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Table 13. Results of quasi-static cyclic numerical modeling for Experiment A at 80% ULS.

Load Level
F80%, num

[kN]
M80%, num

[kNm]
u

[mm]
kr, 80%, num

[MNm/rad]
SD,kr,num,80

[MNm/rad]
AVG,kr,num,80

[MNm/rad]
kr, u, EC5

[MNm/rad]
Num/u

[-]

80% ULS 6.50 5.01

6.71 0.575

0.022 0.609 0.323

1.72
6.51 0.593 1.84
6.32 0.611 1.89
6.12 0.631 1.95
6.09 0.634 1.96

Table 14. Results of quasi-static cyclic numerical modeling for Experiment A at 100% ULS.

Load Level
F100%, num

[kN]
M100%, num

[kNm]
u

[mm]
kr, 100%, num

[MNm/rad]
SD,kr,num,100

[MNm/rad]
AVG,kr,num,100

[MNm/rad]
kr, u, EC5

[MNm/rad]
Num/u

[-]

100% ULS 8.66 6.67

14.67 0.350

0.013 0.370 0.323

1.08
14.25 0.360 1.11
13.84 0.371 1.15
13.43 0.382 1.18
13.32 0.385 1.19

3.2.2. Experiment B, Fully Threaded Screws

Figure 26 shows load–deformation curves from the numerical models. The defor-
mation u represents the vertical deformation of the rung end in the numerical model.

Figure 26. Load–deformation curves of quasi-static numerical modeling for individual specimens
made from fully threaded screws (Experiment B).

Figure 27 shows the normal stress perpendicular to the grain in the individual elements
of the connection at a load level of 60% ULS.

Figure 28 shows the normal stress perpendicular to the grain in the individual elements
of the connection at a load level of 80% ULS. The maximum tensile stress perpendicular
to the grain (1 MPa) is also concentrated mainly near the holes at this load level. The
stress in the critical area of the connection (marked in Figure 28c) increased to values of
0.25–0.50 MPa in very small range.
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(a) (b)

(c)

Figure 27. Tensile stress perpendicular to the grain [MPa] at 60% ULS, Experiment B: (a) inner side of
the stand; (b) outer side of the stand; (c) rung.

(a) (b)

(c)

Figure 28. Tensile stress perpendicular to the grain [MPa] at 80% ULS, Experiment B: (a) inner side of
the stand; (b) outer side of the stand; (c) rung.
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Figure 29 shows the normal stress perpendicular to the grain in the individual ele-
ments of the connection at a load level of 100% ULS. Areas of the maximum tensile stress
perpendicular to the grain (1 MPa) continued to expand around the holes at this load level.
The stress in the critical area of the connection (marked in Figure 29c) remained unchanged
with values of 0.25–0.50 MPa. The area of this stress did not increase significantly.

(a) (b)

(c)
Figure 29. Tensile stress perpendicular to the grain [MPa] at 100% ULS, Experiment B: (a) inner side
of the stand; (b) outer side of the stand; (c) rung.

The results of the individual numerical models are listed in Tables 15–17. The first
column indicates the load level. The second column shows the maximum force achieved
during loading. The third column shows the corresponding value of the bending moment.
The fourth column shows the actual deformation caused by the rotational stiffness of the
semirigid connection. The fifth column contains the calculated value of the rotational
stiffness based on the numerical model. The sixth and the seventh columns contain the
standard deviation value and the average value of the experimental data. The eighth
column contains the calculated rotational stiffness according to Eurocode 5 [10]. The
ninth column shows the ratio between the rotational stiffness obtained from the numerical
analysis and the rotational stiffness calculated according to Eurocode 5 [10].
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Table 15. Results of quasi-static cyclic numerical modeling for Experiment B at 60% ULS.

Load Level
F60%,num

[kN]
M60%, num

[kNm]
u

[mm]
kr, 60%, num

[MNm/rad]
SD,kr,num,60

[MNm/rad]
AVG,kr,num,60

[MNm/rad]
kr, u, EC5

[MNm/rad]
Num/u

[-]

60% ULS 6.31 4.86

7.68 0.469

0.007 0.457 0.323

1.45
7.81 0.461 1.43
7.92 0.454 1.41
8.02 0.449 1.39
7.92 0.454 1.41

Table 16. Results of quasi-static cyclic numerical modeling for Experiment B at 80% ULS.

Load Level
F80%, num

[kN]
M80%, num

[kNm]
u

[mm]
kr, 80%, num

[MNm/rad]
SD,kr,num,80

[MNm/rad]
AVG,kr,num,80

[MNm/rad]
kr, u, EC5

[MNm/rad]
Num/u

[-]

80% ULS 6.31 6.24

17.09 0.281

0.024 0.304 0.323

0.87
17.53 0.274 0.85
15.92 0.302 0.93
14.59 0.329 1.02
14.39 0.334 1.03

Table 17. Results of quasi-static cyclic numerical modeling for Experiment B at 100% ULS.

Load Level
F100%, num

[kN]
M100%, num

[kNm]
u

[mm]
kr, 100%, num

[MNm/rad]
SD,kr,num,100

[MNm/rad]
AVG,kr,num,100

[MNm/rad]
kr, u, EC5

[MNm/rad]
Num/u

[-]

100% ULS 10.17 7.83

10.36 0.582

0.038 0.638 0.323

1.80
9.85 0.612 1.89
9.50 0.635 1.97
8.97 0.672 2.08
8.78 0.687 2.13

4. Discussion

When testing the specimens by nondestructive quasi-static cyclic loading, the audible
signals of the specimen failure did not occur, due to the low load level. This also applies
to the 100% of the ultimate limit state. Each specimen was loaded with a value of about
2 kN before the start of the cyclic testing, in order to eliminate the concave shape of load–
deformation curves. The fasteners were activated, and the initial consolidation of the
connection and the initial slip took place by loading with this small force.

An interesting course shown in Figure 30 can be observed by comparing the trends of
rotational stiffness with the increasing load. The connection using bolts and dowels loses
its rotational stiffness with the increasing load. On the contrary, the rotational stiffness of
the connection using screws increases with the increasing load. The increase in rotational
stiffness can be attributed to the axial forces that are generated in fasteners during its
transverse loading. The transverse loading leads to the deformation of fasteners and thus to
the loss of rotational stiffness in the initial phase of the loading. Increasing loading begins
to generate axial forces in screws [40]. The transverse deformation is straightened again,
thanks to the thread along the entire screw length. This phenomenon results in a gradual
increase in the rotational stiffness during loading. Such a phenomenon does not occur with
the connection using bolts and dowels, because the number of bolts is low and the effect of
the washer and nut is not sufficient.

The results according to Eurocode 5 [9] represent a method for calculation of slip mod-
ulus. Possible variations of the results were created for comparison in order to capture the
real rotational stiffness value using an analytical equation as accurately as possible. The ro-
tational stiffness value from the last cycle (i.e., the fifth cycle) is used in the following tables.
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Figure 30. Comparison of the rotational stiffness trends.

Table 18 shows results obtained using the individual approaches. The third column rep-
resents the rotational stiffness value obtained experimentally. The fourth column contains
the value obtained by the numerical modeling. The rotational stiffness value calculated
according to Eurocode 5 [10] using the outer fastener diameter and the standard value of
timber density is shown in the fifth column. The sixth column contains the values calculated
according to Eurocode 5 [10] using the inner fastener diameter and the standard value of
timber density. The rotational stiffness value calculated according to Eurocode 5 [10] using
the actual measured timber density and diameter of the fastener shank is shown in the
seventh column.

Table 18. Comparison of rotational stiffness results.

Type of
Fastener

Test
kr, test

[MNm/rad]
kr, num

[MNm/rad]
kr, EC5

[MNm/rad]
kr, RS

[MNm/rad]
kr, RSD

[MNm/rad]

Bolts
and

dowels

60% ULS 0.894 0.905

0.323

0.293 0.29980% ULS 0.548 0.634
100% ULS 0.404 0.385

Fully
threaded
screws

60% ULS 0.386 0.454
0.202 0.20680% ULS 0.313 0.334

100% ULS 0.896 0.687

It can be seen in the table that all values (with the exception of screws to a load level
of 80% ULS) are above the value of rotational stiffness calculated according to the standard
equation for the slip modulus. From the point of view of a safer design, it is necessary to
take into account the actual inner diameter, because it has a huge influence on the calculated
values. The standard states the use of the fastener diameter, but does not define whether its
actual inner core diameter or outer thread diameter. Based on the presented results, it is
desirable to recommend the use of the inner core diameter of the fastener.

It is also possible to see relatively good accuracy with the numerical modeling. The
numerical models thus provide details that are difficult to achieve during experimental
testing, e.g., the stress curves during loading. No elements of connections were broken
during experimental testing. The numerical models also correctly assumed this fact.

5. Conclusions

The paper was focused on the issue of the semirigid connection, which was composed
of a timber rung and two stands using dowel-type fasteners. Six specimens were tested by
quasi-static nondestructive cyclic loading. Three specimens were made from a combination
of bolts and dowels and three specimens from fully threaded screws. The work required the
creation of analytical assumptions, which were the basis for the design of the experimental
testing and were subsequently used to compare the results.

57



Materials 2022, 15, 5622

Experimental testing proved that the connection created from a combination of bolts
and dowels (Experiment A) is safe and reliable until the ultimate limit state. The rotational
stiffness of this connection is higher than the standard estimate for the ultimate limit state
during the entire loading process.

Testing further showed, that the connection created from fully threaded screws
(Experiment B) was also safe and reliable until the ultimate limit state. The rotational
stiffness of this connection was not higher than the standard estimate for the ultimate
limit state for a load level corresponding to 80% ULS. The experiment indicates that in
order to achieve more accurate results of rotational stiffness according to Eurocode 5 [9],
it is necessary to use the inner core diameter of the fastener shank for the calculation of
the slip modulus. Alternatively, it is possible to use the diameter of the fastener shank
and the actual measured timber density. However, from a practical point of view, it is
almost impossible to use the actual measured timber density for the standard calculations.
The obtained data showed that the use of the inner core diameter of the fastener and the
standard value of timber density for the standard calculations is sufficiently accurate.

The issue of determining the load-carrying capacity of connections in timber structures
according to the European standards for the design of timber structures Eurocode 5 [10]
is still under development. The proposed experiments should also contribute to this
trend. The experiments were focused on determining the rotational stiffness of a semirigid
connection of a rung and two stands using dowel-type mechanical fasteners.

The data from the experiments can be used for the practical design of this type of
semirigid connection from the point of view of the rotational stiffness.
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(Pinus sylvestris L.) for the Production of Structural Elements. Part I: Evaluation of the Quality of the Pine Timber in the Bending
Test. Materials 2019, 13, 3957. [CrossRef]

18. Mirski, R.; Dziurka, D.; Chuda-Kowalska, M.; Kawalerczyk, J.; Kuliński, M.; Łabęda, K. The Usefulness of Pine Timber (Pinus sylvestris L.)
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Abstract: The paper deals with the analysis of the load-carrying capacity of a timber semi-rigid
connection created from a system of two stands and a rung. The connection was made from glued
laminated timber with metal mechanical dowel-type fasteners. Not only a common combination
of bolts and dowels, but also fully threaded screws were used for the connection. The aim of the
research and its motivation was to replace these commonly used fasteners with more modern ones,
to shorten and simplify the assembly time, and to improve the load-carrying capacity of this type of
connection. Each of these two types of connections was loaded statically, with a slow increase in force
until failure. The paper presents results of the experimental testing. Three specimens were made
and tested for each type of the connection. Experimental results were subsequently compared with
numerical models. The achieved results were also compared with the assumption according to the
currently valid standard. The results indicate that a connection using fully threaded screws provides
a better load-carrying capacity.

Keywords: bolts and dowels; dowel-type fasteners; FEM; frame connection; fully threaded screws;
glued laminated timber; numerical model; rotational stiffness

1. Introduction

Since the mid-1950s, many countries have carried out extensive research in the area of
wood-based materials and their fasteners. Special regulations for construction procedures
were necessary in some countries because of the different species of timber. This led to
various theories, which resulted in even more significant differences in design criteria. The
progress in timber engineering design soon showed the need for more extensive research
in the behavior of timber structures, including their connections. Experimental tests made
in Forest Products Laboratory Wilson 1917 [1] were among the first instances of research in
the area of nailed connections.

The current model for the determination of the load-carrying capacity of dowel-type
connections under a lateral load is the European yield model, abbreviated as EYM. The
EYM theory arose from the research of the Danish scientist Johansen 1941 [2], when he first
applied this theory to timber fasteners. Eight years later, Johansen 1949 [3] published an
original article about EYM in English. Some of his research remained unfinished, and the
results were unpublished for years. Finally, this research was completed and published by
Larsen 1977 [4]. The theory was based on, and later experimentally verified on single-shear
and double-shear connections with one nail by Möller 1951 [5]. Other researchers followed
up on the groundbreaking research in the area of the design of connections in timber
structures. American scientist Kuenzi 1955 [6] dealt with a permissible transverse load of
single-shear and double-shear nailed and bolted connections. The scientific articles by
Johansen and Möller were complemented with the load–deformation response of nailed
and bolted connections. It was found that the plastic deformation of a fastener causes
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non-linearity and contributes significantly to the load-carrying capacity of the connection.
He presented the idea of a fastener as a beam on an elastic foundation (supported by
so-called Winkler springs; see Winkler 1867 [7]). The derived relations were valid for the
elastic branch of the load–deformation curve of the connection. However, they became
the basis for further research in the modeling of dowel-type connections using nonlinear
parameters for embedment in timber; for example, the ariticle by Foschi 2000 [8].

Meyer 1957 [9] tested nailed connections with different qualities of timber and nails,
and proved that the load-carrying capacity of the connection is significantly influenced
by the thickness and the embedment strength of the used timber. Doyle 1964 [10] ob-
served that there is a dependence between the load-carrying capacity and the end dis-
tance, the spacings parallel to the grain, and the fastener diameter. Mack 1966 [11] cre-
ated an analytical model for transversely loaded nailed connections, where the load–
deformation response to short-term loading is influenced by many mutual independent
factors. Larsen and Reestrup 1969 [12] investigated screwed connections and found that the
conditions in a transversely loaded screwed connection differ slightly from a bolted con-
nection due to the thread of the screw. This meant that different values of the fastener yield
moment had to be considered. Norén 1974 [13] stated different formulas for different types
of connections in timber structures. Larsen 1973 [14] proposed a supporting rationale for
the EYM theory in the Scandinavian countries. Afterwards, Larsen 1979 [15] proposed a
theoretical background and approximations for screwed connections. The findings were
later included into the CIB Structural Timber Design Code 1983 [16]. The EYM model was
further refined depending on the angle between the applied force and the grain direction;
see Smith and Whale 1986 [17]. It was proven that the direction of the applied force has no
influence on the load-carrying capacity of connections with dowel-type fasteners up to
a diameter of 8 mm. This work also became the basis for a standard relationship for the
embedment strength. Ehlbeck and Werner 1992 [18] followed up on this scientific article and
investigated the load-carrying capacity of dowel-type connections depending on various
selected parameters. Blaß 2000 [19] dealt with the bending properties of dowel-type metal
fasteners. He derived an empirical relationship that is used in the current standard for
the calculation of the yield moment. Currently, the load-carrying capacity of connections
is calculated on the basis of the relationships given in Eurocode 5 [20]. This standard pro-
vides sufficient findings for determining the load-carrying capacity of transversely loaded
connections in timber structures. However, the standard does not provide the procedure
for calculating the load-carrying capacity of a connection loaded by the bending moment.
Therefore, Koželouh 1998 [21] was used to determine this load-carrying capacity.

Dowel-type fasteners, such as screws, bolts, and dowels, are one of the most popular
fasteners in timber structures, not only in timber-to-timber connections—Solarino 2017 [22]
and Vavrusova 2016 [23]—but also in steel-to-timber and aluminum-to-timber connections;
see Chybiński, Polus 2022 [24], Chybiński, Polus 2022 [25]. In order to effectively apply dowel-
type connections, it is crucial to understand their mechanical behavior under loading. It is
desirable to know the relation between the load and slip, stress distribution, or possible
different failure modes. The mechanical behavior of connections in timber structures is a
complex problem that is influenced by a number of factors. The most important factors are
the geometry and arrangement of the connection (i.e., spacings, edge, and end distances)
as in Cai 2019 [26], the material characteristics, the timber species as in Požgaj 1986 [27], and
the method of loading.

The load-carrying capacity and stiffness of connections are influenced by mechanical
properties of fasteners and timber. The findings described in Mirski 2019 [28] and Mirski
2020 [29] can be used to determine the mechanical properties and to classify the structural
timber. It is possible to use selected non-destructive experimental testing, as in Nowak
2019 [30] and Nowak 2021 [31]; dynamic testing, as in Bragov 2020 [32]; and the non-
destructive vibrational method described in Olaoye 2021 [33] in order to determine these
mechanical properties. A semi-destructive method can also be used to determine the
density and moisture content of timber, as described in Martínez 2020 [34].
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Nowadays, numerical modeling is definitely an important part of experimental testing.
It can be an excellent tool for the understanding of the behavior of connections in timber
structures. Dobeš 2022 [35], Braun 2022 [36], and Kupniewska 2021 [37] dealt with the
calibration and validation of numerical models according to experimental tests.

This paper is focused on the experimental determination of the load-carrying capacity
of a semi-rigid connection. The experimental tests are further validated by numerical
models. The fist variant of the connection is made of a combination of bolts and dowels in
Experiment A. The second variant of the connection is made of high-tensile fully threaded
screws in Experiment B. The fasteners in Experiment A are commonly used in practice.
Findings on the design of such a semi-rigid connection can be found in Shu-Rong 2021 [38],
Mingqian 2019 [39], and Wang 2021 [40]. On the other hand, the fasteners in Experiment B
are not commonly used in practice. The presented paper is a follow-up research of Johanides
2020 [41] and Johanides 2021 [42]. These papers dealt with determining the rotational
stiffness and load-carrying capacity of a timber frame corner, which was made of larger
cross-sections with a greater number of fasteners. Small semi-rigid connections with the
two already mentioned types of fasteners were subsequently created for a detailed analysis
of the connection. The article by Johanides 2022 [43] dealt with the determination and
comparison of the ductility of this connection. The article by Johanides 2022 [44] dealt
with the determination and comparison of the rotational stiffness of this connection. The
latest information from the series of tests is presented in this article, which deals with the
determination of the load-carrying capacity.

The paper brings findings about the results of the analytical, experimental, and numerical
determination of the load-carrying capacity of a semi-rigid connection with mechanical fasteners.

2. Materials and Methods

2.1. Description of Construction and Geometry

The tested specimens corresponded to actual connections used in practice. The ar-
rangement and loading of test specimens was designed to correspond with the actual state
of the connection in a real load-carrying structure. The air temperature was 21 ◦C and the
relative air humidity was 55% during the experimental testing. The measurement was
performed using TFA DC 106 device.

The structural system for the experiments was created from a semi-rigid connection
of two stands and a rung. These structural elements were made of spruce timber, which
is the most used structural timber in Central Europe for structural practice due to its
availability. The disadvantage of this timber species is its low durability in the outdoor
environment. The connection was made with dowel-type metal fasteners. Two identical
structural systems were created with different types of fasteners. Experiment A contained
a combination of bolts and dowels as fasteners. Experiment B contained fully threaded
screws. Glued laminated timber of the strength class GL24h was used. Four-point bending
tests were performed to verify the properties of the used timber. Results of the tests have
already been published in Johanides 2022 [43]. The stands were made of a cross-section
of 100/300 mm and the rung was made of a cross-section of 100/300 mm. The material
properties of the fasteners were also experimentally verified by tensile tests in Johanides
2022 [43].

The fasteners used in experiment A consisted of bolts and dowels. These were created
from a threaded rod with an outer diameter of 8 mm and a core diameter of 7.25 mm. The
length of the bolt was 360 mm and the length of the dowels was 300 mm. The fasteners used in
experiment B consisted of fully threaded screws with a diameter of 8 mm and a core diameter
of 5 mm. Both used materials of fasteners were made of steel, grade 10.9. In addition, the
holes for these fasteners were pre-drilled to minimize the initial slip of the connection.

The arrangement was identical for both experiments. The fasteners were located on
one symmetrical circle r = 90 mm, with 10 pieces. The arrangement (see Figure 1) was
determined according to Koželouh 1998 [21].
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Figure 1. A location of fasteners in test specimens.

The boundary conditions of the structure were created for the execution of the exper-
iments. They were supported by using an auxiliary steel structure. This structure was
designed and built for approximately three times the estimated applied force. Timber
stands were then attached to the steel structure using 24 bolts with a diameter of 8 mm.
The entire steel structure was placed on the reinforced concrete floor and centered at the
required distance from the press head so that the press head pressed exactly at the desired
location of the rung. After the correct setting of the steel structure, its rear part (Figure 2
on the left) was loaded with a steel cube of 1000 kg. This cube ensured the elimination
of the tensile forces caused by the load. The right part did not need to be loaded in any
way because only the compressive force was transmitted to this part of the structure. The
schematic illustration of the experiment is shown in Figure 2.

Figure 2. Schematic illustration of the investigated structural system.

2.2. Description of the Testing Machine

The experiments were performed using a LabTest 6.1200 electromechanical testing
machine from Labortech (Opava, Czech Republic) [45] with a maximum force of 1200 kN.
The testing machine is designed for tensile, compressive, static, and cyclic dynamic testing.
The machine allows for testing using displacement controlled load. The testing speed
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varies from 0.0005 mm/min to 250 mm/min. The machine also allows for testing using
force-controlled load up to 1200 kN, with a measurement accuracy of 1%. Control of the
test device is provided by a PC with software.

2.3. Description of the Testing

The aim of the static testing was to investigate the total load-carrying capacities of the
semi-rigid connection and the failure mode.

Specimens were subjected to a displacement-controlled loading (see Figure 3) after fas-
tening to the auxiliary steel structure. The testing was aimed at determining the maximum
load-carrying capacity, and therefore the deformation was measured by the displacement
of the crosshead. The loading course was carried out in accordance with the standard EN
26891 [46]. This standard specifies requirements and test methods for connections in timber
structures using mechanical fasteners. The following loading procedure was prescribed:

1. Estimation of the maximum force Fest for the tested connection based on experience,
calculation, or pretests;

2. Loading of the specimen to 40% of the estimated maximum force, 0.4·Fest, then holding
for 30 s;

3. Unloading to 10% of the estimated maximum force, 0.1·Fest, then holding for 30 s;
4. Reloading until the specimen fails.

Figure 3. The position of the applied load and deformation measurement.

Table 1 shows the values that determine the course of the experimental loading
for Experiment A (bolts and dowels) and Experiment B (fully threaded screws). The
load-carrying capacity of the connection Fed was calculated as the design value (using
modification factor kmod = 0.90 and partial factor for material properties γc = 1.30). This
value represents the maximum load-carrying capacity of the connection and was calculated
according to Eurocode 5 [20] and the literature Koželouh 1998 [21].

Table 1. The course of the experimental testing Johanides 2022 [43].

Loading Step
Bolts and Dowels Fully Threaded Screws

From (kN) To (kN) From (kN) To (kN)

Step 1 0 4.90 0 6.08
Step 2 Hold Hold
Step 3 4.90 1.23 6.08 1.52
Step 4 Hold Hold
Step 5 1.23 8.58 1.52 10.63
Step 6 8.58 12.26 10.63 15.19

The loading speed was chosen as constant in kN/min according to the selected loading
schemes. The total testing time of one specimen was 15 min.

Figure 4 shows the graphic course of individual experimental tests.
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Figure 4. Course of the loading; see Johanides 2022 [43].

2.4. Experimental Testing

All of the experiments were carried out at the Centre for Building Experiments and
Diagnostics at VSB—Technical University of Ostrava, Czech Republic. Figure 5a shows
Experiment A, a combination of bolts and dowels. Figure 5b shows Experiment B, fully
threaded screws. The load was applied to the connection using a steel cylinder with a
diameter of 50 mm. A rubber pad with a thickness of 10 mm was placed under this cylinder
to eliminate local damage of the timber rung during loading.

  
(a) (b) 

Bolts and 
dowels 

Full threaded 
screws 

Figure 5. Experimental specimens: (a) Experiment A, bolts and dowels; (b) Experiment B, fully
threaded screws; see Johanides 2022 [43].

2.5. Numerical Modeling

AnsysTM 21 software in the Workbench 21 environment [47] was used to create the
numerical model. The geometry of the model was made up of 3D volume finite elements,
which included physical, geometric nonlinearity, and contact elements. The material model
of timber was considered orthotropic (see Figure 6) with plastic behavior. The condition of
plasticity was created by Hill in Brožovský 2012 [48]. Neglecting the orthotropy of timber
would result in an insufficient representation of the behavior. The dissertation of Mikolášek
2012 [49] and the publication Gunderson and Goodman 1973 [50] were used to select the
parameters of the material characteristics.
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Figure 6. Orthotropy of timber.

The material characteristics of timber are shown in Table 2, and the material character-
istics of steel are shown in Table 3. The modulus of elasticity of fasteners was determined
on the basis of the experience of the authors.

Table 2. Elastic constants of the material model for timber; see Johanides 2022 [44].

Timber Properties Value Unit

Young’s modulus in X 9200 MPa
Young’s modulus in Y 740 MPa
Young’s modulus in Z 400 MPa
Poisson’s ratio in XY 0.47 -
Poisson’s ratio in YZ 0.25 -
Poisson’s ratio in XZ 0.37 -
Shear modulus in XY 650 MPa
Shear modulus in YZ 38 MPa
Shear modulus in XZ 700 MPa

Table 3. Elastic constants of the material model of fasteners; see Johanides 2022 [44].

Steel Properties Value Unit

Young’s modulus 190,000 MPa
Poisson’s ratio 0.30 -

The values of the plastic behavior of timber (see Table 4) and the plastic behavior of
steel (see Table 5) were obtained based on an experimental testing. The results of the testing
have already been published in [43].

Table 4. Values for the plastic behavior of the material model for timber; Johanides 2022 [44].

Hill Yield Criterion Value Unit

Yield strength in X 32 MPa
Yield strength in Y 1 MPa
Yield strength in Z 1 MPa

Yield strength in XY 6 MPa
Yield strength in YZ 3 MPa
Yield strength in XZ 6 MPa

The Hill yield criterion allows us to set a single value for the hardening modulus of all
directions. It was set to 10 MPa for a good numerical convergence.

Figure 7 shows individual numerical models that were used for the analysis of the
load-carrying capacity. The connection with bolts and dowels (Experiment A) contained
253,961 nodes, 67,432 finite elements, and 730,642 equations. The connection with fully
threaded screws (Experiment B) contained 237,743 nodes, 61,565 finite elements, and
678,822 equations.
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Table 5. Values for the plastic behavior of the material model for steel; see Johanides 2022 [44].

Bolts and Dowels

Value Unit

Yield strength 670 MPa
Ultimate strength 970 MPa

Hardening modulus 1000 MPa

Fully Threaded Screws

Value Unit

Yield strength 690 MPa
Ultimate strength 1075 MPa

Hardening modulus 1000 MPa

  
(a) (b) 

Bolts and 
dowels 

Full threaded 
screws 

 
(c) 

Figure 7. Numerical models: (a) Experiment A, bolts and dowels; (b) Experiment B, fully threaded
screws; (c) finite element mesh in the overall model view.
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Figure 8 shows the boundary conditions of the numerical model. A vertical displace-
ment of all stands of the auxiliary steel structure was disabled. In addition, a vertical
force of 5 kN was applied to each rear stand to prevent the vertical displacement and the
overturning of the steel structure. Such a choice of boundary conditions ensured the real
conditions that were used during the experimental testing.

Figure 8. Boundary conditions of the numerical models.

It is very important to correctly apply the load into the numerical model. Figure 9
shows the finite element mesh for both numerical models for applying the load using
the press head (cylinder) of the testing machine. The model was loaded as vertical dis-
placement (displacement-controlled loading), which represented the actual loading by the
cylinder during the experimental testing. The numerical model used the Newton–Raphson
incremental–iterative method. The number of increments was the selected logic setting of
the AnsysTM software [47], with an initial step of 0.001 s and a maximum step of 0.04 s.

 
Figure 9. Finite element mesh for applying load.

The finite element mesh was created from 3D finite elements. Tetrahedral finite
elements were used for most of the steel structure, and hexahedral elements were used
for the timber structure and fasteners. A finer mesh of finite elements was created around
contact of timber with fasteners. The finite element ratio of 3:1 (length to height of finite
elements) was used based on general FEM modeling recommendations; see Brožovský
2012 [48]. Frictional contacts were used between the individual segments of the structure.
The coefficient of friction between timber–timber elements was 0.40, steel–steel 0.10, and
timber–steel 0.30 [51]. The interaction between the steel cylinder and the rubber pad was
created using a coefficient of friction of 0.50. This rubber pad was firmly connected to the
timber in order to achieve a good convergence. Figure 10 shows the finite element mesh for
Experiment A, bolts and dowels. Figure 11 shows the finite element mesh for Experiment B,
fully threaded screws.
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Figure 10. Finite element mech for Experiment A, bolts and dowels.

  

Figure 11. Finite element mech for Experiment B, fully threaded screws.

3. Results

3.1. Results of Experimental Testing
3.1.1. Experiment A, Bolts and Dowels

Figure 12 shows broken specimens after the quasi-static destructive experimental
testing. Each specimen was broken in the rung when the tensile stress perpendicular to the
grain was exceeded. It is important to state that the failure occurred in timber outside the
glued joint between individual lamellas.

   
(a) (b) (c) 

Figure 12. Experiment A, bolts and dowels: (a) test 1; (b) test 2; (c) test 3.
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Figure 13 shows load–deformation curves from the experimental testing for Experi-
ment A, bolts and dowels.

 
Figure 13. Experiment A: Load–deformation curves of destructive quasi-static cyclic testing for
individual specimens made from a combination of bolts and dowels.

3.1.2. Experiment B, Fully Threaded Screws

Figure 14 shows broken specimens after the quasi-static destructive experimental
testing. Even when testing specimens with fully threaded screws, each specimen was
broken in the rung when the tensile stress perpendicular to the grain was exceeded. The
failure also occurred in timber outside the glued joint between individual lamellas.

   
(a) (b) (c) 

Figure 14. Experiment B, fully threaded screws: (a) test 1; (b) test 2; (c) test 3.

Figure 15 shows load–deformation curves from the experimental testing for Experi-
ment B, fully threaded screws.
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Figure 15. Experiment B: Load–deformation curves of destructive quasi-static cyclic testing for
individual specimens made from fully threaded screws.

3.2. Tabular Results of the Experimental Testing

The results of the individual tests are listed in Tables 6 and 7. The first column indicates
the specimen number. The second column shows the maximum force achieved during
loading (i.e., the actual load-carrying capacity). The third column shows the calculated
load-carrying capacity according to Eurocode 5 [20] (using modification factor kmod = 0.90
and partial factor for material properties γcon = 1.30). The fourth column contains the
calculated load-carrying capacity without using the modification and partial factor. The
fifth column shows the ratio between the load-carrying capacity based on the experimental
testing and calculation according to Eurocode 5 [20] using the modification and partial
factor. The sixth column shows the ratio between the load-carrying capacity based on
the experimental testing and calculation according to Eurocode 5 [20] without using the
modification and partial factor. The seventh column shows the maximum value of the
vertical displacement of the rung end. The eighth column shows the maximum bending
moment calculated from the value in the second column.

Table 6. Results of Experiment A, bolts and dowels; see Johanides 2022 [43].

Specimen Fmax,test (kN) Fmax,d (kN) Fmax,k (kN) d (-) k (-) u (mm) M (kNm)

1 22.29
8.51 12.26

2.62 1.82 290.60 17.16
2 21.78 2.56 1.78 295.67 16.77
3 22.02 2.59 1.80 283.56 16.96

Table 7. Results of Experiment B, fully threaded screws; see Johanides 2022 [43].

Specimen Fmax,test (kN) Fmax,d (kN) Fmax,k (kN) d (-) k (-) u (mm) M (kNm)

1 24.72
10.52 15.19

2.35 1.63 290.50 19.03
2 24.37 2.32 1.60 271.85 18.76
3 24.65 2.34 1.62 247.10 18.98
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3.3. Results of Numerical Modeling
3.3.1. Experiment A, Bolts and Dowels

Figure 16 shows the load–deformation curve from the numerical modeling for Ex-
periment A, bolts and dowels. The values of the maximum achieved deformation and
load-carrying capacity are shown in Table 8.

 
Figure 16. Experiment A: Load–deformation curves of quasi-static numerical modeling for individual
specimens made from a combination of bolts and dowels.

Table 8. Results of numerical modeling, Experiment A.

Fnum (kN) u (mm) M (kNm)

22.60 238.64 17.40

Figure 17 shows the overall deformation of the connection, including the deformation
of the auxiliary steel structure. This deformation describes the actual behavior of the entire
structure during loading.

 

Figure 17. Overall deformation of the structure (mm) for Experiment A.
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Figure 18 shows an “X-ray” view of the connection. It is possible to observe the
embedment of timber around the holes for fasteners and the formation of two plastic hinges
in fasteners.

 
Figure 18. Overall deformation of fasteners (bolts and dowels) for Experiment A.

Figure 19 shows the overall deformation of a dowel. The deformation after the exper-
imental testing with a value of 35.10 mm is above. The deformation from the numerical
model with a value of 23.52 mm is below.

 

Figure 19. Deformation of a dowel (mm).

Figure 20 shows the overall deformation of a bolt. The deformation after the exper-
imental testing with a value of 24.30 mm is above. The deformation from the numerical
model with a value of 16.62 mm is below.

 

Figure 20. Deformation of a bolt (mm).

Figure 21 shows the stress and deformation in fasteners at a connection collapse in the
numerical analysis. The stress during the collapse reaches the ultimate strength and the
maximum plastic deformation reaches the value of 6.08%. On the basis of the experimental
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testing of used bolts and dowels (see the publication Johanides 2022 [43]), it can be concluded
that the numerical model did not fail due to the rupture of the fasteners. This fact was also
verified and confirmed by the experimental testing of those connections. Figure 22 shows
the detailed stress distribution and plastic deformation in one fastener.

 

Figure 21. Experiment A: Stress in fasteners during connection collapse (MPa) (left), plastic deforma-
tion in fasteners during connection collapse (-) (right).

 

 
Figure 22. Experiment A: Detailed stress (MPa) (above), detailed plastic deformation (-) (below)
(colour scale valid form the previous figure).

Figure 23 on the right shows the tensile stress perpendicular to the grain in the rung.
When the numerical model collapses, the maximum stress (1 MPa) is found in a large area
of timber. It can be especially observed in the critical area, which is marked in a red frame.
Figure 23 on the left shows the collapse during the experimental testing. It can be seen
that the failure occurred in the rung, precisely in the mentioned critical area. On the basis
of these findings, it can be concluded that the numerical model failed because the tensile
strength perpendicular to the grain in timber was exceeded.

Figure 24 shows the tensile stress perpendicular to the grain in the stands. When
the numerical model collapses, the maximum stress (1 MPa) is also found in a relatively
large area of timber, but is not found through the entire cross-sectional area. Therefore,
the second critical area of the connection (marked in Figure 24) could remain undamaged
during the experimental testing. After exceeding the tensile stress perpendicular to the
grain, the timber could be damaged from the inside of the connection with various cracks.
However, this fact could not be detected during the experimental testing because this area
was not visible.
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Figure 23. Experiment A: Collapse of the connection during experimental testing (on the (left)),
tensile stress perpendicular to the grain from the numerical model (MPa) (on the (right)).

 

Figure 24. Experiment A: Collapse of the connection during experimental testing (on the (left)),
tensile stress perpendicular to the grain from the numerical model (MPa) (on the (right)).

3.3.2. Experiment B, Fully Threaded Screws

Figure 25 shows the load–deformation curve from the numerical modeling for Exper-
iment B, fully threaded screws. The values of the maximum achieved deformation and
load-carrying capacity are shown in Table 9.

Table 9. Results of numerical modeling, Experiment B.

Fnum (kN) u (mm) M (kNm)

25.75 228.65 19.83
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Figure 25. Experiment B: Load–deformation curves of quasi-static numerical modeling for individual
specimens made from fully threaded screws.

Figure 26 shows the overall deformation of the connection, including the deformation
of the auxiliary steel structure. This deformation describes the actual behavior of the entire
structure during loading.

 
Figure 26. Overall deformation of the structure (mm) for Experiment B.

Figure 27 shows an “X-ray” view of the connection. It is possible to observe the
embedment of timber around the holes for fasteners and the formation of two plastic hinges
in fasteners.
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Figure 27. Overall deformation of fasteners (fully threaded screws) for Experiment B.

Figure 28 shows the overall deformation of a fully threaded screw. The deformation
after the experimental testing with a value of 22.30 mm is above. The deformation from the
numerical model with a value of 18.47 mm is below.

 

Figure 28. Deformation of a fully threaded screw (mm).

Figure 29 shows the stress and deformation in fasteners at a connection collapse in the
numerical analysis. The stress during the collapse reaches the ultimate strength and the
maximum plastic deformation reaches the value of 3.68%. On the basis of the experimental
testing of used fully threaded screws (see the publication Johanides 2022 [43]), it can be
concluded that the numerical model did not fail due to the rupture of the fasteners. This
fact was also verified and confirmed by the experimental testing of those connections.
Figure 30 shows the detailed stress distribution and plastic deformation in one fastener.

Figure 31 on the right shows the tensile stress perpendicular to the grain in the rung.
When the numerical model collapses, the maximum stress (1 MPa) is found in a large area
of timber. It can be especially observed in the critical area, which is marked in a red frame.
Figure 31 on the left shows the collapse during the experimental testing. It can be seen
that the failure occurred in the rung, precisely in the mentioned critical area. On the basis
of these findings, it can be concluded that the numerical model failed because the tensile
strength perpendicular to the grain in timber was exceeded.
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Figure 29. Experiment B: Stress in fasteners during connection collapse (MPa) (on the (left)), plastic
deformation in fasteners during connection collapse (-) (on the (right).

 

 

Figure 30. Experiment B: Detailed stress (MPa) (above), detailed plastic deformation (-) (below)
(colour scale valid form the previous figure).

Figure 31. Experiment B: Collapse of the connection during experimental testing (on the (left)),
tensile stress perpendicular to the grain from the numerical model (MPa) (on the (right)).

Figure 32 shows the tensile stress perpendicular to the grain in the stands. When
the numerical model collapses, the maximum stress (1 MPa) is also found in a relatively
large area of timber, but is not found through the entire cross-sectional area. Therefore,
the second critical area of the connection (marked in Figure 32) could remain undamaged
during the experimental testing.
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Figure 32. Experiment B: Collapse of the connection during experimental testing (on the (left)),
tensile stress perpendicular to the grain from the numerical model (MPa) (on the (right)).

4. Discussion

Figure 33 shows the load–deformation curves of Experiment A—numerical modeling
(continuous curve) and experimental testing (dashed, dot-dashed, and double-dot-dashed
curves). It is possible to observe a relatively good agreement of the real load-carrying
capacities with the numerical analysis. The course of the numerical curve best matches the
experimental test 3.

 

Figure 33. Load–deformation curves for Experiment A.

Results of the experimental testing and numerical modeling are given in Table 10. The
table shows the maximum vertical deformation, the maximum force, and the corresponding
bending moment at the point of connection failure. This value is compared with the value
obtained from the numerical model. The maximum difference between the numerical value
and the experimental value is 3.76%, and the minimum one is 1.40%. This agreement of the
maximum load-carrying capacity can be considered as sufficiently accurate.
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Table 10. Results of Experiment A (bolts and dowels).

Method Specimen u (mm) F (kN) M (kNm) Difference F (%) Difference u (%)

Numerical model - 238.4 22.60 17.40 - -

Experimental test
1 290.60 22.29 17.16 1.40 17.96
2 295.67 21.78 16.77 3.76 19.37
3 283.56 22.02 16.96 2.59 15.93

Less accuracy was achieved for the maximum deformation of the rung end. The
maximum difference between the numerical model and the experimental test is 18.86%,
and the minimum one is 15.84%. This inaccuracy could be caused by local imperfections in
timber, local cracks in timber during loading, or the different modulus of the elasticity of
the individual glued lamellas. These imperfections could not be taken into account in the
numerical model.

Figure 34 shows the load–deformation curves of Experiment B—numerical modeling
(continuous curve) and experimental testing (dashed, dot-dashed, and double-dot-dashed
curves). The course of the numerical curve best matches the experimental tests 1 and 3.

 

Figure 34. Load–deformation curves for Experiment B.

Results of the experimental testing and numerical modeling are given in Table 11. The
table shows the maximum vertical deformation, the maximum force, and the corresponding
bending moment at the point of connection failure. This value was compared with the value
obtained from the numerical model. The maximum difference between the numerical value
and the experimental value is 5.70%, and the minimum one is 4.20%. Although the achieved
agreement of the maximum load-carrying capacity is worse compared to Experiment A
(bolts and dowels), it can be considered as sufficiently accurate. Less accuracy was again
achieved for the maximum deformation of the rung end. The maximum difference between
the numerical model and the experimental test is 21.58%, and the minimum one is 7.81%.
Even with great effort, it was not possible to achieve a better accuracy.
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Table 11. Results of Experiment B (fully threaded screws).

Method Specimen u (mm) F (kN) M (kNm) Difference F (%) Difference u (%)

Numerical model - 227.80 25.75 19.83 - -

Experimental test
1 290.50 24.72 19.03 4.20 21.58
2 271.85 24.37 18.76 5.70 16.20
3 247.10 24.65 18.98 4.48 7.81

5. Conclusions

The paper was focused on the issue of the semi-rigid connection, which was composed
of a timber rung and two stands using dowel-type fasteners. Six specimens were tested by
quasi-static destructive cyclic loading. Three specimens were made from a combination of
bolts and dowels and three specimens from fully threaded screws. The work required the
creation of analytical assumptions, which were the basis for the design of the experimental
testing and were subsequently used to compare the results.

First, a consolidation of the connection occurred during the initial phase of the load-
ing. This phenomenon could be demonstrated on the load–deformation curve with a
concave shape.

According to preliminary analytical and numerical calculations, the experimental
testing of the real specimens resulted in an expected failure of connections in the area of
the rung by tension perpendicular to the grain.

The actual measured load-carrying capacity of specimens made from a combination of
bolts and dowels reached higher values compared to the design (ultimate limit state) load-
carrying capacity calculated according to the standard. The actual load-carrying capacity
was 2.54 times higher for the experimental test 1, 2.48 times higher for the experimental
test 2, and 2.51 times higher for the experimental test 3.

The actual measured load-carrying capacity of specimens made from fully threaded
screws also reached higher values compared to the design (ultimate limit state) load-
carrying capacity calculated according to the standard. The actual load-carrying capacity
was 2.08 times higher for the experimental test 1, 2.05 times higher for the experimental
test 2, and 2.07 times higher for the experimental test 3.

It can be concluded that both types of the semi-rigid connection are sufficiently safe
and reliable from the point of view of the load-carrying capacity.

Results of the numerical modeling were satisfactorily accurate in all cases compared to
results of the experimental testing. Using the calibration of the numerical model according
to the experimental data, it was possible to detect and describe stresses and deformations
of the entire structure, as well as its details that are not visible at first sight during the
experimental testing. Subsequently, it is possible to carry out analyses of different variations
by removing or adding fasteners. This would save time, material, and money, because it
would not be necessary to carry out further experimental testing.

The issue of determining the load-carrying capacity of connections in timber structures
according to the European standards for the design of timber structures Eurocode 5 [20] is
still under development. The proposed experiments should also contribute to this trend.
The experiments were focused on determining the load-carrying capacity of a semi-rigid
connection of a rung and two stands using dowel-type mechanical fasteners. The data from
the experiments can be used for the practical design of this type of a semi-rigid connection
from the point of view of the load-carrying capacity.
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Abstract: The paper is dedicated to the numerical analysis of a single-step joint, enabling the predic-
tion of stiffness and failure modes of both single- and double-step joints. An experimental analysis
of the geometrically simplest version, the single-step joint, serves as a reference for the calibration
of the subsequent finite element model. The inhomogeneous and anisotropic properties of solid
timber make detailed modelling computationally intensive and strongly dependent on the respective
specimen. Therefore, the authors present a strategy for simplified but still appropriate modelling
for the prediction of local failure at certain load levels. The used mathematical approach is based on
the linear elasticity theory and orthotropic material properties. The finite element calculations are
performed in the environment of the software Abaqus FEA. The calibrated numerical model shows a
good conformity until first failures occur. It allows for a satisfactory quantification of the stiffness of
the connection and estimation of the force when local failure begins and is, therefore, recommended
for future, non-destructive research of timber connections of various shapes.

Keywords: timber–timber joints; single-step joint; double-step joint; resource efficient construction;
digital image correlation; finite element analysis

1. Introduction

We are currently confronted with a steadily increasing CO2 concentration in the atmo-
sphere, resulting in global warming [1]. A large part (~40%) of the global CO2 emissions is
caused by the construction industry [2]. The comparison of different construction materials
shows that timber exhibits advantageous properties with regard to these environmental
aspects, as it stores part of the CO2 absorbed during the growth phase of the trees [3].
Unfortunately, a scarcity of the raw material has been observed on the present market,
resulting in, among other things, a strong price increase. If timber is to be used in larger
quantities as a construction material, a higher degree of utilisation is, therefore, essential.

An outstanding example of efficient material use is timber truss systems which have
optimal load-bearing behaviour while highly utilising the construction material [4]. Unfor-
tunately, the high effort in design and production make the manufacturing and application
of these structures in this day and age a rarity. New, upcoming possibilities, such as digital
tools and CNC machines, enable an automation of the design and production process and
allow for the improvement of the profitability in order to, yet again, be able to compete
with other systems such as plate girders [4]. A key factor in the functionality and efficiency
of timber truss systems is the joints.

Previous research by the Institute of Structural Engineering at BOKU showed that
timber–timber step joints represent very efficient solutions for the transfer of compressive
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forces. The joints provide a ductile failure behaviour, are easy to produce and are able to
transfer comparatively high loads. In addition, no additional steel parts, which normally
have a major impact on the environmental performance and economy of such structures,
are required. A series of compression tests performed by the authors, investigating different
embodiments of step joints, as well as inaccuracies possibly caused by a change of moisture
content or production, showed the influence of the geometry on the performance (stiffness
and maximum load) [4–7].

The authors of this paper pursued two main goals while driving research forward in
this area: (1) Experimental investigation of the load-bearing behaviour of new timber step
joint designs with a set focus on maximising the performance (maximum load, stiffness
and producibility) [6] (BOKU, Institute of Structural Engineering) and (2) Development
of a modelling strategy for timber–timber joints under compression for the best possible
prediction of the load-bearing behaviour (Warsaw University of Technology, Faculty of
Civil Engineering). The basic research approaches to achieve the defined goals were the
implementation of experimental investigations on the one side and increasing sophistication
of the finite element model on the other.

A realistic prediction of the load-bearing behaviour prior to construction counts as
one of the core disciplines of structural engineering. In addition to analytical models
and empirical determined data, finite element (FE) calculations can be added to the well-
established prediction tools. However, a careful (material) model calibration based on
experimental investigations, especially for materials with a complex behaviour, such as
timber, is the basis for a reliable prediction model. The main focus of the presented paper
was the investigation of the performance and applicability of a simplified FE model based
on linear-elastic material behaviour and an orthotropic constitutive model, allowing for a
comparatively low computation effort.

After the introduction, the test setup and test specimens, as well as the results of the
performed experimental investigations on a single-step joint, are explained in Section 2.
Section 3 is dedicated to the mathematical model used to simulate the behaviour of timber
within an orthotropic constitutive model of linear elasticity used for the FE simulation
performed with the Abaqus FEA software. Subsequently, Section 4 deals with the com-
putational modelling and the calibration of the material parameters based on the results
of the experiments. In Section 5, the linear-elastic model is applied to the geometry of a
double-step joint and, again, compared with the results of experimental investigations.
Concluding remarks can be found in Section 6.

2. Experimental Investigations

As a first basis for the FE model calibration, a single-step joint (Series A) was chosen.
Compared to joints with two (double-step joints) or a number of steps (multi-step joints) the
influence of production inaccuracies is lower within the single-step joint, making it easier
to identify the individual influencing parameters. Subsequently, the results of experiments
on double-step joints (Series B) were used to verify if the calibration could be applied to
other geometries. The experimental investigations analysing the load-bearing behaviour of
single- and double-step joints were performed in the laboratory of the Institute of Structural
Engineering at BOKU.

2.1. Test Setup and Test Specimens

The test setup, consisting of welded HEB160 steel profiles, as well as the geometry
of the test specimens (single-step joint), are pictured in Figure 1. The load was applied
using a three-axial, servo-hydraulic testing machine in a displacement-controlled manner
with a rate of 1 mm/min. A digital image correlation system (DIC-3D™ from the company
Correlated Solutions, Irmo, SC, USA) was used to measure the occurring strains on one
surface of the specimens while the loads were recorded using an electric load cell. The
areas of interest of the timber specimens were painted white and, subsequently, sprinkled
using black paint, creating appropriate reference points. Five tests were performed.
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Figure 1. (Left): Test setup [4]; (Right): Geometry of the Series A test specimens. Measurements in mm.

Laminated timber with a strength class GL24h according to ÖNORM EN 14080:2013 [8]
and a cross-section of 118 × 118 mm2 made of three spruce lamellas was chosen for the
specimens. The lamellas were arranged vertically to minimise the influence of local wood
defects. The moisture content, varying from 7.3% to 8.9%, was determined using a GANN
Hydromette BL H40/HT70 immediately after testing of each specimen. A sufficient length
of the shearing path was chosen to create failure by crushing due to compression stress and
prevent shear failure. A 30 mm deep notch was cut into the specimens 315 mm from the
joint in order to eliminate any influence of the abutment.

2.2. Results of the Experimental Invesitations

The test results of the load-bearing investigations of the five single-step joints of Series
A are summarised in Figure 2 (left). A virtual extensometer, shown in Figure 2 (right),
was used during post-processing for the determination of the displacement within the
evaluation of the tests using the software VIC-3D 9™. The results clearly show that all
specimens exhibited an almost linear-elastic behaviour throughout a specific phase of the
experiments. When evaluating the mean of all five specimens (A_MV), the linear-elastic
phase extended from 19% to 72% of the achieved ultimate force Fmax. Once the failure
occurred in a ductile manner, the tests were stopped, and the post-fractural behaviour was
observed. For the calibration of the numerical model, it was necessary to obtain data from
one individual specimen because, within VIC-3D 9™, it was not possible to create mean
values for points at the exact same location (seen in Section 4.2) for individual specimens.
Therefore, the results of one individual specimen were used. As the results of specimen
A_5, with the linear-elastic phase ranging from 24 to 82 kN, represented the mean value of
this test series best (see Figure 2 left), it was chosen for the calibration.

The DIC system measures displacements of reference points on the surface of the
specimen, with all other quantities post-processed mathematically. In Figure 3, the normal
strains eyy (in vertical direction) of the surface of specimen A_5 at different load levels are
shown to illustrate the propagation with increasing load.

The validation of the subsequently proposed numerical model was performed relying
on the displacements. Figures 4 and 5 show the distributions of displacements measured
with the DIC system for the chosen specimen A_5 at a load of 70.1 kN. This load was set
as the top calibration range for the numerical model and represents approximately 85%
of the end of the elastic phase. The figures show that, in addition to the deformations
of the specimen itself, vertical and horizontal displacements at the lower edge can be
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traced back to deflections of the steel frame. The results from the virtual extensometer,
however, indicate that these deflections of the test setup did not affect the results seen in
the force-displacement curves presented in Figure 2 (left).

 

Figure 2. (Left): Force-displacement curves of all five test specimens of the single-step joints, as well
as the mean value MV of the five specimens; (Right): Normal strains eyy at 90% of the ultimate
load (124.08 kN) of specimen A_5 and visualisation of the virtual extensometer (based on the DIC
measurement) used for the determination of the displacement, as well as the orientation of the
coordinate system.

Figure 3. Normal strains eyy of the surface of specimen A_5 measured using the DIC system at 0%,
30%, 60% and 90% of the ultimate load Fmax at 124.08 kN.

Figure 4. DIC-horizontal displacements on the surface of specimen A_5 at 70.1 kN.
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Figure 5. DIC-vertical displacements on the surface of specimen A_5 at 70.1 kN.

3. Mathematical Model of Timber with the Finite Element Implementation

Various experimental tests of timber joints show a strong dependence of the results
on the inhomogeneous material properties of the sample, in particular the arrangement
and twist of the fibres, as well as the presence of knots [9,10]. Furthermore, the results are
dependent on the chosen geometry of the joint and the accuracy of craftsmanship in regard
to the execution [7]. A precise prediction of the load-bearing behaviour considering the
inhomogeneity of the material, as well as the damage and the accompanying redistribution
of forces in certain areas, requires a detailed analysis of the properties of each sample. A
very detailed modelling and subsequent numerical analysis in terms of non-linear-elastic,
elastic-plastic, visco-plastic or fracture mechanics are, therefore, necessary to identify the
propagation of the failure. Another approach is to use novel hysteretic models, which
are capable of simulating the complex, non-linear behaviour of materials [11–13]. In
order to obtain a first assessment of a joint without complicated calculations, the authors
proposed to simplify the numerical analysis to a linear-elastic model. Subsequently, it was
investigated whether the simplified model allowed for an assessment of the local failure
modes, an estimation of the stiffness of the connection (force-displacement relationship)
and a prediction of the load at which the onset of failure is to be expected.

In a linear-elastic model, the constitutive relations have the following form [14]:

Sij = DijlkEkl (1)

with Sij being the components of the stress tensor, Ekl the components of the strain tensor
and Dijlk the components of the elasticity tensor. In the orthotropic model, non-zero com-
ponents of elasticity tensor can be expressed by nine independent technical coefficients [14]:
three Young’s moduli E1, E2, E3, three Kirchhoff’s moduli G12, G13, G23 and three inde-
pendent Poisson’s ratios selected from six: ν12, ν13, ν23, ν21, ν31, ν32, with dependencies as
follows:

ν12

E2
=

ν21

E1
,

ν13

E3
=

ν31

E1
,

ν23

E3
=

ν32

E2
(2)

The directions are defined as parallel to the grain (direction 1), perpendicular to the
grain (direction 2) and circumferential (direction 3). The technical coefficients are usually
determined based on experimental research published in literature or taken from the design
standards [15]. In the case of the presented model, the technical coefficients, listed in
Section 4.1, were calibrated based on the previously described experimental research.

A theoretical analysis of timber joints within the framework of the theory of elasticity
is possible with the use of FE modelling (e.g., [16–18]). Even though only a certain range of
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the structural response to the load (linear-elastic phase) is covered by this type of modelling,
it is expected that the linear range allows for the determination of the onset of local failure
and failure mode. As described in [19], 3D modelling is not always necessary, with 2D
models often being sufficient for orthotropic materials [20–22], resulting in simulation time
reduction and, therefore, a cost reduction within the assessment process. Since no signifi-
cant, out-of-plane deformations were observed during the experimental investigations, the
use of a 2D model for the presented numerical calculations seemed justified.

A detailed comparison of the modelling results with the results of the experimental
investigations is presented in the following sections.

4. Numerical Calculations

4.1. First Step—Numerical Simulation Using Material Properties According to EN 14080

The simulation, based on a geometrical model with dimensions of specimen A_5
(Figure 1) was carried out in Abaqus FEA software. The model itself consisted of two
unconnected parts, namely the upper and lower beam. The contact zone of both beams
was modelled in terms of unilateral constraints that activate as soon as the elements are
pressed against each other, with the possibility of sliding with friction, in accordance with
the procedures of Abaqus [23]. In the contact area, surface-to-surface contact was assumed
in the initial step, with the option Adjust only to remove overclosure. The contact interaction
property included “Hard” Contact Normal behaviour, with permission for separation after
contact and Tangential behaviour with the friction coefficient μ. With this model, the contact
areas could be calculated frictionlessly when μ = 0.

As a linear-elastic approach was chosen to model the experiment, a 29.6 kN increment
between 40.5 kN and 70.1 kN was chosen according to the linear-elastic phase of the
results of specimen A_5 (see Figure 6). The increment value was based on the choice of
the authors to work within the linear-elastic phase in combination with the available data
from the DIC measurements. The resulting linear-elastic model allowed for easy scaling
of the results and, therefore, an easy comparison with experimental results taken from
different load ranges. In the area of the force application, a rigid body, loaded with a
concentrated force F = 29.6 kN, modelled the behaviour of the testing machine. A vertical
displacement uV = 0.211 mm was imposed at the bottom edge of the lower beam, while
a horizontal displacement uH = 0.361 mm was assumed at the right edge to account for
the displacements of the steel frame during the experimental investigations within the
investigated load range. The geometrical data and the designation of the contact areas, as
well as the boundary conditions for the supports, are pictured in Figure 7.

Figure 6. Experimentally, as well as numerically (FEM), determined load-displacement curves of
specimen A_5. The FEM line was shifted to the right to facilitate comparability.

90



Materials 2022, 15, 1639

 

Figure 7. Geometry and designations of the FEM model for the single-step joint. Axis 1 represents
the orientation parallel to the grain.

For the 2D plane stress model, with a thickness of 118 mm, 124,538 square elements
with linear shape functions and reduced integration (CPS4R) were used. Additionally,
249 triangular elements CPS3 were applied in the areas of less regular mesh. The total
number of Gauss points in the model was 124,787. The mesh size of the finite elements was
set to approximately 3 mm in general areas and 1 mm close to the contact area in order to
provide higher precision of the results. The mesh was generated by Abaqus algorithm with
seeding conditions provided by the authors.

The orthotropic properties in the computational model were oriented according to the
arrangement of the fibres of the upper and lower member (axis 1 according to Figure 7). In
the first step of the analysis, the material properties were orthotropic with the mean value
parameters taken from the design standard [8] for timber class GL24h: E1 = 11, 500 MPa,
E2 = E3 = 300 MPa, ν12 = ν13 = ν23 = 0.35 and G12 = G13 = G23 = 650 MPa. The
coefficient of friction μ was assumed to be 0 and, thus, frictionless. The force-displacement
relation of the experiments showed non-linear behaviour at the beginning of the tests. Once
the initial phase [6,7] was overcome, the connection could be seen as a perfect fit, resulting
in a linear-elastic phase until a load of approximately 83 kN, corresponding to 72% of the
averaged ultimate load. Subsequently, a loss of stiffness was noticeable until the ultimate load
was reached, and the load began to drop. As mentioned before, a linear computational model
only leads to a linear response of the structure, and progressive damage cannot be reproduced.
Therefore, the numerical calculation was done for a 29.6 kN increment. Figures 8 and 9 show
displacement fields obtained from the numerical analysis at a force of 29.6 kN.

The stiffness k of the numerical model, defined as the ratio of 29.6 kN to the relative
displacement of the extensometer points (see Figure 2 (right)), was equal to 90.08 kN/mm.
This value indicated a poor approximation of the experimental results, of 72.1 kN/mm
for specimen A_5 (the mean stiffness of the test series was 68.2 kN/mm), resulting in the
decision of the authors to further calibrate the model using the results of the experiments.
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Figure 8. Horizontal displacements of numerical model at 29.6 kN [mm].

Figure 9. Vertical displacements of numerical model at 29.6 kN [mm].

4.2. Calibration of the Numerical Model According to the Results of the Experimental Investiagions

The following material parameters were re-evaluated during the calibration of the
linear-elastic model, with the parameters taken as variable: Young’s modulus, both in the
longitudinal (E1) and transversal (E2) direction, Kirchhoff’s modulus G12 and the friction
factor μ. It was assumed that the geometry of the joint was modelled accurately and,
therefore, geometrical factors were not used as calibration candidates. As already described
in the previous section and clearly displayed in Figure 6, a load increment of 29.6 kN was
chosen for the linear-elastic modelling, starting from a load of 40.5 kN up to a load of
70.1 kN. The vertical and horizontal displacements of 150 inspect points placed in the DIC
post-processing, pictured in Figure 10, were used as reference points for the calibration.
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Figure 10. A total of 150 inspect points placed on the surface in the DIC post-processing to extract
the displacements for the calibration of the numerical model.

During the calibration, with the process illustrated in Figure 11, 850 numerical models
incorporating different parameters were automatically generated using Python and, subse-
quently, calculated using Abaqus. The displacement values of the defined inspect points
were then evaluated using the previously programmed Python code with the implemented
coordinates (see Figure 10) before being automatically transferred to an Excel file. In order
to determine the most adequate parameters, resulting in a model matching the experimen-
tal results, a verification equation (Equation (3)) comparing the displacement fields was
defined as:

‖x‖:X, Y → R, ‖x‖ =

√
n

∑
i=1

(Yi − Xi)
2 (3)

where X is a set of 150 values taken from numerical model, and Y is the set of 150 values
taken from the same places but from the experimental results seen in Figure 10. The
calculation of the verification equation, Equation (3), was carried out automatically. With
the calculation time of one FEA simulation equalling 84 s, the authors will consider using
a more time-efficient approach in future works, for example, the Newton method or a
meta-heuristic approach to reduce simulation time [12].

 

Figure 11. Flowchart of the calibration process.

To compare the investigated models, three values were calculated for each: the hori-
zontal (‖xH‖) and vertical (‖xV‖) displacement field according to the verification equation,
Equation (3), and the stiffness k of the numerical model defined as the ratio of 29.6 kN to
the relative displacement of the extensometer points (see Figure 2 (right)). The ranges of
the parameter values, considered within the calibration, are listed in Table 1.
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Table 1. Range of parameter values E1, E2, G12 and μ.

Parameter Min Max

E1 [MPa] 100 12,650
E2 [MPa] 10 400

G12 [MPa] 50 1000
μ [-] 0.0 0.4

The calibration showed that the set of parameters which provided the best agreement
of the numerical results and the laboratory test was: E1 = 10, 350 MPa, E2 = 196 MPa,
ν12 = 0.35, G12 = 728 MPa and μ = 0.0. This model was characterised by the values
‖xH‖ = 0.77753, ‖xV‖ = 0.77752 and k = 72.11 kN/mm. A very good compliance
of the stiffness values from the numerical analysis (72.11 kN/mm) and the laboratory
test (72.10 kN/mm) was achieved. Furthermore, it should be noted that, in the chosen
model, very similar results from Equation (3), calculated for both directions, were obtained.
Considering all results, the numerical modelling in the linear-elastic range using the
orthotropic model showed an acceptable agreement with the experimental results in the
linear-elastic range. The correspondence is clearly visible in Figures 12 and 13, where the
displacement fields obtained for the selected model are visualised and juxtaposed with
those of the experiment. It should be emphasised that the surface conditions of the contact
surface are to be seen as stochastic, as they are highly dependent on the accuracy of the
samples and the material heterogeneity (e.g., twist of the fibres or small local knots in
the timber).

Figure 12. (Left): Horizontal displacements of the numerical model at a load of 29.6 kN; (Right):
DIC-horizontal displacements on the surface of specimen A_5 at 70.1 kN with the initial picture at
40.5 kN (representing a load step of approximately 29.6 kN).

The compliance of the experimental and numerical results obtained for the single-step
joint in terms of stiffness and the verification equation, Equation (3), entitled the authors
to conduct further computational simulations. In a subsequent step, a stress analysis was
performed on the numerical model to determine possible forms of joint failure. A quanti-
tative analysis of the calculated stresses was performed with the following mean values
of strength parameters for spruce: tension parallel to the grain 30.00 MPa, compression
parallel to the grain 32.00 MPa [24], compression perpendicular to the grain 3.57 MPa and
shear 3.85 MPa [25]. The local failure mode was defined as a deformation associated with
exceeding related strength parameters in the simulation. The linear computational model
only allowed for the indication of the load at which the standard maximum stresses are
exceeded. This state can be identified as the beginning of local failure, yet it does not
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necessarily lead to a load drop. Due to the assumptions made within the numerical model,
progressive damage could not be considered.

Figure 13. (Left): Vertical displacements of the numerical model at a load of 29.6 kN; (Right): DIC-
vertical displacements on the surface of specimen A_5 at 70.1 kN with the initial picture at 40.5 kN
(representing a load step of approximately 29.6 kN).

With the numerical model being linear, it was possible to determine the load value at
which a specified stress value exceeded the material strength. The determined load values
indicating the location of extreme stress are listed in Table 2. The analysis thereof showed
that the first to reach its maximum was shear (load approximately at 50 kN). If the load
further increased to 52 kN in the numerical model, compressive failure perpendicular to
the grain followed.

Table 2. Location and values of extreme values of stresses in single-step joint with the information of
load at which those values reach respective limits.

Stress
Value for

30 kN [MPa]
Strength [MPa]

Limit Load
[kN]

Location: Point
(Beam)

Figure

parallel to the grain
tension 4.900 30.00 183.7 1 (lower) Figure 14

compression 11.000 32.00 87.3 2 (upper) Figure 14

perpendicular to the
grain

tension 0.024 0.50 625.0 3 (upper) Figure 15

compression 2.060 3.57 52.0 4 (upper) Figure 15

shear
positive 2.310 3.85 50.0 5 (lower) Figure 16

negative 2.380 3.85 48.5 6 (upper) Figure 16

The stress distributions at a load of 29.6 kN are shown in Figures 14–16. For the
extreme values occurring in places of stress concentrations, the data were not extracted
directly from that location but at a distance of 8 mm, allowing for reliable values close
enough to the concentration point yet not obscured by the modelling.

Even though the linear model did not allow for the analysis of damage propagation,
and the indicated values did not coincide with load-bearing capacity obtained during
experimental results, comparing load values taken from the numerical model with those
from the experiments showed that an exceedance of the strength values is not necessarily
accompanied by a decrease in the joints’ stiffness, as seen in Figure 6. In order to cor-
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rectly represent the load-bearing capacity, a failure criterion had to be introduced to the
numerical model.

When looking at the connection itself, Figure 17 shows a comparison of the joint post
loading for both the simulation and the experiment. The upper beam layers separated
and shifted relative to each other at the connection point, indicating that the allowable
shear stress had been exceeded. In addition, a bending of the aforementioned fibres was
noticeable, most likely caused by exceeding the allowable compressive stresses along the
fibres. The numerical model indicated that the latter occurs at a load force of 87 kN. The
value varied from the actual results due to possible redistributions associated with earlier
strength attainment in other directions. Even though the exact failure load could not be
calculated using the model, valuable insights regarding failure type could be derived, as is
clearly visible in Figure 17, where the joint deformation in both physical and numerical
models were in good compliance.

Figure 14. Normal stress parallel to the grain [MPa]. Force 29.6 kN.

Figure 15. Normal stress perpendicular to the grain [MPa]. Force 29.6 kN.
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Figure 16. Shear stress [MPa]. Force 29.6 kN.

Figure 17. (Left): Deformation of numerical model; (Right): failure of single-step joint in the experiment.

5. Application of the Calibrated Numerical Model on a Double-Step Joint

The main goal of the authors for the computational analysis was to create a model
that could also be applied to other geometries. The results of experimental investigations
of double-step joints (Series B) were used to validate the calibrated model, to predict the
stiffness and indicate the possible failure mode of the new connection. The geometry of the
joint, load introduction point and the geometrical boundary conditions are presented in
Figure 18 and can also be found in [1].
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Figure 18. Geometrical data of the FEM model for the double-step joint. Axis 1 represents the
orientation parallel to the grain.

The results of the experimental investigation of Series B are presented in Figure 19
in form of a force-displacement diagram, serving as a reference for the validation of
the predicted stiffness. The test series consisted of three specimens tested under the same
conditions as Series A. Furthermore, the specimens were produced out of the same material.

Figure 19. Force-displacement curves of all three single-step specimens, as well as the mean value
MV of the three specimens.

The results of the calculations in form of stress distribution and the location where
stress equalled material strength (according to Table 3 for the double-step joints) can be seen
in Figure 20 (normal stress parallel to the grain), Figure 21 (normal stress perpendicular to
the grain) and Figure 22 (shear stress).
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Table 3. Stress values and location at a load of 29.6 kN for the double-step joint including the
calculation of the limit load for the individual stress (considering the linear progression).

Stress
Value for 29.6

kN [MPa]
Strength

[MPa]
Limit Load

[kN]
Location: Point

(Beam)
Figure

parallel to the grain
tension 4.00 30.00 225.0 1 (lower) Figure 20

compression 13.49 32.00 71.2 2 (upper) Figure 20

perpendicular to the grain
tension 0.33 0.50 45.5 3 (lower) Figure 21

compression 1.86 3.57 57.6 4 (lower) Figure 21

shear
positive 1.73 3.85 66.8 5 (lower) Figure 22

negative 1.71 3.85 67.5 6 (upper) Figure 22

Figure 20. Double-step joint FEM modelling—normal stress parallel to the grain [MPa]. Force 29.6 kN.

Figure 21. Double-step joint FEM modelling—normal stress perpendicular to the grain [MPa]. Force
29.6 kN.
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Figure 22. Double-step joint FEM modelling—shear stress [MPa]. Force 30 kN.

The stress values at a load of 29.6 kN, as well as the locations and load values at which
the material properties were exceeded, are listed in Table 3 for the double-step joint.

The analysis of Figure 20 through Figure 22 and Table 3 allowed for the prediction
of possible local failure modes. Based on the calculations of the single-step joint, the
numerical model for the double-step joint was loaded with 29.6 kN. This assumption can
be considered correct as the linear range of the specimens starting at 12 kN and ending at
79 kN, as pictured in Figure 19. According to the linear model, the first stress limit reached
was that of tensile strength perpendicular to the grain close to point B (see Figure 18) at a
load of 45.5 kN, followed by a failure mode related to exceeding the shear stress limit close
to point E. The last-mentioned mode is visualised in Figure 23, where the timber layers
on the right-hand side of the connection separated and moved relative to each other. The
crack visible in Figure 23 was further pre-announced by the distribution of shear stress
(shown in Figure 24), where the sign changed within the upper beam (which is related
to the change of the direction of shear deformation), suggesting the possibility of a crack
occurrence starting at point B in the upper beam.

It should be noted that, according to [6], each analysed specimen of the double-step
joint exhibited a slightly different behaviour in the experimental tests, in terms of both
the stiffness and the failure modes. During the testing of some samples, the failure modes
observed in the numerical analysis occurred nearly simultaneously within the experiments.
Furthermore, it should be highlighted that the double-step joint has a higher sensitivity
to manufacturing inaccuracies and randomness of the mechanical properties of the wood
due to its design. Even though it is not possible to create a general valid numerical model
that can accurately predict failure modes of such connections, it was shown within the
double-step joint analysis that the proposed linear model could be used to give a general
indication of possible damage modes and locations.

Moreover, the calibrated linear model allows for a quantification of the stiffness of
the double-step connection. The stiffness k, obtained from the numerical analysis, was
calculated to 86.0 kN/mm, while that of the Series B specimens equalled 87.0 kN/mm. The
good compliance of the results shows the viability of the proposed linear numerical model
in regard to first assessments of timber–timber connections.
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Figure 23. (Left): Deformation of numerical model; (Right): failure of double-step joint in the
experiment.

Figure 24. Shear stress distribution: negative (blue) and positive values (red).

6. Concluding Remarks

The authors presented a simplified strategy using a linear-elastic model of an or-
thotropic body for the numerical simulation of single- and a double-step timber joints
under compression. The numerical model was calibrated using the results of experimental
investigations on a series of single-step joints. A DIC measurement system allowed for
the documentation of the displacements on the surface of the specimens, which made it
possible to quantify their rigid movement and deformation. Due to the fact that numerical
results obtained with the assumption of material parameters taken from design code did
not reflect laboratory tests to a satisfactory degree, the results obtained for the single-step
joint were used for the calibration of the FE model with the use of Abaqus software and
Python codes, resulting in a calibrated model without specified material parameters.

The presented numerical and experimental analyses were qualitatively consistent and
confirm the applicability of the approach. The applied numerical model made it possible
to satisfactorily quantify the stiffness of both connections (inclination of the linear-elastic
phase in the force-displacement diagrams) and to predict the location of local failures.
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However, in the single-step joint, the prediction was more accurate, based on the fact that
the model was calibrated for this type of joint, and the connection itself is less prone to
inaccuracies of the geometry. The possible local failure modes were identified in places
where strength limits were exceeded. However, it should be highlighted that such states do
not necessarily lead to a load drop—they only indicate that some local damages occur.

The main advantage of a linear analysis is the speed of calculation and the relative
ease of model building. However, interpretation of the results requires knowledge of the
mechanical behaviour of timber. The proposed model can be extended by introducing
failure criteria such as the Tsai–Wu criterion mentioned in [26]. This would allow for
the prediction of the load-bearing capacity of the joint and indicate the failure modes and
stiffness of the system. However, one should keep in mind the heterogeneity of the material,
which introduces uncertainty in the calculations. According to the authors, crack mechanics
modelling of the development of the destruction zone is not advisable if the modelling
and computational effort should be kept to a certain boundary due to the scattering of
wood characteristics. Inconsistencies of the samples, such as the arrangement of fibres, the
presence of small knots and heterogeneity, as well as the inevitable geometrical inaccuracies
in the fabrication of samples, should, therefore, be considered.

The proposed numerical model is recommended for future, non-destructive research of
timber connections to estimate the stiffness and the failure mode. Possible future directions
of research could be related to the analysis of various geometries of joints, including gaps
between the connected beams, and optimisation of contact geometry in order to avoid
stress concentrations and failure analysis in the frame of crack mechanics.
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Abstract: Panelized fabrication of light-frame wood buildings has higher productivity than the
traditional stick-built method. However, the roof production process is not very efficient due to
the structural system and construction method. This study proposes a novel apex connection that
allows for a folding mechanism in a panelized light wood frame roof system. Proof of concept of the
proposed connection assembly is presented by a 3D printout of the developed connection. Following
the steel design code and timber code, the initial estimation of different parameters, such as the
pinhole diameter and number screws, were established. A detailed finite element analysis (FEA) was
performed to determine the connection strength requirement for different load case scenarios. The
results of the FEA and 3D printout of the assembly show that the proposed connection can provide
the required folding mechanism before roof installation and can withstand the load in the unfolding
state at service.

Keywords: apex connection; folding mechanism; FEA; panelized light frame roof

1. Introduction

The majority of residential buildings constructed in North America are light-frame
wood buildings (approximately 90%), mostly in the form of single detached family houses
and low-rise multi-story apartments [1,2]. In light wood frame construction, the primary
framing material is dimension lumber, which is often utilized in combination with other
wood products such as plywood, I-beams, and oriented strand board (OSB) to fabricate
a building [3–5]. However, in recent decades, application of engineered lumber such
as laminated strand lumber (LSL) has increased due to the dimensional stability of this
structural composite lumber product and the adoption of an off-site construction process.
For example, an Alberta-based prefab company in Canada uses LSL and OSB to produce
light frame walls and their wall production is fully automated, whereas floor production
uses wood I-joist in combination with a semiautomated process [6]. This type of light
wood frame construction is termed panelized construction. Panelized construction of light
wood frame homes is drawing attention in North America due to its design flexibility
and on-site assembly cost savings [7,8]. It utilizes manufacturing principles to build light-
frame wood buildings. This off-site construction process subdivides a building model into
subassemblies, such as wall panels, floor panels, and volumetric roof elements, which are
manufactured in a factory environment and then shipped to the site for installation. A light-
frame panelized-building production facility typically encompasses several workstations
such as wall and floor production lines.

As most construction activities in the panelized construction of light wood frame
buildings are performed in a manufacturing environment, it is critical to obtain optimal
productivity in the production lines [7,8]. In the current panelized construction process,
the roof is built using closely spaced wood trusses that support OSB sheathing and roofing
materials (on the upper chord) and drywall ceiling materials (on the lower chord). The
entire roof of a single detached home is subdivided into four or five small volumetric units
based on the floor area and is manufactured on the roof production line [6]. The fabrication
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of roofs follows the same methodology as stick-built construction. For example, the roof
trusses are laid out on a setup jig platform (Figure 1a) in the offsite facility according to the
building plan, as shown in Figure 1b. Then, other roof components are added (Figure 1c)
to manufacture the small roof modules. All the activities in the roof module production
are manual and labour intensive. Consequently, current roof production is not as efficient
as other building components, such as the wall or floor. Moreover, transporting the roof
volumetric units requires a relatively large number of trailers (to be specific, in the case
of an Alberta-based home manufacturer, four trailers are required to transport a 1600 sq
ft single-family home) and on-site loading and unloading of trusses increases the overall
work duration [9]. Therefore, to improve the current roof construction a holistic approach
was developed by Islam et al. [10,11]. In this holistic approach, a gable roof was divided
into several sub-elements. The dimensions of these sub-elements were aligned with the
production line constraints of offsite facility, transportation trailer capacity, crane lifting
limitations, and on-site installation considerations. The complete the panelized roof system
for a typical two-storey house with a gable roof comprises the following components
(Figure 2): (a) Roof panels, (b) support wall panels, (c) celling frames, (d) beams spanning
over two support walls, (e) gable ends, and (f) inter-component connections, including
the inclined roof panel-to-support wall, ceiling frame-to-load-bearing shear wall, apex
connection, and the support wall-to-ceiling frame.

Figure 1. Roof production (a) setup jig, (b) unloaded truss, (c) attaching roof components, and (d) small
roof module on the transportation trailer (courtesy of ACQBUILT Inc., Edmonton, AB, Canada) [6].
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Figure 2. Light wood frame panelized roof concept.

Due to panelization, major components, such as roof panels, ceiling frames and
support walls, can be produced in the automated and semi-automated production line of
an offsite facility [10]. For instance, the roof panels (panel-A and panel-B in Figure 2) and
support walls are produced using LSL and OSB in the wall production line. In contrast,
ceiling frames are built using wood I-joist and an LSL rim board. Consequently, major
roof component fabrication is expected to require less production time in contrast to the
current process due to the utilization of the current wall and floor panel assembly lines.
Moreover, transporting the panelized roof requires only one trailer trip in contrast to the
current roof system for the same home size [12]. However, in the panelized roof system,
all the components are assembled at the site. Consequently, onsite workload increases
significantly [9]. Thus, installation of the inter-component connections must be easy to
minimize the on-site workload. This paper presents a concept of a novel apex connection
that allows assembling two roof panels (Panel-A in Figure 2) at the offsite facility and
folding of roof panels while transporting and the self-locking mechanism facilitates easy
lifting and installation of the two connecting panels (Figure 3).

 

Figure 3. Roof panel folding.
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2. Novel Triangular Hinge Apex Connection

The main limitation of the panelized roof system is the increased crane lifting number
while installing the roof at the site. To reduce the onsite workload, a novel connection
mechanism is developed so that multiple panels can be lifted at once. The apex connection
for a panelized roof with an 8/12 slope can be used to connect the two Panels (in this case
panel-A as shown in Figure 2). The advantage of this connection is that it is self-locking
and foldable. The apex connection can be installed at the offsite facility and thus two panels
will form a triangle module that can be folded, as shown in Figure 3. This folded state
of the panel facilitates easy transportation to the site and a single crane lift is required
for installation. Since the connection facilitates a self-locking mechanism, the roof panel
installation requires no additional job once the module reaches the proper roof angle.
Thereby, this system is expected to reduce a significant amount of the workload at the
site. To demonstrate the folding and locking mechanism of the assembly, a full-scale 3D
printout using PLA prototyping material was developed. Figure 4 illustrates the folding
and unfolding state of the 3D full-scale printout. A video of the folding mechanism can
be found in the Supplementary Materials of this paper. The primary components of the
connection are shown in Figure 5 and consist of the following 8 parts:

1. Secondary bars to connect the panel rafter
2. Primary Folding link bars
3. Main lock channel
4. Middle bar
5. Secondary lock channel
6. Side-bars
7. Secondary Folding link bars
8. Pins

Figure 4. 3D printout of full-scale assembly using PLA prototyping material: (a) Unfolded state,
(b) partial folding state, and (c) full folding state.
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Figure 5. Components of the novel apex connection system for a light frame panelized roof.

The secondary bars are connected to the roof panel rafter using screws, while the
primary folding link bars act as rigid link elements when the connection assembly is
completely unfolded at the service condition. The primary folding link bar itself has two
bars connected using a pin whereas the two secondary bars are tied using pins to the ends
of the folding link bars and with each other at the apex point. In order to act as a rigid link,
the folding bar has to resist clockwise and counterclockwise rotation depending on the
loading condition. The self-locking mechanism is provided through the main lock channel,
middle bar, secondary link bars, secondary lock channel and sidebars. It can be observed
from Figure 6 that clockwise rotation at point A is resisted by the main lock channel placed
at the bottom of the primary folding link bar, whereas counterclockwise rotation is resisted
by the secondary lock channel.

Figure 6. The main lock channel resisting clockwise rotation at point A.

All the components can be fabricated using steel sheet metal (12 gauge and 11 gauge).
EN 1993-1-8 [13] provides a general guideline for the edge and end distance of pin holes.
Figure 7 shows geometrical requirements for pin-ended members according to EN 1993-1-8.
The initial estimate of the hole diameter of the assembly was designed considering the
steel design guideline by EN 1993-1-8 [13]. For an 11-gauge plate, (yield strength of plate
fy = 187 MPa, hole diameter do = 7.35 mm and design pin force FED = 8000 N) member
the corresponding edge distance and end distance are 10.7 mm and 12.3 mm, respectively.
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Hole dimensions of the main link bar are governed by the pin diameter requirement, which
primarily depends on the shear capacity of the pin. To analyze the connection, a reasonable
diameter of the pin was obtained using the pin connection shear capacity equation of
EN 1993-1-8 [13]. Following the design guideline and assuming a design value of pin
joint dimensions of the parts of apex connection were determined for numerical analysis.
Detailed dimensions of all the components of the novel apex connection for a case study
roof slope 8/12 are illustrated in Figures 8–14.

Figure 7. Edge distance and end distance requirement for pin connection according to EN 1993-1-8 [13].

Figure 8. Details of primary folding link bars (all dimensions are in mm, steel plate gauge 11).

Figure 9. Details of Secondary bars (all dimensions are in mm, steel plate gauge 11).
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Figure 10. Details of Sidebars (all dimensions are in mm, steel plate gauge 12).

Figure 11. Details of main lock channel (all dimensions are in mm, steel plate gauge 11).

Figure 12. Details of secondary lock channel (all dimensions are in mm, steel plate gauge 12).

Figure 13. Details of Middle bar (all dimensions are in mm, HSS section).

Figure 14. (a) Pin for connecting secondary bars at the apex point; (b) pin at the middle of the main
link bar; and (c) Pin for sidebars.
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3. Analysis of the Case Study Connection

As can be observed from Figure 3, the apex connection is installed to connect two pan-
els and the main folding bar of the proposed connection at the unfolding state must resist
the load at peak of the assembly. This system can be idealized as a statically indeterminate
rafter system that has eave support with a collar strut (Figure 15). Using Castigliano’s
theorem on deflections with enforcement of displacement compatibility at the redundant
reaction, unknown forces of the free body diagram shown in Figure 16 can be obtained
using Equations (1)–(4) [14].

Ax =
wL

8tanθ

[−α2 + 5α + 1
α

]
, (1)

Bx =
wL

8tanθ

[
α2 − 5α + 3
(1 − α)

]
, (2)

Cx =
wL

8tanθ

[−α2 + α + 1
α(1 − α)

]
, (3)

Ay = wL, (4)

where:
α = a span factor used to express the location of the interior support or attachment point of
the folding link bar
L = horizontal projection of the distance from the eave to the Apex (the distance in the plan).
θ = roof pitch (rafter slope) relative to the horizontal.
x1 and x2 = span coordinates measured horizontally, as indicated in Figure 16
w = gravity load including the self-weight of the roof panel expressed as a uniformly
distributed load

 

Figure 15. The apex connection idealized as rafter support system eave support with Collar Strut.
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Figure 16. Free body diagram of the system under gravity load.

In this study, the apex connection design is demonstrated for a residential home pack-
age provided by an offsite construction company located in Alberta, Canada (11 m × 6.1 m
Gabel roof footprint) with a slope of 8/12 and panel-A width of 1944 mm. Both gravity
load case and wind load case were considered for a tributary area equal to the apex con-
nection spacing. Assuming 600 mm c/c distance of the apex connections for a factored
gravity load of 4 kPa, the axial force (Cx) in the bar and internal hinge force (Bx) at the apex
location were calculated using Equations (2) and (3) and led to a solution of 5165 N and
1140 N respectively.

A 2-D finite element model was also developed utilizing commercially available
general-purpose FE code, ABAQUS/CAE, distributed by SIMULIA Inc., Palo Alto, CA,
USA. A two-node beam element (B31) was used to assemble the two LSL rafters with a
cross-section of 140 mm × 38 mm and all the triangle apex connection components were
made of steel C-channel section (30 mm × 40 mm × 40 mm) (Figure 17). It was assumed
that the main folding bars connected by a pin in the actual connection setup act as one rigid
link element. The three beams representing the apex connection, the secondary bar and
the primary folding bar are connected by a hinge connector element (CONN3D2) (Points
A, B and C in Figure 18). Then, the tie constraint was applied between the rafter and
secondary bars of the apex connection. The tie constraint represents the screw connection
between the rafter and the secondary bars, assuming that the number of screws provides
sufficient rigidity to transfer the load from the rafter to the apex connection assembly.
The same magnitude of gravity load was applied according to the previous analytical
procedure and a comparison of the results shows that the FE model provides a reasonably
close solution (axial force value in the main folding bar = 6570 N and apex hinge force at
point B = 1879 N). Thus, the validation of this 2D FEM with the analytical model indicates
that a more detailed modelling approach (e.g., contact simulation) can reveal the proper
behaviour of this connection mechanism. However, this linear elastic analysis provides the
basis to determine the internal forces and thereby an approximate diameter of the pins was
obtained using Equation (5) [13].

Shear resistance of a pin, Fv =
0.6 A fup

γM2
, (5)

where d is the diameter of the pin, fup is the ultimate tensile strength of the pin and A is
the cross-section area of a pin, and γM2 is the safety factor.
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Figure 17. Loading and boundary condition 2-D numerical model of the apex connection.

Figure 18. (a) Axial forces in the 2D assembly, (b) axial force in the apex connection, and (c) forces in
the pins of apex connection (unit in the figure is N).

4. Screw Connection Requirement of Secondary Bars

In order to connect roof panels with the secondary bars of the proposed apex connec-
tion, commercially available screw (Simpson Strong-Tie SD screw), which is an alternative
to common 10d nails, can be utilized. The screw nominal diameter and length of the screw
are 4.5 mm and 38 mm, respectively. The in-plane component of load along the rafter plane
must be resisted by the shear capacity of the screw connection between rafters and the
secondary bars. Among all the load cases, gravity load has the highest magnitude. Thus,
screw shear capacity was checked for the gravity load case only. Therefore, the number
of holes in the secondary bar depends on the number of required screws. The analytical
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model for the nail and spike provided in CSA86-19 (Equation (6)) [15] was used to predict
the unfactored shear capacity of the screw connection between the secondary bar and
rafter. The predicted unfactored shear capacity per screw was 1898 N with the failure
mode (e) of Equation (6). In this case study of a roof slope of 8/12, the secondary bar has a
dimension of 410 mm between the pin holes (Figure 9) and seven holes are provided to
install the screws. Thus, with seven screws, the total factored shear capacity is 10.63 kN.
The screw shear force (summation of components of hinge forces of points B and C along
the rafter in-plane) was obtained from the 2D analysis (Figure 18c). For the governing
load (factored gravity load of 4 kPa), the resultant screw shear was 7.02 kN. Therefore,
the number of screws provided for apex connection is safe in the case of in-plane shear
resistance. Details of shear capacity analysis can be found in the Appendix A of this paper.
The screw connection is also subjected to the highest withdrawal in case of wind load
parallel to the ridge direction of the roof. According to the screw manufacturer’s technical
data sheet, the design withdrawal capacity is 769.5 N per screw [16]. Additionally, the
withdrawal force due to a wind withdrawal load is 2.1 kN. Thus, with seven screws, the
withdrawal resistance is 5.4 kN. Further, the provided number of screws is sufficient to
resist the hourly wind pressure of 0.85 kPa. Thus, providing seven holes in the secondary
bar is sufficient to resist both the gravity and wind load in Edmonton, Alberta, Canada.
The holes were provided at 50 mm c/c to avoid the splitting of the rafter of the roof panel.
It is worthwhile to note that, to accommodate a higher load, the length of the secondary
bar must be increased to provide proper screw spacing.

Nr = φ NunF ns (6)

where:
Nu = nu(KDKSFKT)
φ = resistance f actor f or yielding f ailures = 0.8
nu = unit lateral resistance o f screw
nF = number o f screw in connection
ns = number o f share planes per screw

The unit lateral resistance of steel to timber screw connection per share plane is the
smallest value calculated in accordance with the failure modes (a) to (f).

(a) f1dFt1 (7)

(b) f2dFt2 (8)

(c) f1dF
2

(√
1
6

f3

( f1 + f3)

fy

f1
+

1
5

t1

dF

)
(9)

(d) f1dF
2
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1
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f3

( f1 + f3)

fy

f1
+

1
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dF

)
(10)

(e) f1dF
2 1

5

(
t1

dF
+

f2

f1

t2

dF

)
(11)

( f ) f1dF
2

√
2
3

f3

( f1 + f3)

fy

f1
(12)

where:
t1 = head − side member thickness (steel plate in this case)
dF = screw diamenter
f2 = embedment strength o f point side member (LSL) = 50 G(1 − 0.01dF)
G = mean realtive density = 0.5 f or LSL
t2 = length o f screw penetration
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f3 = embedment strength o f point side member when f ailure in screw yielding
= 110G1.8(1 − 0.01dF)

fy = screw yield strength = 50(16 − dF)
f1 = embedment strength o f steel plate = Ksp(φsteel/φwood) fu
Ksp = 2.7, φsteel = 0.80, φwood = 0.8

5. 3D Finite Element Modelling of Apex Connection

The actual folding apex connection is inherently three-dimensional in nature and in-
volves complex interactions between the parts. The folding mechanism of apex connections
technically represents, in principle, an extremely complex and highly indeterminate ana-
lytical problem with a wide range of geometrical nonlinearity and mechanical parameters
affecting its behaviour to transfer the force and moment. These parameters include the
rectangular slots (95 mm long) and U-shape slots (13 mm × 9 mm) in the primary folding
link bar, V-shape cuts (14.5 mm × 7mm) in the Middle bar, contact between the main lock
channel and primary link bars, contact between secondary lock channel and secondary
link bars, pin bearing mechanism at the hole of main link bars and secondary bars, contact
between the sidebar and main link bar (Figures 8–13). Hence, three-dimensional elements
were utilized in the FEM to understand the structural behaviour of this connection. Proper
element selection for steel connection design is critically important. Abaqus provides
several types of elements, such as continuum solid element, shell elements, membrane
elements, rigid elements, and beam elements that can be used to simulate steel connec-
tions. The behaviour of these elements is characterized by five criteria, such as family,
degrees of freedom, number of nodes, formulation, and integration. For example, the
solid element library includes first-order (linear) interpolation elements and second-order
(quadratic) interpolation elements in one, two, or three dimensions classifying as triangles
and quadrilaterals for two dimensions; and tetrahedra, triangular prisms, and hexahedra
(“bricks”) in three dimensions. Each class of element provides a choice for first-order
(linear) interpolation elements and modified second-order interpolation elements in two
or three dimensions. It is critical to select the correct element for a particular application
to avoid hourglassing, shear and volumetric locking, overly stiff behaviour in bending
and slow convergence with mesh refinement. It should be noted that the proposed apex
connection may have large plastic deformations and high strain gradients in the pinhole
regions of connection, as well as the presence of contact between the lock channel and link
bars. As suggested in previous studies [17–19], first-order elements should be used to avoid
mesh locking and convergence difficulties associated with contact, while modelling steel
connection, 8-node linear brick (C3D8) element is preferable for the apex connection FEM.
However, this element shows very high stiffness in bending; consequently, the incompatible
mode of these elements (C3D8I) is implemented to improve their bending behaviour [20].

For any numerical modelling, the definition of material property is the most critical
step that affects connection ductility and capacity. A detailed literature review of steel
connections suggests assuming that the steel in this study is homogenous and isotropic with
an elastic modulus of 200 GPa and Poisson’s ratio of 0.3 [19,21–23]. Since the variation of
mechanical properties of steel is significantly low compared to other construction material,
such as wood, in the absence of a coupon test, generic material properties specified in stan-
dards used for numerical simulation produces reasonably accurate results [24]. According
to ASTM A1008, drawing quality steel sheets (DS) have yield strengths between 150 to
240 MPa [25]. While, for design purposes, selecting the nominal values is a conservative
approach, the use of minimum nominal strength material property in numerical simula-
tion underestimates the load-carrying capacity of the steel connection whereas adopting a
maximum nominal strength property has the opposite effect [24]. Thus, to obtain proper
connection behaviour the typical stress-strain relationship as depicted in Figure 19 [26] is
adopted for the elements of all the parts fabricated using steel plate and A36 steel for all
pin components (Figure 20) [24]. Since the main focus of the model is to understand the
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behaviour of the apex connection, the rafter material (LSL) was assumed to be isotropic
with a Young’s modulus of 9000 MPa and Poisson’s ratio of 0.25.

Figure 19. The true stress-true strain curves of an AISI 1008 steel (Data obtained with permission
from [26], 2014, Elsevier).

Figure 20. The true stress-true plastic strain curves of A36 steel [24].

In the structural analysis, it is common to make use of reduced or lower-dimensional
element types with higher-dimensional element types in a single FE model, which is
known as multiscale FEM. This approach is efficient and provides an improved solution
to capture local structural features as well as global structural behaviour [27]. Figure 21
illustrates the complete mixed-dimensional FEM assembly of this study. To simplify the
model, similar to the analytical approach, only two LSL rafters and the unfolded state
of apex connection assembly were incorporated. However, all these components were
modelled using solid 3D elements (8-node linear brick element). As can be observed
from Figure 5, the apex connection has nine locations that require a hinge mechanism
provided by steel pins. Despite well-established design rules and assembly procedures
in American and European steel standards, numerous nonlinearities in the vicinity of
the pinhole led to overly expensive calculations if fine-scale computation modelling is
used. Consequently, to model this large assembly with a considerable number of pin
joints, alternative computational strategies are a suitable option [28]. Abaqus provides
the connector (CONN3D2) element to model any type of connection such as a hinge or a
screw [20]. However, the connector element is a 1D element whereas the other components
are 3D objects, so the number of degrees of freedom (DOFs) is not the same for all the objects.
Hence, this multi-scale FE simulation requires a reasonable FE coupling method to blend
mixed-dimensional finite elements at their interfaces to accomplish both displacement
continuity and stress equilibrium. In this regard, the multipoint constraint (MPC) surface
method is suitable for the static and dynamic analysis of linear or nonlinear structures
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and the interactions between the pin with the assembled elements can be modelled in an
average sense with a more rigid way in ABAQUS [28]. The MPC method uses constraint
equations for nodal displacements at the interface of mixed-dimensional elements. Thus, to
model the hinge mechanism at all locations (as shown in Figure 22), reference points were
generated on the center points of the connection and MPC-BEAM constraint was assigned
to the hole surface with their corresponding reference point (RP). MPC-BEAM in ABAQUS
uses a rigid interface method to connect nodes of different types of elements by creating
rigid beams with respect to RP [20]. At each pin location connector element with a hinge,
connection property was assigned to join corresponding parts. Tie constraint was applied at
the interface between secondary bars and the LSL rafter assuming that the screw connection
will act as a rigid joint. In the simulation of steel connection, the boundary condition is
deemed to be significant and any inappropriate boundary conditions may cause completely
different behaviour. Following the analytical model mentioned in the previous section,
the lower two ends of the LSL rafter are assumed to be in the pinned (Ux = Uy = Uz = 0)
support condition. In actual roof assembly, the OSB sheathing is nailed on the rafters, which
provides stability against lateral buckling. To account for this lateral restraint, provided by
the continuity of OSB sheathing panels, the rafter edges were assigned as the Z-symmetry
coordinate system (Uz = URx = URy = 0), as shown in Figure 21.

 

Figure 21. 3D assembly model and boundary condition.

 

Figure 22. MPC beam constraint location for the hinge connection.
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Properly refined element mesh is also an influencing factor for any finite element
simulation to obtain reliable results. Due to the presence of slots and pinholes, it was
required to partition the complex geometry into several segments and assign an advancing
front or medial axis meshing algorithm to generate elements with proper shape factors. For
example, the U-shape slot in the main link bar in Figure 23 was partitioned by offsetting
the half-circular face of the slot at every 1 mm and creating radial lines at every 9◦ angle.
This technique generated a very refined mesh with a proper shape factor around the face of
the model.

 
Figure 23. Advanced meshing application.

As mentioned previously, complex interactions exist between the surfaces of different
parts of the apex connection to facilitate folding and self-locking mechanism, so this FE
modelling requires contact simulations of different components to allow for a transmission
of force from one part to another, specifically near the folding location where main lock
channel and secondary lock channel provides a self-locking mechanism (Figure 24). In
detail, a coulomb coefficient of friction equal to 0.3 is defined for sliding resistance in the
surface-based contact approach. It should be noted that the interface of the contact surface
must be close and the penalty technique enforcement was used in contact enforcement
since this approach has more flexibility and recommended method in steel connection
modelling [19].

Figure 24. Contact surface interaction locations.

6. Results

Four governing loading combinations from the Canadian Building Code were consid-
ered for this numerical analysis. These load combinations account for all the combinations,
including gravity load (dead, live and snow) and lateral load (wind load Figure 25), that
will lead to maximum effects for both strength and serviceability. The design loads applied
to the roof structure were assigned based on the National Building Code of Canada and
the building location in Alberta, Canada. These were specified at a snow load of 2.25 kPa,
other non-structural components account for another 0.5 kPa of dead load and hourly wind
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pressure of 0.85 kPa. Thus, the total factored gravity load was 4 kPa. Wind loads were
calculated using the static procedure of NBCC and based on the gust effect and pressure
coefficient (as illustrated in Figure 25) for both wind perpendicular to ridge and wind
parallel to ridge direction. For both the gravity load and lateral load cases, the partial
loading scenario was also checked following the NBCC. The uniformly distributed load was
applied on the LSL assuming apex connection spacing of 600 mm c/c since the maximum
spacing of the roof panel rafter must not exceed the corresponding value to take advantage
of the load sharing system effect.

Load case a: 1.25D + 1.5S +1.0L
Load case b: 0.9D + 1.4W + 0.5S
Load case c: 0.9D + 1.5S + 0.4W
Load case d: 0.9D + 1.4W
where D = dead load, L = live load, S = snow load and W = wind load.

 

Figure 25. External and internal gust and pressure factors for wind load cases (a,b) for wind perpen-
dicular to ridge and (c,d) for wind parallel to ridge.

Figures 26 and 27 show the deflected shape of the assembly under gravity load and
von Mises stress of the apex connections parts. Table 1 summarizes the resultant von Mises
stress and PEEQ value observed in different load cases. As the link assembly is subjected
to both bending and compression for the gravity load, the maximum von Mises stress was
observed around the U-slot of the primary folding link bar (Figures 28 and 29). It was
observed that the load had the largest impact on the stress distribution in the proximity of
the U-slot of the primary folding link bar. Figure 29 depicts the stress distribution near the
U-slot indicating the highest stress concentration zone and probability of fracture initiation
zone at ultimate failure load. A comparison of the stress contour plotted in Figure 30 shows
that all other parts including the main lock channel, middle bar, secondary lock channel,
sidebars and secondary folding link bars are within the elastic limit. As expected, among
these components, maximum von Mises stress was observed in the contact zone of the
main lock channel and secondary lock channel which confirms the effectiveness of the
locking mechanism of the assembly. Maximum von Mises stress in the main lock channel
and secondary lock channel were 55.2 MPa and 51.2 MPa respectively, whereas the ultimate
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strength of AISI 1008 is 353.3 MPa. Thus, the channels are well below the ultimate strength
of the material for a factored gravity load of 4 kPa.

Table 1. Summary of results in different load cases.

Part Name Load Case

Maximum
Permissible
Plastic Stain

(PEEQ) (mm/mm)

Observed
Maximum Plastic

Strain (PEEQ)
(mm/mm)

Maximum
Permissible Von

Mises Stress
(MPa)

Observed
Maximum

Stress (MPa)

Primary folding link bar
(30 mm × 38 mm c-section

in Figure 8)

1 Load case a

0

1.7810 × 10−3

186.7

199.50
2 Load case b 0 81.03
2 Load case c 3.7910 × 10−5 184.66
3 Load case d 0 177.56

Secondary bar

1 Load case a

0

0

186.7

117.61
2 Load case b 0 112.95
2 Load case c 0 116.72
3 Load case d 0 186.76

Main lock channel

1 Load case a

0

0

186.7

55.10
2 Load case b 0 33.59
2 Load case c 0 60.58
3 Load case d 0 47.75

Secondary lock channel

1 Load case a

0

0

186.7

51.18
2 Load case b 0 50.79
2 Load case c 0 51.24
3 Load case d 0 50.84

Secondary Folding link
bars

1 Load case a

0

0

186.7

57.47
2 Load case b 0 59.18
2 Load case c 0 57.26
3 Load case d 0 62.61

Side bars

1 Load case a

0

0

186.7

3.70
2 Load case b 0 1.72
2 Load case c 0 3.81

Load case d 0 2.48

Middle bar

1 Load case a

0 186.7

38.99
2 Load case b 0 38.34
2 Load case c 0 39.09
3 Load case d 0 40.34

Note: 1 Gravity load case, total load = 4 kPa; 2,3 For the load cases wind pressure 0.85 kPa and specified snow
load 2.25 kPa.

121



Materials 2022, 15, 7457

 

Figure 26. The deflected shape of the structure for a factored gravity load of 4 kPa.

 
Figure 27. Von Misses stress (MPa) of the Apex connection (factored gravity load of 4 kPa).

 
Figure 28. Von Mises Stress (MPa) of primary folding link bars (factored gravity load of 4 kPa).
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Figure 29. Stress (MPa) distribution near (red line) the vicinity of the U-slot of primary folding
link bar.

Figure 30. Stress (MPa) contour plot of different parts for a factored gravity load of 4 kPa.

In order to obtain the connection capacity, a benchmark for the failure mechanism
and failure criteria for any numerical analysis are required. In the case of the experimental
investigation of any connection, the failure point of an assembly can be distinct by observing
a situation when the assembly exhibits a substantial loss in load-carrying capacity or the
presence of a rupture mechanism. However numerical models continue to obtain results
until it fails to converge on a solution which can be different from the actual failure
state. Thus, it is important to establish proper failure criteria for the numerical modelling
approach. The literature review has revealed that, in the case of steel connection, two types
of failure criteria are considered, namely (a) strength criterion and (b) deformation criterion.
For example, experimental studies on the bearing resistance of a connection adopted a
design equation based on the maximum loads from tests in References [29–32], even though
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significantly larger deformation in the specimen was observed. In contrast, according to the
later criterion, failure is considered to be the applied load measured at a specific acceptable
deformation level depending on the application [33]. For instance, the bearing failure study
of cold-formed steel bolted connections by Salih et al. [34] adopted a 3 mm extension limit.
Additionally, Eurocode 3 design provisions for steel connections are based on a 3.0 mm
deformation limit under ultimate conditions which ensures the deformation under service
loads to be 1.0 mm [33]. Thus, for design purposes, deformation-based criteria are more
appropriate. Hence, the equivalent plastic strain of a material (PEEQ) in Abaqus, was
adopted to implement as a design capacity criterion for the cross-section of the parts. PEEQ
is a scalar measurement that is used to represent the material’s inelastic deformation and
if this variable is greater than zero, the material has yielded. Thus, PEEQ indicates the
local ductility and fracture tendency of steel members [35]. In the case of classical (Mises)
plasticity, PEEQ is obtained by using the following equation:

PEEQ = εp|0 +
∫ t

0

√
2
3

.
εp :

.
εpdt (13)

where εp
∣∣0 is the initial equivalent plastic strain and

.
εp is the tensorial form of plastic

strain rate .
In order to investigate the performance of the connection in service, the following

hypothesis was adopted:
“The apex connection components must be sized so that all materials remain in the

elastic range and their elastic deformations have negligible values. This ensures the defor-
mation of the connection will be returned to its original state after the load is removed.”

As can be observed from the deformation and stress distribution of the primary folding
link bar, the possible mechanism of failure is fracture propagation near the U-slot. Thus,
the design requires avoiding any form of localized plastic deformation near this zone. If
the PEEQ value is zero, then it can be concluded that the assembly is in the elastic range
under design load. Figures 30–33 illustrate the von Misses stress and PEEQ plot of the
apex connection assembly in the most critical load cases. The PEEQ value analysis of all
the critical load cases shows non-zero plastic strain for load case-a only (Figure 34). The
PEEQ value for a factored gravity load of 4 kPa and the cumulative plastic deformation is
concentrated in the middle location of the U-slot; 12 mesh (C3D8I) elements (approximately
64 mm3 volume) near the U-slot of the primary folding link bar have PEEQ value greater
than zero with a maximum value of 1.7810 × 10−3. As can be observed from Figure 35,
the computed strain levels in those 12 elements have exceeded the defined yield value
and are in the strain hardening stage. Consequently, there will be a 0.185 mm permanent
deformation near the U-slot zone of the one-side main folding link bar. Therefore, the
main folding link has the probability of a total of 0.4 mm shortening for a specified gravity
load of 4 kPa. This will cause tension force at the secondary bar, ultimately increasing the
uplift force on the fastener used to connect the bar with the roof panels. Additionally, the
relatively long winter in Canada poses a risk of fatigue and residual stress on the connection,
so a PEEQ value equal to zero will be a safe option to ensure that the assembly components
remain in the elastic zone. Therefore, it can be concluded that a revised cross-section
is required to support a 4 kPa gravity load. However, at a factored load of 2.6 kPa, the
cross-section shown in Figure 8 with PEEQ values equal to zero was observed. Thus, the
primary folding link bar of the cross-section shown in Figure 8 can be used for a factored
gravity load of 2.6 kPa. An enhanced cross-section (Figure 36) is required to support a
factored gravity load of 4 kPa, which was obtained by running the numerical model with
various trial cross-section sizes until the failure criterion was met. It is worthwhile to
note that the initial primary folding link bar (as shown in Figure 8) has a cross-section of
30 mm × 38 mm, whereas the revised cross-section is 30 mm × 50 mm (as illustrated in
Figure 36). All other elements, such as the pinhole and u-slot, are the same as initially
designed (Figure 8).
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Figure 31. Stress (MPa) in wind load case (100% load removed from one side for hourly wind pressure
of 0.85 kPa).

Figure 32. Stress (MPa) in different parts for partial snow load case (specified snow load of 2.25 kPa).
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Figure 33. Stress (MPa) for partial wind load case uplift (hourly wind pressure= 0.85 kPa).

 

Figure 34. PEEQ value for the link assembly for a factored gravity loading of 4 kPa.
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Figure 35. Stress-Strain near the U-slot of primary folding link bar.

Figure 36. Revised primary folding link bar cross-section.

To observe the load-deflection behaviour of the apex connection assembly, a gravity
load up to 12.7 kPa was applied since the load case-a is the governing case. Figure 37
illustrates the mid-point deflection vs. load plot of the primary folding link bars assembly,
which ensures reasonably low deflection of the overall assembly at the factored gravity
load of 4 kPa.

Figure 37. Deflection at the midpoint of the primary folding link bar assembly.
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The design of the connection also requires checking the pin shear and bearing capacity
of the steel sheet near the hole. Thus, another numerical model was developed to simulate
a uniaxial tension test on the pin joint in the middle of the main link bar to observe the
localized effect due to the interaction of the pin and the holes of the main link bar (Figure 38).
In this case, the pin was modelled using a 3D solid element (C3D8I). Hard contact was
defined between the pinhole of the folding bars and the pin. Figure 39 illustrates the von
Mises stress distribution and PEEQ value due to the maximum applied load of 15 kN in this
case. Using EN 1993-1-8 [13] (Equation (5)) the predicted pin shear capacity was 8919 N,
whereas the numerical model shows the shear capacity to be 8070 N, considering no plastic
strain at any location of the pin (PEEQ = 0) (Figure 40). However, the literature review has
shown that, in experimental investigation, connection capacity is defined based on certain
deformation levels [29–34]. In the absence of the experimental test, it is a conservative
design approach to adopt the PEEQ value equal to zero as the capacity benchmark for
the pin. The maximum stress in the pin was 366.8 MPa (for PEEQ = 0 condition) and the
ultimate stress for A-36 steel is 586.7 Mpa. However, for a factored gravity load of 4 kPa
(governing load for axial force), the axial force value in the main folding link bar was
5898 N. The maximum stress of the pin for this axial force was 286.9 Mpa. Therefore, the
pin section is safe in the case of the factored gravity load of 4 kPa and hourly wind pressure
of 0.85 kPa.

For the pin connection, another important mode of failure is bearing for the steel plate
and pin. It is required to have a benchmark to understand the bearing failure mechanism.
Details of the bearing failure mechanism can be found in single-lap bolt connection studies.
Ideally, bolts in a single-lap connection and the pin connection have similar structural
behaviour such as shear failure, bearing failure and net section failure, the only difference
is that the bolt connection has resistance due to clamping friction, whereas the pin provides
free rotation. As the load is gradually applied to the bolted connection, the major force
transfer would be friction between the contact surfaces. Once the applied force exceeds the
friction capacity of the connected members slip relative to each other until they bear on the
bolts, contact with the hole interaction dominates the connection performance similar to
the pin connection. Thus, the bearing failure benchmark can be obtained from the bolted
connection bearing stress review. The literature review has shown that, in the case of
bearing failure, a 3 mm hole elongation level is considered to be the ultimate capacity of
the connection, thereby ensuring 1 mm deformation at the serviceability limit state [33].
Using EN 1993-1-8 (Equation (8)) [13], the bearing resistance capacity for the plate and pin
was calculated to be 12,527 N, however, at this load level, the numerical model shows hole
elongation of 0.56 mm which Is below the threshold limit for bearing failure criterion for
serviceability limit state set by Eurocode. Additionally, the maximum design axial force
(5898 N) for a factored gravity load of 4 kPa is less than the pin shear capacity (8070 N).
Maximum bearing stress in the pinhole was 180.7 Mpa (for PEEQ = 0) and the ultimate
strength of ASIS 1008 steel was 353.4 Mpa. Therefore, the assembly is safe in case of the
factored gravity load of 4 kPa and wind pressure of 0.85 kPa in bearing. Thus, it can be
concluded that the design capacity of the connection assembly is governed by the strain
level near the U-slot of the main link bar.

Bearing resistance of the plate and the pin, Fb =
1.5 t d fy

γM0
, (14)

where d is the diameter of the pin, fy the lower the yield strengths of the pin and the
connected part, t is the thickness of the plate, and γM0 is the safety factor.
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Figure 38. Uniaxial tension simulation of primary folding link bars for bearing and pin shear capacity.

Figure 39. Von Mises stress (Mpa) and PEEQ plot of uniaxial loading of primary folding link bar and
pin (P = 15,000 N).
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Figure 40. Von Mises stress (Mpa) and PEEQ plot of the pin at the predicted design capacity using
the EN 1993-1-8 equation (P = 8070 N).

7. Conclusions

A novel apex connection concept was presented in this paper. The 3D printout of
the assembly demonstrates connection effectiveness in providing the folding, unfolding
and self-locking mechanism. The folding mechanism of the connection provides easy
transportation of the roof panel assembly, and the self-locking mechanism reduces the
onsite workload. The connection can be installed at the offsite facility. In order to reduce
the onsite workload and enhance productivity, easy installation of the intercomponent
connections is required. In this respect, the folding design of the apex connection will
facilitate the erection of two panels simultaneously and reduces the crane lifting number.
Furthermore, the self-locking mechanism removes the onsite installation activity of the
apex connection. Consequently, this novel apex connection is expected to improve onsite
productivity. However, the comparison with current truss base roof fabrication requires
future time study for this panelized roof system with this folding apex connection.

The validation of 2D FEM with the analytical solution confirms the adequacy of the
model for the connection force analysis. The 3D FEM results of PEEQ show that two
different C-sections (30 mm × 38 mm and 30 mm × 50 mm) of the main folding bar
are required for specified gravity loads of 2.6 kPa and 4 kPa, respectively. The shear
capacity of the pin (d = 6.35 mm) obtained from the analytical model was higher than
the predicted capacity of FEM since the former procedure is developed based on certain
deformation levels in the experimental investigation. To obtain the ultimate strength of a
steel connection, validation of the numerical model with an experimental test is necessary.
This study was limited by the lack of material coupon tests and actual assembly tests.
The benchmark of the PEEQ value equal to zero in determining the design capacity of
the assembly is a conservative approach. Therefore, to establish the proper ultimate
capacity and serviceability limit of the present connection, actual testing of the connection
is recommended. However, the obtained cross-section from this study provides the basis
for the fabrication and testing of the assembly in future.

As part of a future study, long-term performance, such as fatigue and durability of this
connection, must be investigated. Following the industry practice of light frame connectors
such as wood I-Joist hangers, the fabrication of components of the apex connection must
use galvanized sheet metal to enhance weatherability.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ma15217457/s1, Video S1: Folding mechanism of apex connection.
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Appendix A

SD screw connection analysis:
According to the manufacturer’s technical data sheet [16] SD Connector screw is

specifically designed to replace nails and the screw used in this study is equivalent to 10d
common nails. Hence, the analytical model of timber connection using nails and spikes in
CSA86-19 is applicable for the connection analysis.

The factored lateral strength resistance of a connection with nails or spikes, Nr, shall
be greater than or equal to the effect of the factored loads, and shall be calculated using
Equation (6) of main text.

The unit lateral resistance of steel to timber screw connection per share plane is the
smallest value calculated in accordance with failure mode (a) to (f) of Equations (7)–(12) of
main text.

 

 

 
 

Figure A1. Different failure modes of the screw connection.

Table A1 explains all the parameters values used in the calculating the screw con-
nection capacity and Table A2 presents the results of the connection analysis. As can
be observed from Table A2 the failure mode has the lowest connection capacity, so the
connection is governed by this failure mode.
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Table A1. Input parameters of the connection analysis.

Mean relative density, G (LSL) 0.5

Screw diameter, df (mm) 4.5

Factor for light gauge steel, Ksp 2.7

Resistance factor for light gauge steel, φsteel 0.4

Resistance factor for wood member, φwood 0.8

Ultimate tensile strength of steel fu (MPa) 310

Embedment strength of steel side plate, f1 (MPa) 418.50

Embedment strength of LSL, f2 (MPa) 23.88

Embedment strength of main member where failure is screw yielding, f3 (MPa) 30.17

Screw yield strength, fy (MPa) 575

Head side member thickness, t1 (mm) 3.04

Length of screw penetration, t2 (mm) 35.06

Resistance factor for the lateral resistance of the connection, φ 0.8

Number of fasteners, n 7

Table A2. Strength in different failure mode.

Failure Mode Strength

(a) 5725.08 N

(b) 3766.759 N

(c) 2196.59 N

(d) 14,256.92 N

(e) 1898.37 N

(f) 2103.15

Governing failure mode (e)

Unit lateral strength resistance, nu 1898.37 N

The factored lateral strength resistance, Nu 10,630.86 N
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Abstract: This paper presents the results of research on the influence of the components of salt flame
retardants on the compressive strength of wood depending on the time of accelerated aging. The
effect of the agent was assessed on the basis of the change in the strength of treated wood compared
to that of untreated wood. In addition, a statistical analysis of the obtained results was used to
determine which of the components most significantly affect the changes in the compressive strength
of wood along the fibers, and to what extent. It was found that extending the aging process time in the
case of control and boric acid-protected samples did not significantly change the strength properties.
It has also been found that some compounds contained in fire retardant have an antagonistic effect
related to the compressive strength of wood.

Keywords: wood; fire retardants; artificial ageing; compression strength

1. Introduction

Fire is the fastest destructive factor for wood, but it is impossible to eliminate it in
everyday life. Various measures to reduce the flammability of wood material have been
used for centuries, but they are still incapable of completely preventing the burning of this
material. They allow for a significant reduction of parameters, such as the spread of flames
over the surface, weight loss, or the rate of heat release. Among the fire retardants, salt
compounds and mixtures thereof are most commonly used. They include: phosphates,
ammonium sulphates and their derivatives, boric acid, borax, urea, and potassium carbon-
ate [1,2]. Undoubted advantages of fire-retardant treatment, after years of use, may have
negative consequences for the structural strength of the protected wood. The strength prop-
erties are influenced, among others, by the type of flame retardant, its pH, impregnation
technology and wood humidity, and the conditions in which the wooden elements are used.
Publications presenting research on the fire retardants effectiveness of preparations clearly
confirm the deterioration of wood strength on the basis of parameters such as: modulus of
elasticity (E) and compressive strength (Rm) [1,3,4]. In the research by Grześkowiak et al. [5]
on the fire-retardant use of potassium carbonate, it was found that the strength of pine
wood, treated with a 20% solution, was decreased by 20% compared to unprotected wood.
Moreover, aspen wood impregnated with the same solution showed a decrease in com-
pressive strength by about 15% when impregnated with the vacuum-pressure method
using. The research by Surmiński and Lutomski [6] on the effect of treatment of pine wood
with fire retardant preparations also showed that wood treated with the vacuum-pressure
method with 25% K2CO3 showed a decrease in compressive strength by 11.78%. When
impregnating the wood with 25% NH4H2PO4, (NH4)2SO4 mixture using the vacuum
method, an improvement in wood strength of 2% was found compared to unprotected
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wood. The same authors using 30% vacuum treatment with the NH4H2PO4, (NH4)2SO4,
H3BO3, Na2B4O mixture achieved an improvement in compressive strength of 13.19%.
The product [7], using a 10% mixture of phosphates, sulphates, boron compounds, and
salts of benzoic acid, achieved a strength improvement of 7.1% compared to unprotected
wood. The conducted research on long-term heating of wood protected with, among others:
phosphoric acid (PA), ammonium dihydrogen phosphate (MAP) or a mixture of borax and
boric acid (BBA) showed that phosphoric acid had the greatest impact on the decrease in
strength. The mixture of borax and boric acid deteriorated the strength of the wood the
least [8,9]. In tests made by Sweet et al. [9], three variants of temperature and humidity were
used, imitating: the temperature in a dry room (27 ◦C), the temperature to which the roof
sheathing may be exposed (54 ◦C), and finally 80 ◦C. Both during and after the exposure,
measurements were made of the modulus of elasticity, moisture, modulus of breaking, and
maximum load. It was found that the factor determining the strength drop was the nature
of the chemical compound used, followed by the exposure conditions and the method
of saturation. In research on the influence of the conditions of use on the properties of
protected wood, simulations of these conditions are used, known as accelerated aging.
Changes in wood resulting from accelerated, artificial aging should correspond to the
changes that would be caused by exposure to weather conditions, with particular emphasis
on the effects of humidity and temperature. Wood heated in the atmosphere of water vapor
requires lower decomposition activation energy than raw material at elevated temperature,
but in a dry environment [10–13]. There are many methods based on the simulation of
natural conditions in the laboratory, differing in cycle duration, annealing and freezing
temperatures. For example, the ASTM D 1037 method [14] provides a 60-h cycle consisting
in soaking the wood, steam, freezing, steam and heating in dry air. Kajita et al. [15] give
an accelerated aging method based on BS 5669-1:1989 [16] and consisting in immersion in
water at 20 ◦C for 36 h, freezing at −12 ◦C for 24 h, and heating in dry air at 70 ◦C for 36 h.
On the other hand, Riwier [17] provides two methods of accelerated aging of the wood
used: Cyclic-boil dry method, which consists in repeatedly submerging the material in hot
water and heating with dry air, and the vacuum-pressure-dry cycle method, which consists
in immersing the wood in water under negative pressure, reducing vacuum, pressure and
heating with dry air. As can be seen from the above description, the applied conditions of
artificial aging differ in terms of values and duration of action, etc. Accelerated aging is
purely theoretical, because it is impossible to transfer this long-term process to laboratory
conditions, so as to accurately reproduce the changes taking place in the structure of the
tested materials.

In this study, it was decided to focus on determining the effect of fire-retardant
treatment of wood and accelerated aging time on the strength parameters of the protected
wood. It was decided to protect the wood with chemical compounds included in the
fire-retardant preparation, as well as with the fire-retardant preparation itself, in order
to determine which of the compounds most significantly influences the changes in the
compressive strength of the wood along the fibers, and to what extent. Flammability
properties of the tested commercial fire retardant were included in publications [18,19],
where the effectiveness of fire retardants was between 75% and 88% measured with the MFT
method [20]. Moreover, the effectiveness of chemical compounds is known and described
in literature [21].

2. Materials and Methods

Samples with dimensions of 2 cm × 2 cm × 3 ± 0.2 cm were cut from Scots pine (Pinus
sylvestris L.) sapwood boards. A total of 10 samples for each test variant were selected
for the tests. The samples were selected according to sequence of occurrence in a given
lath, without defects and visible changes caused by blue stain fungi [22,23]. The research
variant consisted of a given chemical compound and the number of accelerated aging
cycles. Each of the variants was tested separately. The test specimens were treated in
vacuum dryers by the full-cell vacuum method using a vacuum of 0.1 MPa maintained
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for 20 min, and then the vacuum was gently reduced to atmospheric pressure and kept
in solutions for another 2 h. After impregnation, the samples were air-conditioned for
14 days at the temperature of 23 ± 2 ◦C and humidity of 65 ± 5%, in a heated room with
forced air circulation, until the wood moisture content was 10 ± 2%. The control samples
had the same humidity throughout the test. The humidity of the samples was determined
by the dryer-weight method [20]. The wood was treated with 6 solutions of chemical
compounds with wood impregnation average gain (dry mass of chemical compound)
(kg/m3): monoammonium phosphate (MAP) 62.85 kg/m3, boric acid (BA) 17.25 kg/m3,
sodium tetraborate (borax) (Bx) 18.6 kg/m3, urea (U) 64.48 kg/m3, monoammonium
sulphate (MAS) 66.51 kg/m3 and diammonium phosphate (DAP) 61.57 kg/m3, and a
commercial preparation (FR) 59.98 kg/m3 at a concentration of 10%, except for borax
and boric acid where the concentration was 4%. Tests were also carried out on wood
not subjected to impregnation, i.e., control (C). Based on the literature, it was decided to
develop a proprietary accelerated aging cycle simulating conditions in a temperate climate.
An accelerated aging process was performed to determine progressive changes in the wood.
The complete course of the aging process was 0, 8, and 16 cycles. Each cycle consisted of
the following phases:

1. Heating (130 ◦C for 24 h)
2. Freezing (−15 ◦C for 24 h)
3. Heating (130 ◦C for 24 h)
4. Maintaining over a supersaturated solution of KNO3 giving approx. 90% (temp.

40–45 ◦C for 24 h)
5. Freezing (−15 ◦C for 24 h)

After the accelerated aging process, the samples were tested for physical changes and
strength decline. Before the compression tests, samples were conditioned (until equilibrium
moisture content (constant mass) was achieved) in the same conditions and mass as before
the aging process, and their dimensions were measured using an analytical balance accurate
to 0.001 g (Sartorius GmbH, Göttingen, Germany) and a digital caliper with accuracy to
0.01 mm [23]. Then, the beams were subjected on compressive strength test according to
the ISO 13061-1:2014 [24], ISO 13061-5:2020 [25] and ISO 13061-17:2017 [26] standard on the
Zwick Z100 testing machine (Zwick GmbH, Ulm, Germany) [23,27]. During the tests, the
value of the compressive strength and Young’s modulus were recorded [28].

A statistical analysis of the obtained results was performed, starting with the de-
termination of appropriate measures of central tendency (mean) and standard deviation
(SD) [28]. The Kolmogorov–Smirnov test was used to verify the compliance with the
theoretical normal distribution, and the homogeneity of variance was tested based on the
Bartlett test. In order to determine the significance of the analyzed impregnation types
and the number of aging cycles, a two-factor analysis of variance was used. Tukey’s HSD
test was used to determine statistically homogeneous groups. The statistically significant
results were those with p < 0.05. All calculations were performed in Statistica 13.3 software
(StatSoft Polska Sp. z oo, Kraków, Poland).

3. Results

The research results presented below reflect the average values of the analyzed features
obtained for individual research variants. Analyzing the basic strength parameters, Rm
(compressive strength) and E (Young’s modulus), it can be concluded that the highest value
of compressive strength was obtained for samples protected with urea and subjected to the
aging process for 16 cycles. In this case, Rm was 62 MPa. Samples protected with FR and
aged for eight cycles were characterized by a slightly lower value (61 MPa). The lowest Rm
values were observed for samples not aged, but protected with MAP, where the value was
38.7 MPa. Slightly higher values were obtained for samples protected with Bx and U, not
subjected to aging. These values were 39.3 and 39.8 MPa, respectively. All the non-aged
samples had lower Rm values compared to the samples protected with the same aged
compounds (Figures 1 and 2).
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Figure 1. Illustration of the E relationship of aging cycles and chemical compounds. Whiskers
represented 95% confidence interval.

Figure 2. Illustration of the Rm relationship of aging cycles and chemical compounds. Whiskers
represented 95% confidence interval.

The absorption of the preparation and individual components was similar for the
concentrations used. The obtained data show that the degree of absorption did not affect
the strength properties of the protected wood.
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Analyzing changes in wood saturated with individual compounds, an increase in
strength with aging time was found in the case of U, Bx, MAP, DAP, and MAS. For the
above compounds, the increase in Rm over time from 0 to 16 cycles (assuming the values
for the 0 aging cycle as reference) was, respectively, for the samples protected: with urea
after eight cycles by 42.96% and after 16 cycles by 55.78%, with borax 25.7 and 36.39%, MAP
31.52 and 35.14%, DAP 18.39 and 36.08%, and MAS by 13.95 and 14.58%. For the remaining
test variants, the increase in the strength value took place until the 8th aging cycle, while in
the 16th cycle it was lower, however, the values did not reach the level for the 0 cycle. These
values were respectively 15.95% and 14.52% for the control samples, 48.0% and 47.5% for
the samples protected with boric acid, and 18.67% and 3.11% for the FR protected samples.
Analyzing the above changes, it can be concluded that extending the aging process in the
case of control samples and samples protected with boric acid does not significantly affect
the changes in strength between the 8th and 16th cycle. The observed decrease in strength
took place in the case of wood protected with FR, where the change amounted to 15.5%.
This means that the compounds included in the composition of the preparation may act
in an antagonistic manner, considering the influence on the compressive strength. The
modulus of elasticity E showed similar dependencies in most of the analyzed research
variants. A deviation from this relationship were the samples protected with urea, where
the lowest mean value was obtained for samples aged for 8 cycles (Table 1). Significant
increases in the value of E were observed after the 16th cycle of aging compared to the 0 and
8 cycles for compounds such as: Bx, MAS, and DAP. For wood treated with Bx, the increase
in the value of E after the 8th cycle was 22.98% and after 16th cycle, 50.81% in relation to the
0th cycle as the reference aging. Similar values were obtained for MAS and DAP protected
wood, respectively: 34.18% and 60.77% as well as 25.43% and 60.89%. In the case of control
samples, the differences between the E values for the unaged and aged samples for 8 and
16 cycles were not that significant and amounted to 9.51% after the eighth cycle and 3.89%
after the 16th cycle, respectively. For samples protected with BA and MAP, the drops in
E values after the 16th cycle as compared to the 8 aging cycles were not that significant
and amounted to 11.33% and 5.66%, respectively. The greatest changes in the values of
Young’s modulus were observed for wood protected with FR, where after the 8th cycle of
aging there was an increase by 45.96%, while after 16 cycles of aging only by 9.04% (the
difference between the 8th and 16th cycles were 36.92%. Considering the composition of the
FR preparation, it can be concluded that it does not adversely affect the strength properties
of wood. Considering the obtained results concerning the basic strength parameters of the
tested variants, it can be concluded that urea does not affect the values of the elasticity
modulus E, regardless of the aging variant, as compared to the control samples. The highest
positive effect on E values was demonstrated by MAS, which obtained higher E coefficient
values with increasing time and number of aging phases. Moreover, samples protected
with FR showed an increase in the E coefficient value during aging up to eight cycles.
After 16 process cycles, the E value for FR dropped to a value similar to that of the unaged
samples. In the case of the other variants, the E coefficient was lower than E for the control
samples. In the case of DAP and Bx, the values of this coefficient after 16 aging cycles
are higher than after eight and 0 cycles, while for samples protected with MAP and BA,
after 16 aging cycles, the value of the E coefficient is lower than after eight. Such changes
in the values of compressive strength and Young’s modulus compared to control wood,
especially along with the elongation of the aging time, are caused by the chemical nature
of individual components. The pH of the solutions of individual components was of the
greatest importance with regard to the decrease in strength. The greatest changes were
observed for the components whose pH was acidic (pH near 4–5): U, MAP, MAS, BA. The
remaining compounds and the FRs had a pH close to neutral. Control samples without the
aging process had a 5.3 pH value, measured using indirect cold water extraction method.
Compounds with acidic pH cause, along with the prolongation of the action time, the
hydrolysis of cellulose and hemicelluloses, thus lowering the strength properties of wood.
Acidic fire retardants have the ability to catalyze the glucose dehydration process, resulting
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in cellulose depolymerization. This degrades the fibers, reducing their strength [29]. During
the tests, no visual changes of the samples (cracks, twists, etc.) were found after the aging
process. It was found that after the aging process, with the increase in the number of aging
cycles, the weight loss of the protected samples increased. The highest weight loss was
recorded for FR after 16 aging cycles and it amounted to 5.41% and 4.45% after eight cycles,
and for MAS (4.18% and 2.95%, respectively). The lowest weight loss after aging was
recorded for samples protected with Bx (2.1% and 1.28%, respectively) and BA (2.93% and
1.9%, respectively). The other variants showed weight loss in the range of 3.05–3.75% after
16 cycles and 1.7–2.21% after eight aging cycles. The control variants showed a weight loss
after aging, regardless of the number of cycles, at the level of 0.75%. These results may
indicate the hydrolytic activity of individual components of the preparation.

Table 1. Summary of statistically homogeneous groups determined on the basis of the HSD Tukey
test for E and Rm. The symbol * meaning that results are not statistically different.

Solution E-Mean 1 2 3 4
Rm [MPa]

Mean
1 2

MAP 3953.00 * 47.30 *

Bx 4298.67 * * 47.45 *

U 4361.33 * * 50.09 * *

C 4406.33 * * 52.54 * *

BA 4733.33 * * 52.84 * *

DAP 5185.67 * * 52.89 * *

FR 6019.67 * * 53.86 *

MAS 6228.33 * 55.28 *

In the case of the feature of the Young’s coefficient (E), both the relationship (p = 0.000)
and the number of aging cycles (p = 0.000), as well as their interaction (p = 0.000), show a
statistically significant influence on the difference in its mean values for individual research
variants [30]. Based on the results of Tukey’s post-hoc test, it can be concluded that the
eight and 16 cycle variants show statistically similar results, while the 0 cycle aging variant
differs from the other variants. In the case of chemical compounds, due to the values of the
E factor, four homogeneous groups can be distinguished (Table 1).

For all non-aging variants except FR, the Rm values are lower than for the control
variant. Moreover, the variants aged for eight cycles show Rm values lower than those of
the control variant. The exceptions are variants protected with boric acid, FR and urea. For
the variants aged for 16 cycles, the Rm values for the samples protected with boric acid
and urea were also higher than for the control variant.

Inference similar to the E feature was carried out for the Rm feature. Again, the aging
(p = 0.000) and the relationship (p= 0.000) as well as their interaction (p = 0.001) turned
out to be statistically significant. As for the aging effect, again, eight and 16 cycles give
similar results, and the aging variant 0 differs from them. In the case of Rm values, the
homogeneous groups are arranged differently than for E due to the compounds (Table 1).

Figure 3 shows the simultaneous levels of two features (E and Rm) depending on the
combination compound × aging. This represents an illustration of the interaction of both
factors on the two considered strength characteristics.

Analyzing the relationship between the chemical compounds, aging cycles, and their
influence on the strength parameters (E and Rm), it can be stated that the compounds in the
Section III of the graph have a positive effect on these parameters (in the studied period),
and the negative ones in the Section II. Variants close to the center can be considered the
most neutral in terms of strength changes in relation to the controls without aging process.
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Figure 3. Illustration of the Rm and E relationship of aging cycles and chemical compounds. I–IV are
sections of graph.

Applying the analysis of variants, considering at the same time the average values of
the observed properties (E and Rm), it can be concluded that the best strength properties
were shown by such compounds with aging cycles as FR 8, MAS 8 and 16, and DAP 16.
This is confirmation supporting a positive effect on the strength properties of wood in an
aging time context. The worst effects were demonstrated for the variants not subjected to
aging, i.e., those protected with MAP, DAP, Bx, BA, and U. Moreover, these compounds,
in the variant without aging, showed the most negative impact on the strength properties
of wood.

4. Conclusions

Extending the aging process in the case of control and boric acid-protected samples
does not significantly change the strength between the eight and 16th cycles. The greatest
changes in strength were shown by FR.

Some of the compounds contained in FR have an antagonistic effect related to the
compressive strength of wood. The greatest influence on this phenomenon is probably the
content of boric acid and MAP. Due to the lack of detailed data on the chemical composition
of the preparation, it is not possible to clearly determine which of these compounds causes
the greatest changes. This is indicated by the results obtained during laboratory tests
and their statistical analysis. Changes in the compressive strength and Young’s modulus
compared to control wood, especially along with the elongation of the aging time, are
caused by the chemical nature of individual components. The pH of the solutions of
individual components was 321, which is of the greatest importance with regard to the
decrease in strength. Acidic FRs can lead to the glucose dehydration process, resulting in
cellulose depolymerization and reducing strength of wood fibers.
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5. Grześkowiak, W.; Mazela, B.; Cofta, G. The Influence of Salt Agents on the Strength Properties of Wood. GENERAL
CONSTRUCTION-Construction, Material and Thermal-Humidity Issues in Construction. In Chapter I “Building Materials, Material
Technologies; University Publishers of the University of Technology and Agriculture: Bydgoszcz, Poland, 2003; pp. 16–21.
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Abstract: This research evaluated the possibility of using sawmill by-products from the roundwood-
processing line in the production of wood-based panels. Due to its number of favorable properties,
interesting chemical composition and large reserves resulting from the lack of industrial applications,
the research focused particularly on the use of bark. Manufactured variants of boards differed in the
proportions of wood chips to bark (70:30, 60:40, 50:50). Moreover, the boards containing only wood
chips and a mixture of chips and sawdust were used as references. Urea-formaldehyde adhesive
mixed with ammonium nitrate as a hardener was applied as a binding agent for the boards. Based on
the mechanical properties (modulus of elasticity, modulus of rupture, internal bonding), physical
properties (density, thickness swelling, water absorption) and content and emission of formaldehyde,
it was found that it is possible to produce boards characterized by good properties from sawmill
by-products without advanced processing. Moreover, the use of bark instead of sawdust in order to
increase the homogeneity of the cross-section allows one to obtain panels with significantly lower
formaldehyde emission and water uptake.

Keywords: bark; chipboard; sawdust; wood-based material; wood chips

1. Introduction

In the production of sawn timber in the sawmill industry, up to 50% of the wood raw
material initially intended for the production is so-called material loss [1]. In addition
to losses resulting from the desorption changes, very large amounts of residues, such as
wood chips, sawdust and bark, are generated in the production process [2,3]. Management
of these by-products poses a great challenge [4]. Both the growing issue of shortages of
available wood and the appearing trend of maximized use of renewable resources are
leading to a constant increase in the application of wood processing residues, e.g., in the
production of wood-based materials [5–7].

This paper is a continuation of research aimed at improvements in manufacturing
boards characterized by high thickness and made of wood chips produced in the sawmill
industry without processing them into particles. Mirski et al. [1] investigated the possibility
of using wood chips and sawdust from primary wood processing lines as a raw material
for the production of boards. Research has shown that the single-layer boards must have
a density of 50–100 kg/m3 higher in order to reach appropriate mechanical properties
required by the standards designed for particleboards as a result of using larger parties
and obtaining an inhomogeneous cross-section. However, it was also found that the
presence of outer layers (OL) made of microparticles resulted in a major improvement
in the strength of the boards. The three-layer boards manufactured this way achieved
properties roughly characteristic of P2-type boards. On the other hand, if the core layer
(CL) was made of the mixture of chips and sawdust in a mass ratio of 70:30, the boards
showed better properties compared to those produced only from the chips. According
to the authors, sawdust filled the void spaces in the structure of the board and made it
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more homogeneous. Furthermore, it was also found that the chipboards in general are
characterized by higher thickness swelling compared to both unfinished and laminated
commercially available particleboards. The reason may be the incorporation of various
additives, such as paraffin emulsion, in the industrial wood-based materials production
process, which are not introduced to chipboard [8]. Moreover, it was also found that the
properties of chip-sawdust boards depend also on the structure of the cross-section: the
mass ratio of the core layer to outer layers, the dimensional fraction of the microparticles
in the outer layers and the share of sawdust in the inner layer. The highest result of
bending strength and the lowest value of thickness swelling was obtained for boards
with the mass ratio of 60:40 (CL:OL), and the strongest internal bonding was noted for a
variant characterized by the mass ratio of 70:30 [9]. In addition, research conducted by
Mirski et al. [10] also showed that the application of pMDI (polymeric methylenediphenyl-
4,4′-diisocyanate) as a binding agent allows for the use of sawmill by-products with high
moisture content: 21% in the case of wood chips and 18% in the case of sawdust.

The incorporation of bark particles in order to increase the homogeneity of the boards
is an interesting concept. According to a paper published in 2017, the annual global
amount of bark generated is estimated to be approximately 359,111,200 m3 [11], and a
major industrial use has still not been found. It is mainly used as a source of energy in the
combustion process and in horticulture (it maintains the moisture and lowers the pH of the
soil) [12,13]. According to Sahin and Arslan [14], however, the continuing research on using
bark in wood-based materials’ production can mitigate wood shortages. Bark particles
were previously investigated for use as a filler for adhesives [15–18], as a substitute of wood
particles in particleboard production [19–22], as a substitute for wood fibers [23] and as a
basic material for decorative [24], sound-absorbing [25] and thermally insulating [11] panels.
Research has shown that materials produced with the use of bark are characterized by
good physical and mechanical properties. In this case, good properties mean the properties
that they are comparable to those of panels made from raw materials usually intended
for this purpose in industrial conditions (e.g., technical flour as a filler for adhesives or
wood particles for the production of particleboards). Moreover, it was also found that they
showed decreased formaldehyde emission. The reasons for the observed improvement
include increased reactivity of adhesives due to the lowered pH, high content of phenolic
substances that react with formaldehyde, etc.

Therefore, the aim of the study was to investigate the possibility of incorporating
ground bark particles characterized by an interesting chemical composition and great
availability in the production of boards made of pine wood chips.

2. Materials and Methods

2.1. Materials

Raw materials such as chips, sawdust and bark (Figure 1) were provided from the
pine (Pinus sylvestris L.) roundwood processing line in the sawmill Koszalińskie Przed-
siębiorstwo Przemysłu Drzewnego (KPPD) Szczecinek S.A (Kalisz Pomorski, Poland), one
of the largest producers of sawn wood in Poland. Chips were sieved through the sieve
with the dimensions of 50 mm × 50 mm. Bark obtained during debarking of logs was
ground three times in a disc chipper to obtain smaller particles. Urea formaldehyde (UF)
adhesive was applied as a binding agent. It was provided by the industrial manufacturer
of wood-based boards, and it was characterized by the following properties: viscosity of
470 mPa × s, gel time at 100 ◦C of 88 s, solid content of 58% and pH of 8.11.
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(a) (b)

(c) (d)

Figure 1. Materials used for the production of boards: (a) bark particles before grinding; (b) bark
particles after grinding; (c) wood chips; (d) sawdust.

2.2. Characterization of the Materials

In order to characterize the dimensions of the chips, 250 of them were measured using
a caliper with an accuracy of 0.1 mm to determine length, width and thickness (Table 1).
The fractional compositions of ground bark particles and sawdust were determined on the
basis of sieve analysis with flat sieves made of mesh with the square perforations of: 6.3,
5.0, 4.0, 2.5, 2.0, 1.4, 0.315 mm. The results of conducted analysis are presented in Figure 2.

Table 1. Dimensions of wood chips.

Material
Length (mm) Width (mm) Thickness (mm)

Mean Min. Max. Mean Min. Max. Mean Min. Max.

Wood chips 33.9 (6.3) 18.4 54.7 14.5 (4.2) 7.3 28.7 5.1 (1.3) 1.9 9.9

Note: values in parentheses mean standard deviations; min. means minimum value; max. means
maximum value.
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Figure 2. Fractional compositions of sawdust and bark.
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Sawdust and bark (small particles) were characterized by very similar fractional
compositions. The majority of the particles were in the range of 1.4 to 4.0 mm.

2.3. Materials’ Preparation and Board Manufacturing

The steps of the board manufacturing process are presented in Figure 3. Materials
were dried at 120 ◦C to reach a moisture content of 2 ± 2%. The gluing degree, which is a
ratio of dry mass of the adhesive to the dry mass of lignocellulosic material, was 8% in the
case of chips and 10% for sawdust and bark. An ammonium nitrate solution (20%) was
introduced as a hardener to the gluing mixture to constitute 2% of the dry mass of the UF
adhesive. The mat was formed manually. The hot pressing was conducted at 190 ◦C, with
the unit pressure of 2.5 N/mm2 for 20 s/mm of the final board thickness.

Figure 3. Schematic presentation of the board production process.

The compositions of variants of the manufactured boards with the assumed thickness
of 20 mm and a density of 550 kg/m3 are shown in Table 2.

Table 2. Variants of manufactured boards.

Variant Label
Share of Components in Boards (%)

Chips Bark Sawdust

A 70 30 0
B 60 40 0
C 50 50 0
D 70 0 30
E 100 0 0

2.4. Determination of Boards Properties

Both the physical and mechanical properties of boards were tested in accordance with
the relevant standards. Density was evaluated according to EN 323 [26]. The modulus of
elasticity (MOE) and modulus of rupture (MOR) were investigated according to EN 310 [27].
Internal bonding (IB) was determined following the assumptions of EN 319 [28]. Moreover,
thickness swelling (TS) in accordance with EN 317 [29] and water absorption (WA) were
investigated after 2 or 24 h of soaking in water. WA was calculated based on Equation (1):

WA =
m2 − m1

m1
× 100% (1)

where: m1 and m2 are the weights of sample before and after soaking, respectively.
The investigations of physical and mechanical properties of the board were performed

on 12 samples from each variant. The formaldehyde content (CF) was determined using
the perforator method according to EN 120 [30]. Furthermore, the formaldehyde emission
(EF) was investigated with the use of gas chamber analysis in accordance with EN ISO
12460-3 [31] using a GreCon GA 6000 analyzer (Fagus-GreCon Greten GmbH & Co. KG.,
Alfeld, Germany) content of formaldehyde in an aqueous solution was determined by
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spectrophotometry using the ammonium acetate and acetylacetone method. Absorbance
of the samples was measured on a Biosens UV-5600 spectrophotometer (Biosens, Warsaw,
Poland) at 412 nm. The results are expressed as the mean values of three replicates.

2.5. Statistical Analysis

The statistical analysis was performed with the use of STATISTICA 13.0 software. The
differences between the variants were evaluated by one-way analysis of variance ANOVA
followed by post hoc Tukey test with a significance level of α = 0.05.

3. Results and Discussion

The density of the board is one of the main factors determining its properties. It is
well known that usually as the density increases, the mechanical properties also improve.
The results of the investigations are shown in Table 3.

Table 3. Density of manufactured boards.

Variant Label
Density of Boards (kg/m3)

Mean Min. Max.

A 551 (12.6) b 538 565
B 548 (11.4) b 537 561
C 549 (10.6) b 538 560
D 552 (11.1) b 541 563
E 531 (10.3) a 516 551

Note: Values in parentheses mean standard deviations; min. means minimum value; max. means maximum
value; letters a,b indicate the homogeneous groups.

The outcomes of statistical analysis show that there was a significant difference be-
tween the variants consisting of both wood chips and smaller particles and the variant made
of only wood chips. Without the addition of bark or sawdust, boards were characterized by
a density lower by approximately 20 kg/m3 (4%) than initially assumed. This was probably
due to the void spaces in the board structure that were created between the chips. Their
occurrence can be observed in Figure 4. However, both the amount of small particles and
their type did not influence the results of density in a statistically significant way. The ob-
tained values are very close to the assumed ones. In addition to affecting the density results,
the presence of voids is disadvantageous because it can adversely affect the mechanical
properties and water uptake of boards, and their degradation by microorganisms.

(a) (b) (c)

Figure 4. Cross-sections of the boards: (a) with bark particles (variant A); (b) with sawdust (variant D);
(c) only with wood chips (variant E) (dashed circles indicate filled spaces; solid circles indicate
void spaces).

Results of the modulus of elasticity investigations are presented in Figure 5. Based
on the outcomes, it was found that the highest MOE values were obtained for variants
containing 30% small particles. In this case, the type of particles, whether they were
bark or sawdust, did not have any statistically significant effect. The values were higher
by approximately 17% in comparison with the boards consisting of only wood chips. A
further increase in the amount of added small particles to 40% also resulted in the results of
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MOE being improved by 10% when compared with the chipboard. However, the poorest
properties were observed when the share of bark increased to 50%. In this case, the MOE
was 14% lower than in the case of the reference variant. Statistical analysis of the modulus
of rupture results (Figure 6) showed exactly the same tendency as described for MOE.
The best results were obtained for variants labeled as A and D with 30% filling particles
incorporated to the manufacturing process. On the other hand, the lowest MOR was noted
for boards containing a mixture of bark and wood chips at a weight ratio of 50:50. For
the most advantageous variants, the results were higher by up to 35% than in the case of
boards made of only wood chips. The worst variant, on the other hand, reached average
values that were lower by 23%. The results of internal bonding were also in agreement with
the previously described tendencies. The most favorable values noted were 38% higher
than those of the reference boards with an inhomogeneous cross-section. When the share
of bark was 50%, the results decreased significantly, by 18% (Figure 7).
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Figure 5. Modulus of elasticity results depending on the board variant (letters A–E mark variants of
the boards).
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Figure 7. Internal bonding results depending on the board variant (letters A–E mark variants of
the boards).

Based on the outcomes of mechanical properties, it was found that mixing the wood
chips with bark or sawdust in a weight ratio of 70:30 led to the production of boards with
the best properties. This confirms the previous observations that the homogeneity of the
cross-section considerably affects the strength parameters of boards [9]. The elimination
of void spaces contributes to a more favorable distribution of stresses [32]. Moreover, the
deterioration in mechanical properties of boards, which occurred in the variant assuming a
50% share of bark, could have result from its chemical composition. It is characterized by a
significantly lower cellulose content than wood [33]. According to Baharoglu et al. [34], the
use of lignocellulosic materials with lower cellulose contents can result in the manufacturing
of boards characterized by lower strength parameters. Moreover, bark also contains a large
amount of extractives. According to literature, it can also negatively affect the strength
of glue bonds, which consequently could also influence the mechanical properties of the
resultant boards [35,36].

Based on parameters such as thickness swelling and water absorption, the water
resistance of boards was determined. The results are presented in Table 4.

Table 4. Thickness swelling and water absorption of boards depending on the variant.

Variant Label
Thickness Swelling (%) Water Absorption (%)

2 h 24 h 2 h 24 h

A 16.3 (0.6) b 18.9 (0.4) b 92.9 (0.8) b 93.7 (0.6) b
B 15.7 (0.9) ab 18.5 (0.7) ab 91.7 (0.9) ab 92.9 (0.7) ab
C 15.9 (1.1) ab 18.4 (0.9) ab 91.3 (1.3) ab 93.2 (1.1) ab
D 17.2 (0.4) c 19.8 (0.6) c 94.6 (0.6) c 95.9 (1.0) c
E 15.2 (0.7) a 17.6 (0.6) a 87.5 (2.4) a 91.2 (1.3) a

Note: Values in parentheses mean standard deviations; letters a,b,c indicate the homogeneous groups.

The highest resistance was observed in the case of the chipboard manufactured without
the addition of any smaller particles, and this was probably a result of lower density.
However, the statistical analysis showed that the boards containing 40% and 50% bark
were characterized by the same level of resistance. The reason for no statistically significant
changes was probably the increase in the share of glue in the board (small particles had
a higher gluing degree), which could have decreased the water uptake. The statistical
analysis also showed that in the case of variants containing the same amounts of smaller
particles (30%), boards produced with the use of bark were more resistant to water than
sawdust-containing ones. This was probably the chemical composition of the material.
Wood contains much a greater amount of holocellulose when compared to bark [33].
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According to Baharoglu et al. [34], an increase in the share of hydrophilic components
leads to increases in thickness swelling and water absorption of the boards. Moreover,
the observed values were higher than the ones observed in previous studies regarding
chipboard manufacturing [9]. Considering that the strength of the glue joints is one of the
crucial factors affecting the water resistance of boards, the reason could be the binding
agent used [37]. UF resin is characterized by a significantly lower resistance to water in
comparison with the previously applied melamine-urea-formaldehyde (MUF) resin [38].

The emission of formaldehyde from UF resin-bonded wood-based materials has
become a widely investigated problem. It is a highly reactive, colorless gas which can be
responsible for serious human harm, especially in indoor environments. Formaldehyde
has been classified by the International Agency for Research on Cancer as a “known
human carcinogen,” and since then, the level of permissible emission has been gradually
lowered [39,40]. Therefore, there are many ongoing studies focused on the reduction or
even elimination of formaldehyde use in adhesives [41]. The results of investigations
performed with the use of the perforator method and gas chamber analysis are presented
in Table 5.

Table 5. Formaldehyde emission and content depending on the variant.

Variant Label
Formaldehyde Content

(mg/100 g)
Formaldehyde Emission

(mg/m2 h)

A 3.3 (0.3) a 2.1 (0.3) a
B 5.1 (0.2) c 4.6 (0.3) c
C 5.4 (0.3) c 4.4 (0.2) c
D 4.3 (0.2) b 3.1 (0.3) b
E 3.1 (0.4) a 2.3 (0.2) a

Note: Values in parentheses mean standard deviations; letters a,b,c indicate the homogeneous groups.

Regardless of the method by which the analysis was carried out, the results showed
the same trend. The lowest CF and EF were observed for variants made of only wood chips
and chips mixed with bark in the ratio 70:30. Between them, no statistically significant
difference was noted. However, it seems that the type of small particles affected the results.
When comparing the boards containing the same amounts of wood (D) and bark (A), it
was found that the use of bark reduced both the emission and content of formaldehyde.
The reason was probably its chemical composition, especially the contents of tannins and
phenolic compounds [20]. The majority of these substances are characterized by the ability
to react with formaldehyde [42,43]. A similar effect was observed in the experiments
regarding the use of bark as a filler for adhesives [15,17,18,33] and as a substitute for wood
particles in boards [20,24]. Moreover, it was also found that bark has the ability to absorb
formaldehyde from an aqueous solution [16] and from contaminated air [44]. However,
a further increase in the share of bark particles to 40 or 50% resulted in a statistically
significant increase in the formaldehyde emission. The reason was probably the higher
gluing degree of smaller particles, and consequently, the higher amount of UF adhesive,
which still remained the main source of formaldehyde in the boards.

4. Conclusions

The wastes from the sawmill industry, such as chips, sawdust and bark, can be used as
the materials for the production of boards characterized by good mechanical and physical
properties. However, the application of UF resin instead of MUF resin for boards made of
sawmill by-products results in significant increases in their thickness swelling and water
absorption. Furthermore, their properties strongly depend on the proportions of individual
components. The most advantageous properties were observed for variants consisting
of a mixture of wood chips and smaller particles (sawdust or bark) in a weight ratio of
70:30 due to the homogeneous structure of boards. Moreover, the replacement of sawdust
with bark allows one to produce materials with equally good mechanical properties, lower
water uptake and decreased formaldehyde content and emission. A potential limitation
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that will be the subject of further research is the variability of the chemical composition
of the bark. The variability of the results depending on the species, habitat, age, size and
quality of the barked log will be examined.
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37. Medved, S.; Antonović, A.; Jambreković, V. Impact of Resin Content on Swelling Pressure of Three Layer Perticleboard Bonded

with Urea-Formaldehyde Adhesive. Drvna Industrija 2011, 62, 37–42. [CrossRef]
38. Prestifilippo, M.; Pizzi, A.; Norback, H.; Lavisci, P. Low Addition of Melamine Salts for Improved UF Adhesives Water Resistance.

Holz als Roh- und Werkstoff 1996, 54, 393–398. [CrossRef]
39. Antov, P.; Savov, V.; Neykov, N. Reduction of Formaldehyde Emission from Engineered Wood Panels by Formaldehyde

Scavengers—A Review. In Proceedings of the 13th International Scientific Conference Wood EMA 2020 and 31st International
Scientific Conference ICWST, Vinkovci, Croatia, 28–30 September 2020.

40. Kristak, L.; Antov, P.; Bekhta, P.; Lubis, M.A.R.; Iswanto, A.H.; Reh, R.; Sedliacik, J.; Savov, V.; Taghiyari, H.R.; Papadopoulos,
A.N. Recent Progress in Ultra-Low Formaldehyde Emitting Adhesive Systems and Formaldehyde Scavengers in Wood-Based
Panels: A Review. Wood Mater. Sci. Eng. 2022, 1–20. [CrossRef]

41. Gumowska, A.; Kowaluk, G.; Labidi, J.; Robles, E. Barrier Properties of Cellulose Nanofiber Film as an External Layer of
Particleboard. Clean Technol. Environ. Policy 2019, 21, 2073–2079. [CrossRef]

42. Jahanshaei, S.; Tabarsa, T.; Asghari, J. Eco-friendly Tannin-phenol Formaldehyde Resin for Producing Wood Composites. Pigment
Resin Technol. 2012, 41, 296–301. [CrossRef]

154



Materials 2022, 15, 5731

43. Tanase, C.; Mocan, A.; Cos, arcă, S.; Gavan, A.; Nicolescu, A.; Gheldiu, A.-M.; Vodnar, D.C.; Muntean, D.-L.; Cris, an, O. Biological
and Chemical Insights of Beech (Fagus Sylvatica L.) Bark: A Source of Bioactive Compounds with Functional Properties.
Antioxidants 2019, 8, 417. [CrossRef]

44. Pásztory, Z.; Halász, K.; Börcsök, Z. Formaldehyde Adsorption–Desorption of Poplar Bark. Bull. Environ. Contam. Toxicol. 2019,
103, 745–749. [CrossRef]

155





Citation: Walkiewicz, J.;

Kawalerczyk, J.; Mirski, R.; Dziurka,

D.; Wieruszewski, M. The

Application of Various Bark Species

as a Fillers for UF Resin in Plywood

Manufacturing. Materials 2022, 15,

7201. https://doi.org/10.3390/

ma15207201

Academic Editor: Federica Bondioli

Received: 24 August 2022

Accepted: 12 October 2022

Published: 15 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 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/).

materials

Article

The Application of Various Bark Species as a Fillers for UF
Resin in Plywood Manufacturing

Joanna Walkiewicz *, Jakub Kawalerczyk, Radosław Mirski, Dorota Dziurka and Marek Wieruszewski

Department of Mechanical Wood Technology, Faculty of Forestry and Wood Technology,
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Abstract: The aim of the presented study was to apply various bark species (birch, beech, maple,
pine and spruce) as fillers for urea-formaldehyde (UF) resin in three-layer plywood manufacturing.
For this purpose, all types of bark were ground and added to the adhesive mixture. The resultant
plywood was subjected to investigations of the following: tensile strength, modulus of elasticity
(MOE), bending strength (MOR) and formaldehyde emission. The results indicate a reduction in
the tensile strength. Moreover, the lack of significant improvement in strength parameters can be
explained by too high a load of the filler (20 wt%). In the case of formaldehyde emissions, a reduction
was observed for birch (B-1), beech (B-2), maple (B-3) and pine bark (B-4). In addition, an increase in
the emission of formaldehyde was recorded only for spruce bark.

Keywords: bark; filler; formaldehyde emission; mechanical properties; UF resin; plywood;
wood-base materials

1. Introduction

The adhesive mixtures used for the production of plywood usually contain some
additives called fillers [1]. Their role is usually to adjust the rheological properties of the
resin in order to reduce the cost of the raw material and improve the properties of the
resultant panels, for example, by causing a reduction in formaldehyde emission [2–4].

Current trends focus on the use of most industry by-products. Following this tendency,
it is worth emphasizing that the wood industry generates huge amounts of by-products,
such as bark, sawdust and dust [5]. Annual global bark production is estimated to be
359,111,200 m3 [6], which makes it an excellent raw material that can be used in several
ways. Generally, bark is used in horticulture as a mulch [7] or is considered a natural source
of chemicals [8].

Due to the chemical composition of bark and the presence of numerous organic
compounds, such as tannins, catechins, galocatechins, falwonoids, proanthocyaninidins, it
can be used as a potential formaldehyde-scavenging filler in the production of plywood.
The chemical compounds of bark, such as lignin or tannins, seem to be able to react with
formaldehyde. This phenomenon may reduce the toxic effects of formaldehyde on humans
by reducing hazardous emissions occurring in the indoor environments [9–12].

Formaldehyde is the simplest aldehyde, and it is widely used in the synthesis of the
resins. Unfortunately, it is a harmful compound with a known carcinogenic effect. Studies
on the reduction in formaldehyde emissions through the use of various types of fillers are
continuously being conducted globally [1,13–19].

Therefore, it is worth looking at bark as a natural filler with a formaldehyde bonding
ability. The use of bark can therefore contribute to a reduction in formaldehyde emissions
from wood-based materials such as plywood. Currently, a lot of scientific research is
focusing on the possibility of producing environmentally friendly materials. There are
already existing scientific references from the literature regarding the use of larch bark to
reduce formaldehyde emissions from decorative boards [20]. Moreover, Medved et al. [21]
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conducted studies showing that the bark of spruce and pine can be used as a substitute
for wooden particles in the production of particleboard. Research on the use of the bark
was also conducted by Sahin and Arslan [22], Réh et al. [23], Ružiak et al. [24]. The results
of these studies also indicate that the bark species could have a significant impact on the
effectiveness of reducing formaldehyde emissions.

There are many issues associated with the production of plywood that are constantly
being researched. Formaldehyde emissions are a very important aspect; however, me-
chanical properties should also be considered as crucial for potential applications. Aydin
et al. [25] reported that an amount of bark higher than 12.25% has a negative influence
on formaldehyde release, thickness swelling, and mechanical strength, whereas research
conducted by Mirski et al. [14] showed that the addition of oak bark at a concentration
of 15% made it possible to produce plywood panels characterized by reduced formalde-
hyde release and improved bonding quality, which is the main goal when establishing the
potential industrial application. Another important aspect is the influence of the particle
size on the parameters of the produced plywood. Different sizes of particles were previ-
ously tested, and it was found that the dimensional fraction of 0.315 mm showed the best
result [26]. Furthermore, the increase in bending strength and Young’s modules of elasticity
was observed when 15% of beech bark was added to a urea–formaldehyde adhesive [24].

The aim of the study was to use the selected, various bark species commonly processed in
Polish sawmills that were not studied before as fillers for UF resin in plywood manufacturing.

2. Materials and Methods

2.1. Materials

Plywood was produced using rotary cut birch veneer sheets with dimensions of
320 × 320 mm, moisture content of 6% ± 1%, and average thickness of 1.5 mm. An
industrial UF resin with the following characteristics was used: pH 9.5 to 10.7, solids
content of 64 to 69%, and gel time at 100 ◦C of 63 s. Ammonium nitrate (20 wt%) was
introduced to the adhesive mixture as a hardener. The rye flour and bark powders differing
in species were used as a fillers. For this purpose, birch (Betula L.), beech (Fagus L.), maple
(Acer L.) pine (Pinus L.) and spruce (Picea A. Dietr.) bark particles were ground to obtain a
fraction of 0.315–0.4 mm. Moisture content of added bark was ~9.0 %. The compositions
and pH of adhesive mixtures are presented in Table 1.

Table 1. Compositions of adhesive mixtures with various type of bark particle.

Variant Label Type of Filler
Quantity (pwb Per 100 pwb of Solid Resin)

pH
Filler Hardener Solution

REF Rye flour 20 2 6.88
B-1 Birch bark 20 2 6.57
B-2 Beech bark 20 2 6.50
B-3 Maple bark 20 2 6.89
B-4 Pine bark 20 2 6.21
B-5 Spruce bark 20 2 6.26

Note: pbw means parts by weight.

2.2. Methods

The plywood panels were manufactured in the three-layer system. The adhesives
mixtures were spread on the surface of veneer sheets in the amount of 170 g/m2. The
pressing parameters, such as temperature, unit pressure and time were 120 ◦C, 1.4 MPa
and 4 min, respectively. The moisture content of manufactured plywood was determined
according to EN 322 [27]. The thickness, density and moisture content of produced plywood
are given in Table 2.

The manufactured plywood were subjected to an evaluation in terms of mechani-
cal properties, including bonding quality according to EN 314-1 (2004) [28] after soaking
(10 repetitions) and modulus of elasticity (MOE) and bending strength (MOR) in a per-
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pendicular and parallel direction to the grains of the face veneer layer (12 repetitions),
according to EN 310 [29]. The results were subjected to a statistical analysis using HSD
Tukey test on the significance level of α = 0.05 with Statistica 13.0 software (StatSoft Inc.,
Tulsa, OK, USA).

Table 2. Parameters of manufactured plywood.

Variant Label Density [kg/m3] Moisture Content [%] Thickness [mm]

REF 626 5.0 3.98
B-1 689 5.1 4.04
B-2 679 5.2 4.16
B-3 698 4.8 3.95
B-4 643 4.6 3.94
B-5 602 5.2 3.92

Moreover, formaldehyde emissions were also determined. For this purpose, ply-
wood samples were tested using a flask method in accordance with PN EN 717-3 [30]
(2 repetitions).

SEM pictures were taken with a Hitachi SU 3500 Electron Microscope (Hitachi, Japan)
under high-vacuum conditions. The plywood samples were covered with gold. Au
sputtering was performed with a Cressington Sputter Coater 108 auto sputtering machine
(Ted Pella, Redding, CA, USA).

3. Results

3.1. Tensile Strength

The changes in tensile strength depending on the resin formulation are presented in
Figure 1. As can be seen, all variants (control and plywood with bark particles) fulfilled
the standard requirements for tensile strength (values exceeded 1 N/mm2). Moreover, a
statistical analysis was carried out and homogeneous groups were distinguished. They
are marked with letters above the bars. The highest values were obtained for both the
control variant and maple-bark-containing one. Between them, no statistically significant
differences were observed. This means that the addition of maple bark to the UF resin
gave comparable results with the control variant. The lowest tensile strength value was
shown by variant B-5; however, there are no statistical differences between this variant
and variants B-1, B-2 and B-4. Similar results, where a reduction in tensile strength was
observed due to the addition of the bark, were presented by Aydin et al. [25].

Figure 1. The changes in tensile strength of the produced plywood with bark: (B-1), beech (B-2),
maple (B-3) and pine bark (B-4), spruce(B-5) and reference sample (REF). The lowercase letters means
homogeneous groups.

This phenomenon can be explained by the pH of the environment and its effect on the
adhesive curing process. Elbadawi et al. [31] reported that the curing rates of formaldehyde-
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based resins are strongly dependent on the pH of the curing environment. According to
Xing et al. [32], when the pH rises above 7 the reactivity of adhesive considerably slows
down and it affects bonding strength. On the other hand, if the pH is too low then a
pre-curing process may occur. They also observed that as the content of tannins increased
(which are included in bark composition), the mechanical properties of the produced panels
decreased. Furthermore, the similar results were also observed by Nemli et al. [33]. The
phenomenon of lowering tensile strength can be explained by the presence of tannins,
which affect the resin curing process. If there is a too major a decrease in the pH, it can lead
to the pre-curing of the adhesives before pressing, and thus it can cause a deterioration in
the properties of boards [25,31].

3.2. Modulus of Elasticity (MOE) and Bending Strength (MOR)

The MOR and MOE parameters were tested in two directions (longitudinal and
perpendicular) (Figures 2 and 3). In the case of the perpendicular direction, the statistically
significant differences were observed between the individual variants (Figure 2). The
results of the B-1, B-3 and B-4 variants, assuming the use of birch, maple and pine bark
as fillers, are similar to the control sample (no statistically significant differences were
observed). In the case of the B-5 samples, where spruce bark was applied, a significant
decrease in MOR was observed when compared to the flour-filled samples. In the case
of MOE, studies showed that, in the case of the variants REF, B-1, B-2, B-3 and B-4, no
statistically significant differences were observed. However, as in the case of MOR, variant
B-5 showed a significant deterioration.

Figure 2. The results of MOR (a) and MOE (b) tests in perpendicular direction. The lowercase letters
means homogeneous groups.
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Figure 3. The results of MOR (a) and MOE (b) tests in longitudinal direction. The lowercase letters
means homogeneous groups.

The lack of significant improvement in strength parameters—and in the case of the
B-5 variant, their significant reduction—can be explained by too high a proportion of the
filler used. According to the literature, an addition of more than 15% significantly increases
the viscosity of the resin [23,24,34]. Réh et al. [35] also observed that the addition of 20%
(based on the dry weight of the resin) of bark particles increases the viscosity of the resin.
This can result in an uneven application of glue.

Another important aspect is the presence of tannins and lignin in the bark, which
influences the properties of the resin. Various explanations can be found in the literature,
which still remain inconclusive. On the one hand, a high proportion of these compounds
can lead to an improvement in mechanical properties [35]. On the other hand, in some cases,
a high proportion of these compounds affects their reactivity, which leads to a rapid increase
in viscosity, which in turn translates into a short resin pot life and affects intermolecular
cross-linking [36,37]. The observations of Nemli et al. [33] confirm that, in this case, the
MOE results can be lowered.

Figure 3 presents the results of MOE and MOR in the longitudinal direction. It was
observed that MOR parameters for the variants REF, B-1, B-2 and B-3 were at a similar
level, and there were no statistically significant differences. Only in the case of B-4 and B-5
variants was there a slight decrease, which may have been observed due to the decreased
veneer quality. In the case of MOE, the differences were noticeable, and statistically
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significant differences were observed. As in the case of the MOR, the MOE was the lowest
for the B-4 variant.

3.3. Formaldehyde Emission

Figure 4 presents the results of the formaldehyde emission of the laboratory-manufactured
plywood panels bonded with UF resin and the addition of different wood bark species as
fillers. The results of experiment clearly indicate that the replacement of rye flour with
birch (B-1), beech (B-2), maple (B-3) and pine (B-4) bark led to a decrease in formaldehyde
emissions compared with the reference samples (REF). The reduction in formaldehyde
emissions can be explained by the presence of both lignin and tannins in bark. Van Der
Klashorst and Strauss [38] reported that lignin is able to react with formaldehyde in an
acidic medium. Moreover, tannins are characterized by their phenolic nature, and con-
densed polyflavonoid tannins are able to react with HCHO [39,40]. Only in the case of
spruce bark (B-5), an increase in the emission of formaldehyde was recorded. This can be
explained by the weakening of the bonding quality, which was confirmed by the results
for the mechanical properties. According to Hogger et al. [41], the hindrance in polymer
network formation and a deterioration in bonding quality can result in an increase in
formaldehyde emission from UF resin-bonded plywood.

Figure 4. Formaldehyde emission in three-layer plywood panels produced with UF resin.

3.4. SEM Analysis

The cross-sections of plywood characterized with SEM at different magnifications of
×100 and ×1000 are presented at Figure 5. Compared with REF resin plywood (Figure 5a,d),
the glue line of B-1 and B-5 adhesive plywood was characterized by larger free spaces
(Figure 5b,c,e,f). This could be caused by the fact that bark fillers contained adhesive B-1,
and B-5 was characterized by larger particle size. However, these changes affected the
mechanical parameters (MOR and MOE in perpendicular direction) and formaldehyde
emissions only in the case of the B-5 sample when compared to the REF sample.

Figure 5. Cont.
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Figure 5. SEM photos of cross-section plywood: (a,d)—REF; (b,e)—B-1; (c,f)—B-5 samples. The bond
lines are marked with white frames box.

4. Conclusions

In the case of maple bark, there were no statistically significant differences compared
to the reference sample. In other cases, the reduction in the tensile strength was observed
after the addition of the bark when compared to the reference variant. The phenomenon
of lowering tensile strength can be explained by the chemical composition of bark, which
could affect the resin curing process. Moreover, when the pH is considerably lowered, the
pre-curing process could occur and consequently affect the bond lines strength.

The lack of significant improvement in strength parameters (MOR, MOE) can likely
be explained by too high a proportion of filler (20 wt%).

The results of the experiment clearly indicate that the replacement rye flour with
birch (B-1), beech (B-2), maple (B-3) and pine (B-4) bark led to a decrease in formaldehyde
emissions. The observed reduction in emissions can be explained by the high lignin and
tannins content. Only in the case of spruce bark (B-5), an increase in the emissions of
formaldehyde was recorded. These results can be explained by the noted deterioration in
the bonding quality, which is in agreement with the results of mechanical properties.

The most important conclusion is that the use of 20% (wt) bark powder is too much,
and a lower load of filler should be used in the future studies.
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* Correspondence: dorota.dukarska@up.poznan.pl

Abstract: In this study, the possibility of using sawdust, a by-product of primary wood processing,
as a filler (WF) for rigid polyurethane (PUR) foams was investigated. The effects of the addition of 5,
10, 15 and 20% of WF particles to the polyurethane matrix on the foaming process, cell structure and
selected physical-mechanical properties such as density, thermal conductivity, dimensional stability,
water absorption, brittleness, compressive and bending strengths were evaluated. Based on the
results, it was found that the addition of WF in the amount of up to 10% does not significantly
affect the kinetics of the foam foaming process, allowing the reduction of their thermal conductivity,
significantly reducing brittleness and maintaining high dimensional stability. On the other hand,
such an amount of WF causes a slight decrease in the compressive strength of the foam, a decrease
in its bending strength and an increase in water absorption. However, it is important that in spite
of the observed decrease in the values of these parameters, the obtained results are satisfactory and
consistent with the parameters of insulation materials based on rigid PUR foam, currently available
on the market.

Keywords: polyurethane foam; wood by-products; filler; cellular structure; performance properties

1. Introduction

In recent years, concern for the environment and sustainable management of renew-
able resources has become a priority. This trend is clearly visible in the case of the timber
industry, for which wood by-products provide an opportunity to expand the resource base
but also to produce new materials. Their main source is primary wood processing, but
even in highly developed and industrialised countries, the final product in the form of
sawn timber placed on the market constitutes only 50% of processed wood. The remaining
50% is material loss, which mainly consists of sawdust and wood chips [1]. The advantage
of wood by-products from primary wood processing (sawdust, dust, chips) is that they are
free of contaminants that are often found in wood waste harvested from post-consumer
wood. These are mainly adhesives, varnishes, paints, metals, glass, plastics, etc. Their
presence hinders post-consumer wood recycling processes [2]. Therefore, the use of wood
by-products in the manufacturing process of various types of materials is economically
and technologically justified. An example of the development of innovative wood-based
materials using this type of sorting is chip-sawdust boards or reduced-density cement-chip
boards, which can be a substitute for traditional particleboard in the construction indus-
try [3–6]. It should be noted that there has been for years a growing interest in the use of
wood by-products not only in the wood industry but also in the paper industry, the energy
industry, and the production of wood–polymer composites.

By-products from both the timber and agricultural industries have also become a
source of fillers that can be used in the production of polymer-based composites [7,8].
Wood–Polymer composites (WPCs) combine the advantages of both synthetic polymers
and lignocellulosic fillers [9]. Numerous studies conducted in this area have shown that
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the type, form, shape and particle sizes of the filler significantly affect the properties of
WPC composites. In general, it can be stated that the introduction of lignocellulosic filler
particles into the polymer matrix reduces the production costs of composites and their
weight, provides biodegradability, increases the filling rate, and improves some mechanical
properties such as modulus of elasticity or abrasion resistance. Similar results can be
obtained in the manufacturing process of composite polyurethane (PUR) foams. Currently,
PUR foams account for 2/3 of the world’s polyurethane production and due to their wide
range of applications in rigid, semi-rigid and flexible forms, they rank high among all
foam materials [10]. In addition to the search for alternative raw materials to polyols and
isocyanate, research on the chemical and physical recycling of foams, the modification of
the properties of foams by introducing various types of fillers into their structure, has now
become one of the main research trends in this area [11].

The advantages of rigid PUR foams include low cost, negligible environmental impact,
low density, and high insulation properties (0.018–0.025 W/m·K) [12]. However, they are
characterised by low mechanical strength, thermal stability and fire resistance, which may
limit the scope of their application [12,13]. The introduction of the optimal amount and type
of filler into the foam structure usually improves the physical and mechanical parameters
of PUR foams, i.e., their compressive strength, brittleness, thermal resistance, as well as
thermal and acoustic insulating properties [12–15]. The effectiveness of fillers in reinforcing
foam structures depends on the number and size of particles, method of incorporation,
compatibility with foam components, and degree of dispersion. For these reasons, the use
of various types of nanofillers such as: fume silica [16], cellulose nanocrystals [17], spherical
TiO2, platelet nanoclay, rod-shaped carbon nanofibers [18], montmorillonite [19] and others
should be considered as promising solutions in this field. They act as nucleation sites and
thus reduce the cell size and, as a result, effectively increase the mechanical properties, fire
resistance and thermal stability and reduce the thermal conductivity of PUR foams [13,20].
However, a significant problem with the use of such fillers is their relatively high price and
their tendency to agglomerate, which in consequence disturbs the foaming process and
deteriorates the properties of the finished foam.

According to Paciorek-Sadowska et al. [21], currently, the modern polyurethane indus-
try is oriented towards environmentally friendly operations. For these reasons, attention
has turned to so-called biofillers derived from the processing of natural raw materials. The
primary purpose of their use is to improve or maintain the properties of the polyurethane
composite while reducing the price of the finished product. The main advantages of
biofillers include low acquisition cost, general availability, and an environmentally friendly
nature [22]. Moreover, they show the presence of free hydroxyl groups (–OH) capable
of reacting with isocyanate groups (–NCO), which gives them sufficient compatibility
with polyurethane [23]. The studies carried out so far show that agricultural waste is a
material with high application potential in the production of composite PUR foams. It
has been shown that waste products such as buckwheat husks [7], walnut shells [12,20],
plum stones [22], straw fibre [24], hemp fibre [25], wheat slops [26], rapeseed cake [21],
soy and potato protein [27,28], sugar beet pulp [15], egg shell [29], ground coffee [30],
keratin chicken feathers [31] and many others have a beneficial effect on the properties of
foams. Another source of naturally derived fillers is the timber industry. The suitability of
wood waste in the manufacture of PUR composite foams was studied by de Avila Delucis
et al. [32], who tested six different forest waste fillers, including wood flour from shavings
and sawdust, bark, cones and needles from young pines, kraft lignin and recycled paper
sludge from industrial waste. In the course of the study, it was found that the wood floor
was the most effective filler among the compositions under study. Rigid PUR foam with
its amount of 1 and 5% has the best mechanical and hygroscopic properties, probably due
to the higher wood compatibility with the PUR system and the formation of urethane
bonds between the filler and isocyanate. Furthermore, according to Yuan and Shi [14], the
incorporation of wood flour into the structure of the foam allows it to improve its compres-
sive strength and thermal stability, although it also contributes to a decrease in flexural
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and tensile strength. Larger admixtures of wood particles to PUR foam (i.e., 10 and 20%),
according to Luo et al. [33], may result in a decrease in compressive strength and an increase
in water absorption. Augaitisa et al. [23] demonstrated that biocomposite PUR foam with a
0.7 ratio of PUR to pine sawdust has very good physical and insulating properties and also
high strength. It is worth emphasising that the examples cited above mainly concern rigid
PUR foams with closed-cell structures. However, the authors of this paper have shown in
an earlier study [34] that wood by-products sourced from the primary processing of wood
can also be a valuable raw material in the production of composite foams with an open-cell
structure. It has been demonstrated that a 10 wt% addition of such a biofiller allows them
to increase their compressive strength and improve their thermal insulation.

By continuing the research in this field, the investigations were carried out in order
to determine the effect of modification of rigid PUR foam with closed-cell structure by
different amounts of sawdust obtained by primary wood processing on the kinetics of
the foaming process, its structure and selected performance properties. To the best of our
knowledge, no research has been conducted to date on the manufacture of closed-cell rigid
PUR foams with this type of wood filler, i.e., with this origin and particle size and shape.

2. Materials and Methods

2.1. Materials

A two-component PUREX WG-2732 closed-cell polyurethane thermal insulation sys-
tem (Polychem System, Poznań, Poland) was used to produce the experimental foams. A
major advantage of the system used in this study is that it can be processed manually and
by machine, either by injection moulding or pouring. The system includes component A,
which is polyol, and component B, which is polymeric 4,4-diphenylmethane diisocyanate
(PMDI). Pine sawdust with the largest fraction between 0.315 and 1.25 mm, bulk density of
182 kg/m3 and moisture content of about 0.5% were used as foam fillers (WF). This filler,
along with its fractional composition and normal distribution, is shown in Figure 1.

Figure 1. Sawdust used as a filler for PUR foam: (a) image, (b) fractional composition, (c) normal
distribution.

These particles were obtained by sorting sawdust generated from primary wood
processing. Most of the sawdust from this processing can be successfully used to make
chip-sawdust boards; however, the high proportion of fine fractions is always troublesome
in the production of this type of panel.
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2.2. Preparation of PUR/WF Composite Foams for Testing

According to the PUREX WG system manufacturer’s guidelines, the foam components
were mixed at a weight ratio of A:B = 100:120. Wood filler was added in amounts of 0, 5, 10,
15 and 20% w/w relative to the total weight of the foam components. The entire reaction mix-
ture, including WF, was stirred with a mechanical stirrer at 1200 RPM/min for 10 s at 23 ◦C
and then poured into a metal mould with internal dimensions of 250 × 250 × 130 mm3.
The foams prepared in this way were cut into samples necessary to determine their phys-
ical and mechanical properties. In order to determine the effect of wood filler addition
on the foam foaming process, mixtures containing 10 g of component A, 12 g of compo-
nent B, and an appropriate amount of WF particles were prepared in disposable 400 mL
plastic containers.

2.3. Characteristics of PUR/WF Composite Foams

The course of foaming of PUR/WF composite foams was characterised on the basis
of the duration of successive stages of this process, maximum foaming temperature and
measurements of the increase in the height of the foam growth. Thus, creaming times,
foam growth start time, gelation and growth time, and tack-free time were measured.
The foaming temperature was measured by placing a thermocouple inside the growing
foam. Temperature readings were always taken after foam growth was complete, and the
readings of the Bench Digital Multimeter (Twintex Electronics Ltd., Shenzhen, China) were
stabilised. After the expansion of the foams was completed, the height of the foams was
also measured, and the percentage reduction in their growth relative to pure PUR foam
was determined on that basis.

The structure of the fabricated foams was visualised using a Hitachi SU3500 (Hitachi,
Tokyo, Japan) scanning electron microscope (SEM) at 20× and 60× magnification. A Motic
SMZ-168 optical microscope with Motic Images Plus 3.0 software was used to measure cell
size and distribution.

The apparent density of foams (ρ), defined as the ratio of the sample mass to its
volume, was measured as per EN ISO 845 [35]. Further, 50 × 50 × 50 mm3 foams were
used for this determination.

The insulating properties of PUR/WF foams were determined using a heat flux density
sensor type ALMEMO 117 from Ahlborn (Holzkirchen, Germany) with a wafer dimension
of 100 × 30 × 3 mm3. Four specimens with dimensions of 230 × 240 × 50 mm3 were used
for this study. The measured values of heat flux density were used to estimate the average
value of thermal conductivity coefficient (λ).

Short-term water absorption (Wp) tests were conducted on four 200 × 200 mm2

samples as per ISO 29767 [36], method A. The foam samples were placed in containers
of water in such a position that they were partially submerged in water and their bottom
surfaces were 10 ± 2 mm below the water level. After 24 h of soaking, the samples were
removed from the water, and dried on a rack at an angle of 45◦ for 10 min. After this time,
the PUR samples were weighed. The value of short-term water absorption of the tested
foams was determined as the ratio of the difference in weight of the PUR samples before
and after immersion with respect to their surface area.

The dimensional stability of the manufactured foams was determined in accordance
with the requirements of EN 1604 [37]. Eight 200 × 200 mm2 samples were subjected to
conditioning at 23 ± 2 ◦C and 50 ± 5% relative humidity until equilibrium was reached.
The four samples were then placed in a climate chamber at 60 ± 2 ◦C with a relative
humidity of 80 ± 2%. The remaining samples were placed at −20 ± 2 ◦C. After 24 h
of exposure, the percentage changes of their length, width and thickness Δεl, Δεb, Δεd
respectively, were estimated.

Compressive strength tests of the foams (σ10%) were conducted 48 h after manufacture
and less than 12 h after cutting into specimens. Measurements were performed according
to the recommendations of EN 826 [38] using a Tinius Olsen H10KT testing machine (Tinius
Olsen Ltd., Salfords, UK). Ten specimens with dimensions of 50 × 50 × 50 mm3 were used
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for this study. The tested foams were compressed at a rate of 5 mm/min in the direction
parallel and perpendicular to their growth. The value of the maximum compressive force
reached at 10% relative deformation of the foams to their surface was taken as the result.

The three-point bending strength of PUR/WF foams (σb) was determined based on
the standard as per EN 12089 [39] on specimens of 130 mm × 40 mm × 20 mm [40], using
a Tinius Olsen H10KT testing machine (Tinius Olsen Ltd., Salfords, UK) and a loading rate
of 10 mm/min. The average flexural strength of each foam variant tested was determined
from ten individual measurements.

The brittleness of PUR/WF foams (K) was determined according to the guidelines
of ASTM C 421 [41]. Twelve 25 × 25 × 25 mm3 specimens were used and placed in
the apparatus chamber along with twelve oak cubes (19 × 19 × 19 mm3). The chamber,
including samples and oak cubes, was rotated at 60 RPM for 10 min. Brittleness was
defined as the percentage weight loss of the test samples. Three trials were performed for
each variant.

The yielded test results of composite PUR foams were statistically analysed using
STATISTICA software v.13.1 (StatSoft Inc., Tulsa, OK, USA). Mean values of the parameters
were compared in a one-factor analysis of variance—post hoc Tukey’s test allowed us to
distinguish homogeneous groups of mean values for each parameter for p = 0.05.

3. Results

3.1. Characteristics of the Processing of PUR/WP Foams

The foaming process is an important step that affects the performance of rigid PUR
foams [42]. Table 1 presents the results of the processing times of the tested foams and
the maximum temperature that was obtained during foaming. It can be concluded that
the addition of wood filler causes an increase in the duration time of all foam stages,
especially at a higher proportion of WF particles, i.e., 20%. The addition of this amount of
filler primarily increases the gelation time by about 36%, the growth time by 40% and the
tack-free time by 15%. The extension of these times is a consequence of the deceleration
of the exothermic reaction. This is exhibited by the decrease in the maximum foaming
temperature by as much as 25 ◦C, which was observed together with an increase in WF
amount. According to the literature on the subject, such unambiguous shaping of the
foaming times and temperatures results from the reduced amount of heat released during
the reactions taking place in the latent stage (the time from mixing the components to the
start of growth) and the foam growth time. This slows down the crosslinking reaction
and consequently increases the tack-free time [10,43]. The increase in viscosity of PUR
systems under the influence of the filler is also considered to be the main reason for the
increase in these times, which consequently limits proper cell expansion. On the basis
of studies conducted so far, it can be concluded that with the increase in the number of
various types of fillers introduced into the microstructure of foams, higher viscosity of
PUR systems and an increase in their processing times are observed [12,15,31,42,44–49].
Furthermore, the functional groups of fillers can react with isocyanate groups, which can
affect the proper stoichiometry of the reaction and limit the release of blowing agents
(CO2) [15,44,50]. A consequence of this is the observed reduction in foam expansion as
the amount of WF particles introduced into the PUR polymer matrix increases. Due to its
bulk density and relatively large particle size, the filler also places a strain on the foam
structure, further inhibiting its growth and contributing to the density increase. It was
noted that while the 10% and 15% addition of WF causes a reduction in foam height of
about 6% and 8%, respectively, the composition containing the maximum amount of WF
showed a reduction in the growth of the reaction mixture of about 15%. It is worth noting
that such prolongation of foaming times of composite PUR foams produced with various
fillers as well as a decrease in maximum temperature of this process is a phenomenon quite
commonly reported by researchers. Similar results were obtained in the case of introducing
nanoclay, polyester-glass fibre waste, coir fibres, expandable graphite, potato protein, and
kraft lignin into the polyurethane matrix [28,43,44,50–52].
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Table 1. Parameters characterising the foaming process of PUR/WF foams.

WF Content [%]
Mean Processing Times [s]

Tmax [◦C] h [mm] Δh [%]
Cream Start of Growth Gelling Growth Tack-Free

0 12 ± 1 * 38 ± 1 113 ± 6 180 ± 6 249 ± 11 114 ± 2 155 ± 3 -
5 12 ± 1 33 ± 1 122 ± 2 187 ± 3 260 ± 14 113 ± 1 150 ± 2 3.4

10 12 ± 2 30 ± 2 117 ± 4 201 ± 10 258 ± 5 117 ± 2 146 ± 1 5.8
15 11 ± 1 33 ± 2 136 ± 7 240 ± 3 276 ± 6 114 ± 2 143 ± 2 7.7
20 15 ± 2 30 ± 2 157 ± 4 254 ± 6 288 ± 6 90 ± 3 132 ± 9 15.0

*—standard deviation, Tmax—maximum foaming temperature of PUR foam, h—height of the PUR foam growth,
Δh—percentage reduction of PUR foam growth.

3.2. Structure of PUR/WP Foams

The average cell and pore sizes of composite foams are determined, among other
things, by microscopic interactions between the polymer matrix and the filler surface [53].
From the SEM micrographs and cell size distribution plots of the experimental foams
presented in Figures 2 and 3, it is evident that the pure PUR foam is characterised by a
structure with a high content of closed cells with a relatively uniform size distribution,
mainly in the range of 450–600 μm. The average size of the foam cells with the highest
frequency is 550 μm. However, while the amount of WF particles introduced into the PUR
matrix increases, more and more disruption of the foam structure occurs, accompanied
by the production of more defective cells. At 5% WF addition, the changes in PUR struc-
ture are still relatively small. Increases in smaller cell size were mainly observed in the
range of 350–500 μm but also above 550 μm. Further increase in WF admixture results
in greater changes in the morphology of the compositions studied. Foams with 10–20%
WF have a much less uniform cell shape and a much wider range of cell size distribution.
The formation of a larger number of small-sized cells is mainly visible in the range of
200–500 μm, but also cells with sizes far exceeding the cell size of pure PUR foam, namely
in the range of 600–950 μm, are evident as well. Significant reduction of the average cell
size and disruption of the structure of the produced composite foams can be observed
mainly in the interfacial areas, i.e., where the WF particles are clearly attached to the foam
cell walls, weakening the cell structure and leading to cracks (Figure 4). An increase in
the number of open cells and defective cells with damaged walls and struts is observed.
Furthermore, the use of filler particles with larger sizes also causes cell breakage due to
incomplete incorporation into the PUR matrix [20,53].

Figure 2. SEM images of PUR foam with different amounts of wood filler.
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Figure 3. Cell size and cell size distribution of PUR foam depending on wood filler content.

Figure 4. SEM images of PUR foam with addition of wood filler (arrows indicate changes in PUR
structure in the presence of wood filler).

From the micrographs shown in Figure 5, it can also be concluded that the addition
of WF to the PUR matrix causes a reduction in cell wall thickness, which was reflected
in the strength test results of the foams. Such observations are confirmed by the work
of other authors. The literature shows that the use of virtually any lignocellulosic filler
results in weaker cell structures with a large number of open cells, which significantly
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affects the final properties of polyurethane composites [54]. An unfavourable effect of
fillers’ admixture on the morphology of PUR foams is attributed to changes in viscosity
and concentration of the reaction mixture, as a result of which the formation and growth of
cells are inhibited, leading to a heterogeneous structure of foams [17,55]. In addition, the
filler particles attach to the cell walls of the foam, which consequently weakens its structure
and leads to destruction [32]. The filler can also cause the nucleation mode to change from
homogeneous to heterogeneous and reduce the nucleation energy. The consequence of this
is a reduction in cell size in the microstructure of the foams and thus a deterioration in their
physical and mechanical parameters [56,57]. Similar changes in the microstructure of PUR
composite foams have also been observed with other types of fillers such as walnut shells,
plum stones, egg shell waste, sugar beet pulp, sunflower press cake, oak bark, soy protein
isolate, talc, carbon nanotubes, graphite and others [12,13,15,22,27,29,31,45].

Figure 5. SEM micrographs of PUR showing changes in cell wall structure under the influence of
sawdust application.

3.3. Apparent Density, Thermal Conductivity and Water Absorption of PUR/WF Foams

The change in the composition and microstructure of the foams studied was reflected
in their physical properties, i.e., density, thermal insulation and surface absorbability
determined after short-term immersion. An important characteristic determining the use
of foam as an insulating material is its thermal conductivity, the value of which depends,
among others, on the apparent density, shape or type of cells (closed or/and open). The data
in Figure 6a indicate that the addition of wood filler has a significant effect on the apparent
density of the produced foams and on their thermal insulation, which was determined by
the thermal conductivity coefficient (λ). This is confirmed by the results of the post hoc
test and the different homogeneous groups of mean values of both apparent density and
thermal conductivity extracted from it. It is known that the density of composite foams
is a function of voids as well as the content and type of filler [31,58]. Since the density of
wood filler is greater than that of pure foam, its addition caused a significant increase in
the density of PUR/WF foams. This is particularly evident for variants with WF additions
above 10%. The apparent density of the pure foam was 35.2 kg/m3. The maximum
apparent density recorded with 20% filler is 48.7 kg/m3, an increase of approximately 38%
over pure PUR foam. Such a significant increase in density of foams (especially above
10% WF addition) is an effect of the presence of sawdust in the composition, but also, as
suggested by the study of parameters characterising the foaming process, from a significant
reduction in their expansion due to an increase in viscosity of PUR systems [15]. The results
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and conclusions obtained in this respect correlate with many works of other authors who
also reported an increase in apparent density of PUR foams due to admixture of various
types and amounts of fillers [12,15,20,22,23,52,59].

Figure 6. Effect of wood filler addition on: (a) apparent density (ρ) and thermal conductivity (λ),
(b) short-term water absorption by partial immersion (Wp) of PUR composite foams. Different letters
in colour indicate homogeneous groups of mean values determined by one-factor ANOVA with
Tukey’s test.

The consequence of the significant changes in the microstructure and apparent density
of the produced composite foams (especially those with higher WF content) are the substi-
tutions of their thermal conductivity. The values of this parameter that were recorded are
in the range of 0.0268–0.0347 W/m·K (Figure 6a). Pure PUR foam has a low λ coefficient,
i.e., 0.0294 W/m·K. This is close to the values declared by the manufacturers of this type of
foam. The introduction of small amounts (5%) of WF into the foam structure resulted in a
decrease in thermal conductivity to the level of 0.0267 W/m·K, i.e., by about 10%. Accord-
ing to Kurańska and Prociak [60], the lower value of the thermal conductivity coefficient
may be due to an increase in the number of smaller cells and, as a result, cell walls that act
as an additional barrier to heat transfer by radiation. A further increase in the WF addition
contributes to an increase in thermal conductivity. This is particularly evident in the case
of the variant with maximum filler admixture, for which the λ parameter reached values
higher than those for pure PUR foam by about 18%. Similar results have been obtained us-
ing glass powder, nanoclay, rice straw fibre or walnut shell as PUR foam filler [12,24,51,61].
This is undoubtedly a result of changes in the morphology of the composite foams pro-
duced, increased density and increased heat transport by solid parts and thus increased
λsolid [19,52]. For closed-cell foams, the increase in thermal conductivity is a consequence
of the reduction of closed cells filled with blowing agents, i.e., CO2 with a lower thermal
conductivity than the conductivity of air present in open cells [19,20]. Despite the recorded
increase in the λ coefficient, the obtained results seem to be satisfactory due to the fact all
the produced composite foams show a lower thermal conductivity than those commonly
used thermal insulation materials, such as polystyrene foam or materials made of mineral
wool or wood fibres.

The water resistance of the manufactured foams was determined by examining their
susceptibility to short-term soaking after 24 h of partial immersion in water (Wp). The
susceptibility to water absorption of insulation foams, especially foams with fillers of
natural origin, is important because it can affect their mechanical properties, thermal
conductivity and biological resistance [23]. The main factors affecting the water absorption
of foams are the open and closed cell content and their apparent density. In general, rigid
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PU foams have closed cells and hydrophobic nature. The water, therefore, only penetrated
into the pores between the foam cells [62]. As shown in Figure 6b, the addition of wood filler
results in a gradual increase in absorption. Statistically significant changes were observed
with as little as 10% addition of WF. This is confirmed by the post hoc analysis conducted,
which has separated individual homogeneous groups (i.e., b and c) for this amount of WF
and higher. A 10% admixture of WF increased the water absorption by approximately
34%, while the maximum amount of filler used in the study (i.e., 20%) increased it by 80%.
This significant increase in water absorption for foams with a higher proportion of WF is
undoubtedly due to two reasons. Firstly, because of disturbances in foam morphology, i.e.,
an increase in the number of open cells that are able to store more water [15]. In foams
with a structure with fewer closed cells, water migrates more easily than in foams with
more closed cells [49]. Additionally, this effect is enhanced by the porous structure of the
wood and its hydrophilic nature. This is because wood exhibits the ability to bind water
molecules through the active hydroxyl groups of cellulose and hemicelluloses [63]. This
is confirmed by studies conducted, among others, by Grząbka-Zasadzińska et al. [54], in
which cellulose filler was used to produce PUR foam before and after poly(ethylene glycol)
modification. Such an increase in water absorption was also observed when PUR foam was
modified with cinnamon or coffee [30,64]. However, it should be emphasised that despite a
significant increase in the absorbability of foams, the results obtained (even at 20% addition
of WF) are satisfactory and consistent with the results for similar products existing on the
market [49].

3.4. Dimensional Stability of PUR/WF Foams

The porous structure, especially the number of closed cells, has a significant effect on
two of the most important functional properties of PUR foams, i.e., thermal conductivity
and dimensional stability [22]. The dimensional stability of the produced foams was
determined after conditioning them for 24 h at elevated temperature and humidity and at a
temperature below 0 ◦C. The obtained measurement results are shown in Table 2. They
show that regardless of the exposure conditions, pure PUR foam, as well as foams with WF,
added up to 10%, do not show significant changes in dimensional stability. On the contrary,
the use of higher amounts of WF, i.e., 15% and 20%, results in a significant deterioration of
the dimensional stability of the foams under elevated temperature and relative humidity
conditions. In fact, about a 4% reduction in length and width of foams with 15% of wood
particles and a 7% change of these dimensions in the case of the variant with 20% WF were
observed. Advantageously, irrespective of the amount of filler, no significant changes in
the linear dimensions of the foams were observed after the ageing test was carried out at
temperatures below 0 ◦C. It should be noted that in the case of the foam with 20% of WF,
significant changes in the linear dimensions (shrinkage) were already observed during its
preparation for the ageing tests, i.e., in the time of conditioning at 23 ◦C and 50% relative
humidity required by EN 1604 [37] until it reached the equilibrium state. Even then, the
variant showed almost 5% shrinkage in the length and width of the foam, with the largest
changes in the middle of their length and width, as can be seen in Figure 7.

Table 2. Dimensional stability of PUR foam with different amounts of wood filler acclimated under
different conditions.

WF Content [%]
T = 60 ◦C, RH = 80% T= −20 ◦C

Δεl [%] Δεb [%] Δεd [%] Δεl [%] Δεb [%] Δεd [%]

0 0.32 ± 0.09 * 0.37 ± 0.10 0.29 ± 0.11 0.03 ± 0.03 0.05 ± 0.06 0.05 ± 0.08
5 0.32 ± 0.07 0.42 ± 0.14 0.35 ± 0.14 0.03 ± 0.04 0.03 ± 0.04 0.03 ± 0.05

10 1.31 ± 0.28 1.44 ± 0.47 0.24 ± 0.08 0.14 ± 0.07 0.16 ± 0.05 0.01 ± 0.06
15 3.94 ± 0.55 4.05 ± 0.31 0.20 ± 0.10 0.21 ± 0.08 0.23 ± 0.09 0.05 ± 0.05
20 7.53 ± 1.29 6.92 ± 1.40 −0.57 ± 0.26 0.39 ± 0.15 0.42 ± 0.13 0.05 ± 0.08

*—standard deviation, Δεl, Δεb, Δεd—length, width, thickness changes, respectively.
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Figure 7. Deformation of pure PUR foam and foam with 20% WF after conditioning: (a) images of
the tested foams, (b) scheme of PUR/WF foam linear dimension changes. Δb, Δl—changes in the
width and length of the foams, respectively.

However, no significant changes in foam thickness were observed (<0.5%). By Kairytė
et al. [65], the increased shrinkage of the foam means that its structure is not rigid enough
to provide equilibrium with the pressure difference between the cellular structure and the
surrounding environment. The presence of larger closed cells and thinner cell walls, which
were observed for foams with a higher proportion of WF, promotes intense diffusion of
CO2, which increases the shrinkage of the final product [66]. After the ageing tests, this
effect is further enhanced by elevated temperature, which accelerates gas diffusion and
causes gas expansion, thereby exerting more pressure on the cell walls and consequently
changing the volume of the foam [23]. Furthermore, these changes can be attributed to
the porous structure and hydrophilic properties of the filler, making it less resistant to wet
environments than the hydrophobic polymer matrix. Therefore, the greater its addition,
the more negative its effect in this regard on the final product [23].

According to standard EN 13165 [67], for rigid closed-cell foams used as spray insula-
tion, the variation in their length and width after conditioning under elevated temperature
and humidity conditions should not exceed 5% and the thickness 10%. By Borkowski [68],
in industrial application, polyurethane materials with closed-cell structures should not
change their linear dimensions by more than 1–1.5% and geometric volume by more than
3% as a result of ageing. When considering the above requirements, it can be concluded
that the foams containing up to 10% wood filler showed a high level of stability. Foams
containing higher amounts of WF show significantly lower stability, falling outside the
range provided by the above standard.

3.5. Compressive and Flexural Properties of PUR/WF Foams

Figure 8 shows the results of selected mechanical properties of the tested PUR/WF
foams, i.e., their compressive strength at 10% relative strain (σ10%) and flexural strength (σb).
Based on them, it was found that despite the increase in apparent density, the introduction
of WF particles into the reaction mixture causes a gradual decrease in the compressive
strength of the foams, determined both in the direction of growth and perpendicular to it.
As expected, higher foam strength values were obtained in the direction parallel to the foam
growth, as opposed to the perpendicular direction. These differences are a consequence of
the often anisotropic cell structure of PUR foams [69]. For foams with up to 10% WF, the
changes in σ10% values are relatively small, at about 10%. A significant decrease in this type
of strength was observed at higher amounts of WF, and particularly at 20% addition—the
decrease in strength regardless of the direction of foam growth, compared to the reference
sample, was 50%. It is well known that increasing the apparent density of foams has a
beneficial effect on their mechanical properties, such as flexural strength or compressive
strength [70]. The mechanical properties of composite foams are also affected by the type
and size of filler particles, surface modification and interaction with the polyurethane
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matrix [12,69]. There is no doubt that the decrease in compressive strength of PUR/WF
foams is a result of disruption of their morphology due to the incremental introduction of
wood filler into the polyurethane matrix. As mentioned above, this resulted in more cells
with thinner walls, smaller struts, and pronounced cell damage, which is also presented
in Figures 4 and 5. Such cells are not strong enough to withstand the compressive load,
and more stress is generated on the cell struts [31]. This lack of strengthening effect of PUR
foams when filler particles were introduced into their polymer matrix (especially in larger
amounts) was also reported in the works of other researchers. For example, a decrease
in compressive strength was also obtained when basalt particles, cellulose filler, biochar,
polyester composite waste, ground pedunculate oak shoulder, and wheat slops were
used [26,42,45,52,69,71]. According to the literature, improvement in compressive strength
can be provided by good interfacial adhesion between the filler particles, which are located
in the cell struts, and the polyurethane matrix, which facilitates stress transfer. However,
a large amount of filler causes cell defects and cell collapse because its particles can pass
through the cells causing damage to the foam structure [72]. In the case of the present work,
the relatively large particle size of the WF is also important, with approximately 40% of the
particles being of the 0.63 mm fraction. Similar to the study conducted by Augaitis et al. [23]
(sawdust was used as PUR filler), it was observed that some of the filler particles were
not completely incorporated into the polymer matrix. Some of these particles remained
loose, indicating insufficient wetting of their surfaces by the PUR matrix, which in turn
leads to the formation of voids and open cells in the foam structure [15,23]. The above
corresponds to the results of work by Kurańska and Prociak [60], which showed that the
filler fibres of shorter lengths are better embedded into the cells of the polymer matrix
and do not cause more damage than longer fibres. As a result, foams with longer fibres
show lower compressive strength. This is also confirmed by the results obtained by Sture
et al. [59], who introduced sawdust in amounts of 0.5–1.5 wt% into the polymer matrix
with a significant degree of fineness, i.e., with sizes mainly in the range up to 0.016 mm.
No significant structural defects were observed in the final product obtained.

Figure 8. Selected mechanical properties of PUR foam with the addition of different amounts of wood
filler: (a) compressive strength (σ10%), (b) flexural strength (σb). Different letters in colour indicate
homogeneous groups of mean values determined by one-factor ANOVA with Tukey’s test.

It should be noted that in spite of the recorded decreases in σ10%, the compressive
strength of the foams containing up to 15% of WF, exceeds the value of 100 kPa (both in
the parallel and perpendicular direction to their growth), which is considered sufficient
for rigid PUR foams applications [73]. With a WF content of 10%, the requirements for
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insulating materials (≥120 kPa) are still fulfilled [74]. When considering the above, it can
be stated that the results obtained in this respect are satisfactory and consistent with the
thermal insulation parameters of materials based on rigid PUR foam, currently available
on the market [75].

Similar to the compressive strength, there was a decrease in flexural strength (σb) of the
produced PUR/WF foams as the amount of WF increased. While pure PUR foam showed
that type of strength at 364 kPa, the introduction of filler in the amount of 20% caused a
decrease in the value of σb to the level at 198 kPa, i.e., by as much as 45%. It should be
noted that the first 5% of the filler caused the biggest changes—by about 19%. The reasons
for such a significant decrease in flexural strength (as in the case of compressive strength)
are changes in the morphology of the foam, the amount of filler and its particle size. In
general, foams have better mechanical properties when their cells are intact, uniform in size,
evenly distributed, and regular in shape [76]. However, as shown in the SEM images, as the
proportion of WF particles increases, the produced foams have smaller cells with thinner
walls and struts and increasing damage. The number of open cells also increases. For these
reasons, the structure of foams becomes increasingly porous and elastic so that not only
the compressive strength but also the flexural strength deteriorates despite the increase in
density. Saint-Michel et al. [77] found that the addition of filler can lead to the friability of
the PUR cell walls, which consequently promotes rupture instead of deformation. However,
the literature on the subject shows that the addition of filler in the right amount and particle
size can improve the mechanical properties of PUR foams. In this case, the filler particles
present in the polyurethane matrix act as reinforcing centres, generating local stresses under
the application of the loading force. This means that during a growing crack, the filler
particles cause energy dissipation [12]. When excessive amounts of filler are present (or
aggregated), the filler particles cause stress concentrations that promote specimen fracture.
This is confirmed by previous studies. For example, the introduction of up to 1% ground
walnut shells into PUR foam increases its flexural strength and impact strength. A higher
admixture of this filler (5 wt%) led to a decrease in the values of these parameters [12].
Analogous relationships were obtained in the work of Ciecierska et al. [13], in which carbon
nanotubes (CNTs) were used as PUR foam fillers. These authors further found that poor
adhesion between the foam and filler particles and their uneven distribution in the polymer
matrix was also the cause of the deterioration in flexural strength. Strąkowska et al. [15]
obtained an improvement in flexural strength by introducing POSS-impregnated sugar
beet pulp in the foam in the amount of less than 5 wt%. Similar results were also obtained
using dolomite and kaolin at up to 3 wt% and plum stones at 1 and 2 wt% [22,78].

3.6. Brittleness of PUR/WF Foams

The brittleness of PUR foams is closely related to their compressive strength and
microstructure [69]. It was found that the introduction of wood filler particles into the
structure of rigid PUR foam significantly reduces its brittleness (Figure 9a,b). The lowest
brittleness of about 5% was characteristic for foams produced with the addition of 20%
w/w of wood particles. This is almost a 6-fold decrease in the brittleness of this type of
foam compared to the reference foam. This is usually the result of reducing the size of
the enclosed cells, reinforcing the walls with filler and obtaining a more compact struc-
ture [21,45]. According to Liszkowska et al. [64,79], the reduction in brittleness due to foam
modification is also due to the opening of foam cells and the increase in flexible bonds in
the structure of foams.
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Figure 9. Brittleness of PUR foams with the addition of different amounts of WF: (a) average
brittleness values of the tested foams, (b) image of the foams after the brittleness test (from left to
right, an increase in the WF content). Different letters in colour indicate homogeneous groups of
mean values determined by one-factor ANOVA with Tukey’s test.

4. Conclusions

Our research shows that it is possible to produce rigid PUR foams with high physical
and mechanical properties filled with sawdust, which are a by-product of primary wood
(WF) processing. However, in order to produce foams with the required parameters, it is
necessary to use an optimal amount of this type of filler.

The research demonstrated that with the increase in WF content, the density of the
produced foams increases as well and more and more changes take place in their cellular
structure, which significantly affects the formation of their physical and mechanical pa-
rameters. The use of this type of filler in the amount of up to 10% does not significantly
affect the kinetics of the foaming process. Compared to pure PUR foam, this amount of
WF allows to minimise its thermal conductivity and significantly reduces brittleness while
maintaining high dimensional stability. However, this results in a slight decrease in the
compressive strength of the foam, a decrease in its flexural strength and an increase in water
absorption. Despite the observed reduction in the above parameters, the results obtained
in this respect are satisfactory and consistent with the thermal insulation parameters of
materials based on rigid PUR foam, currently available on the market.

Increasing the content of WF particles in the polyurethane matrix to 15 and 20%
results in significant defects in the cellular structure of the foam, which in turn leads
to an increase in its thermal conductivity to a level significantly exceeding that of pure
PUR foam, a significant decrease in compressive and flexural strength, and an increase in
short-term partial water absorption. Foams with such a proportion of WF particles also
do not show the required dimensional stability, which practically disqualifies them from
application prospects.

It seems that rigid PUR foams containing up to 10% of wood sawdust can be used as
thermal insulating materials in the building industry (e.g., door insulation), cooling and
heating industry (e.g., insulation of cooling furniture or boilers). Due to its considerably
reduced friability, it is also used in the production of usable parts, such as ceiling and wall
decorations or polyurethane hives.

When taking into account the results obtained, it is advisable to undertake further
work in the direction of improving the properties of PUR/WF foams. This can be achieved
by optimising the parameters of the wood filler, which includes the selection of the correct
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particle size and moisture content. In addition, chemical modification of the surface of the
wood filler particles to increase its compatibility with the hydrophobic structure of PUR
may be important for improving the properties of foams.
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65. Kairytė, A.; Ivdre, A.; Vaitkus, S. Dimensionally stable water-blown polyurethane foam extended with bio-based propylene
glycol and modified with paper waste sludge. Eng. Struct. Technol. 2017, 9, 93–103. [CrossRef]

66. Li, X.; Cao, H.; Zhang, Y. Properties of water blown rigid polyurethane foams with different functionality. J. Wuhan Univ. Technol.
Sci. Ed. 2008, 23, 125–129. [CrossRef]

67. EN 13165; Thermal Insulation Products for Buildings–Factory Made Rigid Polyurethane Foam (PU) Products–Specification.
European Standardization Committee: Brussels, Belgium, 2016.

68. Borkowski, R. Thermal insulation in industrial applications. Izolacje 2014, 19, 10. (In Polish)
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