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ABSTRACT 
 

The article deals with durability of wood, durability of wooden structures and surface 
modification of wood. We are trying to eliminate the factors causing degradation of wood with 
the use of photocatalytic materials. Those materials are efficient UV absorbers and they are 
able to destroy biological aggressors also. The planar particles of titanium oxide TiO2 were 
chosen for the purpose of our research and applied on a wooden surface. In our case, we used a 
water solution of TiO2. The main goal of our work was to study the interaction between planar 
particles of TiO2 and wood matter. The samples of pine wood (Pinus sylvestris) were monitored 
for 255 days and subsequently evaluated using an electron microscope. The use of TiO2 was 
compared with reference material and a reference commercial coating. 
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INTRODUCTION 
 

     Wood is the oldest building material capable of transferring both tension and compression 
(Thelandersson et al. 2003). Wood also has a very good strength to weight ratio. The problem is 
biological degradation of wood as a natural material (Blass et al. 1995). Due to that durability 
considerations are important in ensuring an appropriate life for wooden structures. Durability 
issues imply that the designer has an expectation of performance of the wooden structures for 
a given number of years - usually the service life of the structure. Responsible design is focused 
to appropriate wooden species, sizes that allow the satisfactory performance and appropriate 
treatment. The protection of wood takes many forms including proper detailing. They are 
mainly directed towards the prevention of moisture access. 

Although wood as raw material has wide utilisation in many industrial sectors, its use is 
compromised in some applications due to some draw-backs resulting from its variability both 
between and within wood species as well as its inherent physical-chemical properties 
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(e.g. anisotropy, hygroscopicity). Wood performs variably in density, strength and durability, 
while it is susceptible to degradation by UV-light, chemicals, fungi and insects when in humid 
environments. Moreover, wood lacks dimensional stability because of its property to swell and 
shrink when being in variable moisture conditions, caused by the large number of hydroxyl 
groups in the wood structure (Blass et al. 1995). Protective systems ensuring durability of 
wooden structures take many forms: a) design for durability, b) chemical treatment where 
natural durability is not enough, or c) maintenance and monitoring (visual, semi-destructive). 
Nevertheless, it is also necessary to take into account that preservative treatment may affect 
the strength and stiffness properties of wood (Blass et al. 1995). 

One of the semi-destructive methods for evaluation of wooden structures is based on 
measurement of material resistance against penetration of an indenter. The damage of a wooden 
structural member is small after the tests. One of the well-known devices is Pilodyn 6J Forest 
that penetrates the surface layers of wooden element by a short pin with the help of an internal 
spring. It is possible to determine wood density and even the related mechanical properties 
based on the input of the depth of the pin penetration (Hasníková et al. 2014).   

Wood density is determined by several factors, e.g. cell diameter and cell wall thickness, 
proportions of earlywood and latewood, cellulose and lignin content etc. Density has 
a significant influence on mechanical properties of wood (Kasal et al. 2004).    

One of the innovative methods particularly suitable for long-term continuous monitoring of 
stress in wooden structure is the use of a fibre optic sensor. The technology of Fibre Bragg 
Grating (FBG) sensor is an optical system used for the same purposes as strain gauge sensors. 
However, unlike strain gauges, deformation measurements and information transmission are 
realized by means of light. Energy requirements of the system are therefore reduced and 
the system is significantly more resistant to most potential sources of interference, including 
electromagnetic interference. The fibre optic sensor is essentially an optical fibre equipped with 
a special grating (the so-called Bragg grating), which is produced for example by UV laser 
firing during fibre production. It is a very small, germanium doped portion of the optical fibre 
which, in the case of joining this fibre with the stretched body, changes its optical properties in 
a defined manner, and thus it is possible to measure very precisely the elongation of the body. 
On one fibre there can be several independent FBG sensors, each measuring a different place on 
the construction and working at a different wavelength. The fibre is equipped with a polymeric 
sleeve covering which acts as a fibre protection against moisture and mechanical damage. 
The FBG sensors are based on a principle of reflection of central wavelength of light by 
the Bragg grating. A part of the emitted light signal passes through the grating and a part of 
the light spectrum is reflected back. In the measuring unit, it is compared to the reference 
(unloaded) grating tuned to the same wavelength, the deformation is obtained from 
the difference of values. In the case of a newly made wooden member, the sensor can be 
inserted into its body. If an existing wooden member or even historical structure is to be 
monitored, the sensor can be attached to its surface (Velebil et al. 2016). 

 
 
 
 



WOOD RESEARCH 
___________________________________________________________________________________________________ 
 

902 
 

Durability of wood  
Under ideal conditions wooden structures can be in use for centuries without significant 

biological deterioration (Thelandersson et al. 2003). However, when conditions are not ideal, 
many of wood species need a preservative treatment to be protected from the biological agents 
responsible for wood degradation, mainly fungi and insects. There is also one simple rule for 
design of wooden structures - “keep wood dry”. In this case, the good detailing can be used to 
reduce biological hazard. Maintenance is also very important during the service life of 
the structure. 

Each type of biological hazard has its own set of conditions that increase the risk of 
deterioration. Many of them include high levels of moisture. For example, fungal attack on 
wood is accelerated by the following conditions: moisture content between 20% and 25%, 
freely available oxygen, temperature range in 5°C to 40°C (ideally 25-40°C), a ready supply of 
food containing sugars and carbohydrates (i.e. the wood itself, particularly sapwood)  
(Blass et al. 1995).   

Wood and wood-based products shall either have adequate natural durability for 
the particular application, or be given some preservative treatment. The new EN 335: 2013 
gives general definitions of Use classes (previously called Hazard classes) for different service 
situations to which wood and wood-based products can be exposed.  

 
Surface modification of wood 

From a chemical point of view, the wood consists of cellulose, hemicellulose and lignin, 
while the wood cells also contain at a lesser extent other components like tannins, resins, oils, 
fats, terpenes, flavonoids, quinines and alkaloids (Hunt et al. 1938). The properties of wood 
surfaces are influenced by polymer morphology, extractive chemicals and processing 
parameters and conditions in end-uses. In the case of wood, the cell wall polymers are the main 
components which must be modified to change the properties of wood. 

Generally timber protection materials should prolong lifetime of wooden structures. 
The main role of the group protective materials based on photocatalysis is to protect wood 
before color changing, moulds and fungus. The most spread photocatalytic materials for wood 
protection are TiO2, ZnO, CeO2 (Šubrt 2014) and WO3 (Paola el al. 2012). Photocatalytic 
materials are applied in nanoform and usually used as a transparent coating. There are two ways 
to apply, particle of photocatalytic material can be directly mixed with the solution 
(Allen et al. 2002) or encapsulated into porous, resistant material (Minabe et al. 2000). 
Furthermore, the article deals with the use of TiO2 because it is the most available material with 
photocatalytic properties (Chen et al. 2009). 

Material for chemical protection of wood by TiO2 was chosen planar particles of TiO2 
because it is possible to prepare as photoactive (crystalline) and non-photoactive (amorphous) 
(Bahtat et al. 1992). We are expecting that the use of the planar particles of TiO2 (Fig. 1) could 
be one of the method to ensure durability of wood and wooden structures during their planned 
service life. This will strengthen the confidence of users (e.g. engineers and architects) and 
boost the use of wood also in conventional fields of application like building structures etc. 
The goal of our work is study interaction between planar particles of TiO2 and wood matter. 
In our study, we want to observe the direct interaction between wood tissue and particle of 
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TiO2, so we used an aqueous solution of TiO2. We assume that water evaporates and the 
particles are bonded by Van der Waals forces directly to wood tissue (Hu et al. 2014). 
 

 
Fig. 1: Planar particle of amorphous TiO2 (Photo: electron microscopy CTU, Prague).   
 

After the application of TiO2, the planar morphology was proved by electron microscopy 
(Fig. 1). On the picture is possible to see that the surface of the particle is not plain but wavy and 
also it is not completely continuous. The holes cover 20% of the surface and aggregates cover 
10%. Holes and aggregates in this amount have no negative impact on the UV absorption of 
the material as was proven by UV-VIS spectroscopy. 

In the next part of the article is presented the use of chemical protection of wood in the form 
of TiO2 in comparison with the commonly used commercial protection of wood and 
unprotected wood. 
 

MATERIAL AND METHODS 
 
Materials 

The tested wood was pine (Pinus sylvestris) from the forest area in Central Europe. 
The wood was protected in the form of a coating. Planar TiO2 particles were used as chemical 
protection of wood. It was a 3% aqueous solution of TiO2, which was evenly applied on 
the wood surface. The preparation of TiO2 itself was taken from the article by 
Svora et al. (2020), where elemental composition and structural characterization are also 
described. Alkyd stain SynolacTM 6005 W from Cray Valley Ltd. was chosen as 
a representative of commercial chemical protection of wood and was chosen for comparison 
according to EN 927-3: 2002. Alkyd stain SynolacTM 6005 W with a solids content of 65% 
uses iron catalysis (bispidon) as drier. 
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Samples preparation 
Three sets of samples were used to describe the effect of wood protection using TiO2, which 

were exposed to the outside environment for 255 days. Each set contained six pine samples 
measuring 20 x 40 x 400 mm, which were placed external environment on the grounds of 
the University Centre of Energy Efficient Buildings. Tab. 1 shows the identification of 
individual samples with methods of protection. The samples were continuously visually 
monitored (Fig. 2) and subsequently, after 255 days, smaller samples were taken from the 
surface for microscopic sections. 

 
Tab. 1: Methods of UV protection of samples. 

Set  UV protection method 
1  without protection 

2  alkyd stain 

3  3% TiO2 solution 

Fig. 2: Visual monitoring of the samples during exposure to the external environment: 
a) exposure time 0 days, b) exposure time 44 days, c) exposure time 83 days, d) exposure time 
255 days. 
 

Microscopic sections were used for electron microscopy. A small portion of the sample 
was taken from the wood surface and enclosing in epoxy resin (EpoFix kit from Struers). 
Subsequently, the sample was ground and polished to achieve the required roughness for 
electron microscopy and elemental microanalysis. In the first step, silicon carbide foils with 
a roughness of 500 grains.cm-2 were used for 2 min, followed by foils with a roughness of 
1200 grains.cm-2 and 2000 grains/cm2 for 4 min and 4000 grains.cm-2 for 12 min. The entire 
preparation was performed on Tegramin 25 from Struers with a pressure on samples of 5 N and 
performed without the use of water as a wetting agent. The sample thus prepared reached 
the flatness required for analysis. Finally, the samples were sputtered with 3 nm platinum. 
Platinum created a conductive layer on the surface of the wood, thus eliminating the charging 
effect that occurs when using the high current required for elemental microanalysis. 
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Experimental methods 
The experimental methods used describe the surface and microstructure of the tested wood. 

The article uses a combination of optical and electron microscopy with elemental 
microanalysis. The experiments methods were performed in the Laboratory of Electron 
Microscopy and Micro-analysis at the University Centre for Energy Efficient Buildings in 
Buštěhrad. The Axio Zoom.V16 microscope from ZEISS was used for optical microscopy. 
This is a stereo zoom microscope and a large field was used to study and describe the surface of 
the tested samples.  

The electron microscopy was performed using the scanning electron microscope (SEM) 
with a Schottky cathode FEG SEM Merlin from ZEISS. Energy dispersive spectrometer (EDS) 
from Oxford Instruments was used for qualitative elemental microanalysis of the tested 
samples. The EDS microanalysis was performed using the element maps of the microstructure 
and point ID of individual coating. During the SEM analysis, the microscope settings were as 
follows: resolution 1024 × 768 pixels with an average time per pixel of 9 µs, a working distance 
of 8.5 mm, acceleration voltage 20 kV, current 2 nA, and EDS setting were as follows: 
resolution 2048 pixels, frame live time 79 seconds, frame count 4, process time 3 and the pixel 
dwell time 25 µs. 

 
RESULTS AND DISCUSSION 

 
Optical microscopy 

The surfaces of the tested samples can be seen in Fig. 3. The color of the wood surface can 
be seen with a protective coating for set of samples 2 and 3. Sample with a commercial 
protection (Set 2) shows no changes during exposure to the external environment. The surface 
of the sample without protection against UV degradation (Set 1) shows color changes which are 
caused degradation of wood by external environment. The color of wood changed from yellow 
(natural color) to brown for latewood and silver patina acquires on the surface of earlywood.  

 

 
Fig. 3: Optical images of the sample surface: a) exposure time 0 days, b) exposure time 
255 days, magnification 10x. 
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The differences between earlywood and latewood were caused by different bulk densities. 
The earlywood is more degraded than latewood due to its lower density and thus, a deeper light 
penetration into wood. A smaller color change effect can also be observed for    a sample with 
TiO2 protection (Set 3). These results are consistent with other studies dealing with UV 
degradation of wood (Cogulet et al. 2016). However, it must be noted that these findings were 
reached for the white spruce (Picea glauca) and samples were exposed in a QUV accelerated 
weathering tester from Q-Lab (USA) for 2000 h. 
 
Electron microscopy 

Electron microscopy images of the microstructure (Figs. 4-6) confirmed the results from 
optical microscopy. The microstructure is composed of 90% by volume of cells, which divide 
earlywood tracheids or latewood tracheids according to the period in which they grew 
(Prošek et al. 2015). The remaining microstructure is made up of parenchymal cells and resin 
channels.  

Change in the microstructure of sample without UV protection (Set 1) due to degradation 
by UV radiation can be seen (Fig. 4). The receding part of earlywood can be seen in 
the microstructure of the sample, which is more susceptible to UV degradation of wood. 
In addition, the loss of lignin by means of UV radiation thins the cell walls in the case of 
an earlywood cell and their impaired connection through the middle lamella, which is rich on 
lignin. The same effect of UV radiation is described in a study by Rowell (2005). 

 
Fig. 4: SEM images of reference sample without a protective layer (Set 1), cross-section, 
magnification 250 × and for cutout 1k ×: (1) earlywood tracheid, (2) latewood tracheid, 
(3) parenchymal cell, a) exposure time 0 days, b) exposure time 255 days. 

 
The UV protective coating can be seen in the microstructure (Fig. 5) of samples with 

commercial protective layer (Set 2). The protective layer is approximately 10 µm thick. 
The microstructure does not show any significant changes in the cells due to the protective 
coating and thus UV radiation did not cause degradation of the material. Protective layer, 
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opaque pigmented coatings, act as very effective UV radiation screen. This is an effect that has 
been described in several studies (George et al. 2005). 

 
Fig. 5: SEM images of sample with a commercial protective layer (Set 2), cross-section, 
magnification 250 × and for cutout 1k ×: (1) earlywood tracheid, (2) latewood tracheid,      
(3) parenchymal cell, (4) protective layer, a) exposure time 0 days, b) exposure time 255 days. 

 
Sample with protection layer of TiO2 (Set 3) can be seen on Fig. 6. Protection layer of TiO2 

has a thickness of approximately 5 µm. The protective layer of TiO2 is not visible in    
the microstructure after exposure to the external environment for 255 days and damaged wood 
cells of earlywood tracheid can be seen in the microstructure. 

 
Fig. 6: SEM images of sample with TiO2 protective layer (Set 3), cross-section, magnification 
250 × and for cutout 1k ×: (1) earlywood tracheid, (2) latewood tracheid, (3) parenchymal cell, 
(4) protective layer, a) exposure time 0 days, b) exposure time 255 days. 
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Elemental microanalysis 
The element map determined by EDS can be seen in the Fig. 7. The commercial protective 

layer and the 3% aqueous TiO2 solution layer were rich in iron and titanium, respectively. 
Therefore, these chemical elements were examined in the microstructure. 

 
Fig. 7: Elemental microanalysis of samples with a protective layer – BSE detector magnified 
1k × with EDS element maps (yellow – iron, green – titanium), a) exposure time 0 days,        
b) exposure time 255 days. 
 

 The high iron (drier) content can be seen in the protective layer with a thickness of       
10 µm for the sample with the commercial protective layer (Set 2). In addition, a high content 
of iron in the cell cavities of the so-called lumen can also be seen, which indicates that         
the wood is impregnated to a depth of 100 µm and thus reliably protected the wood cells.    
The depth of impregnation of 100 µm was also confirmed in the work of Rijckaer et al. (2001) 
who tested Scots pine sapwood in this way. 

Samples with a protective TiO2 layer (Set 3) show a high titanium content in the layer with 
a width of approximately 5 µm. Furthermore, there is no titanium in the lumen and in the entire 
microstructure, which means that the wood has not been impregnated. The TiO2 protective 
layer is not integral after exposure of the sample to the external environment and this results in 
a partial degradation of the wood cells. This is the effect of a weak connection between the TiO2 
layer and the wood surface. An aqueous solution of TiO2 was used because after evaporation of 
the water, the TiO2 particles are bonding by Van der Waals forces (Hu et al. 2014). The Van der 
Waals forces have a low binding effect and, as a result, TiO2 particles are gradually leached out 
of the sample surface by rain. This statement is in agreement with the knowledge about 
the weak connection of particles by Van der Waals forces (Santamarina 2003, Santos et al. 
2020).  
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CONCLUSIONS 
 

Durability of wooden structures is one of the critical limit states which should be 
considered. Wood protection should be carried out in accordance with the requirements for 
the specific applications. The protection of wood takes many forms including proper detailing. 
The effect and interaction between wood mass and amorphous titanium dioxide TiO2 were 
investigated in order to improve the quality of surface finish of wooden structures. Coatings 
with planar particles of titanium dioxide were used for dispersions applied on wooden surface 
in a transparent layer. The researched wood was pine (Pinus sylvestris), which was exposed to 
the external environment for 255 days and compared with a reference sample and a commercial 
coating. Based on the results, it can be concluded that: (1) the cells of the reference wood were 
destroyed by the external environment for 255 days, (2) commercial protective coating reliably 
protected wood, (3) the protective layer of 3% TiO2 water solution was not integral and thus 
the wood cells were damaged, (4) the low integrity of the TiO2 protective coating was caused 
by the lower bonding of the resulting Van der Waals forces. 

Work in progress deal with testing new wood samples, which are protected by TiO2 coating 
in a solution of water glass and acrylate. In the case of a water glass solution, the inorganic 
porous structure is created and particles are surrounded by silicate chains. In the case of acrylic 
solution, the organic porous structure is created. 
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ABSTRACT 
 

The goal of this research is to investigate some morphological (fibre length, fibre diameter, 
cell wall thickness, Runkel coefficient, flexibility coefficient, slenderness coefficient, rigidity 
coefficient, Luce's coefficient, solid coefficient), physical (dry wood density, volumetric 
shrinkage) and chemical (cellulose, hemicellulose, lignin, ash and acetone soluble extractives 
contents) composition of Konar (Ziziphus spina-christi) wood grown in Hormozgan province, 
Iran. For this purpose, three normal trees were selected randomly and a disk was cut from each 
one at breast height. Anatomical inspection revealed that the species was diffuse porous, with 
distinctive growth rings, simple preformation plate, with polygonal openings, and banded or 
diffuse-in aggregates parenchyma. The average values of wood dry density, fiber length, fiber 
diameter, cell wall thickness, Runkel coefficient, flexibility coefficient, felting coefficient, 
Luce’s coefficient, solid coefficient, rigidity coefficient were 0.926, 52.1, 77.85, 0.57,             
163 ×103 µ3 and 0.48. Cellulose, hemicellulose, lignin, acetone soluble, extractives, ash 
contents were 43.34, 19.98, 33.9, 6.42 and 2.78%, resp. 

 
KEYWORDS: Konar wood, Ziziphus spina-christi, density, fiber, morphological properties.  
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INTRODUCTION 
 

Konar tree (Ziziphus spina-christi) is widely distributed in the Middle East and Iran 
southern provinces due to its compatibility with the unfavorable environmental conditions like 
dehydration, high environment temperature, pests and diseases. Konar tree is a deciduous 
hardwood species. Konar zone covers Africa to Middle East including Southern regions of Iran. 
Konar belongs to Rhamnaceae family which includes 70 genera and 1500 species of shrubs and 
small to medium-size trees. It is a drought hardy tree that is adapted to grow in water-stressed 
habitats (Gupta and Saxena 2011). Konar is widely cultivated for its fruit due to its medical 
features. Other applications of Konar trees are fodder for livestock, stock-proof hedge, living 
fence and timber. However, new applications of Konar species such as the production of 
activated carbon (Abshirini et al. 2019), production of cellulose nanocrystals (Hindi 2017), 
production of silver nanoparticles (Alajmi et al. 2019), and production of surfactants to increase 
the extraction of oil wells (Shahri et al. 2012) have also been reported. Konar wood is very hard 
and resistant to termites (Lizardi-Mendozaet al. 2016). For this reason, it is a superior species 
for producing posts, roofing beams, tool handles, utensils, artistic woodwork, cabinet making, 
and windows in regions with high possibility of termite attack. 

Forests sources in Iran have been recently diminished mainly due to aggressive harvest and 
unsustainable silvicultural practices (Bahmani et al. 2020, Nazari et al. 2020). For this reason, 
dry tolerant wood species like Konar have been recently gained much attention. Therefore, 
understanding the properties of drought-tolerant wood species in arid regions is necessary to 
optimize their usage as well as encourage forest owners to cultivate them. One of the industries 
consuming Konar wood in the southern regions of Iran is boat construction which is increasing 
the number of such boat construction companies at the moment. This led to increasing in 
the wood demand for this wood species. In addition to Ziphus spina-christi, wood species like 
Prosopis spicigera, Tectona grandis, and Acacia nilotica were also applied in the boat 
construction industry. Schirarend (1991) measured some anatomical properties of Ziziphus 
jujube and Ziziphus mauritiana. He reported that 28 and 10 vessels per square millimeter, 
142 and 125 μm, vessel diameter and 352-410 μm, vessel length in Ziziphus jujube and 
Ziziphus mauritiana, respectively. The average value of fiber diameter in Ziziphus jujube and 
Ziziphus mauritiana were 1002 and 780 μm, respectively. Gupta and Saxena (2011) studied the 
wood microstructure of the Rhamnaceae family which is native to India. It was stated that the 
wood species in Rhamnaceae family are diffuse porous with distinct growth rings boundaries. It 
was reported that the mean value of vessel frequency, vessel diameter and vessel length, were      
5-37 mm, 110-145 μm, 352-577 μm, resp. These values for the mean fiber length and fiber 
diameters were 903-1018 μm and 14-17 μm, resp. To our best knowledge, no studies have been 
conducted on the wood properties of Konar tree (Ziziphus spina-christi) in Iran. Considering 
the importance of Konar tree in preventing soil erosion and desertification, resistance to pests 
and drought as well as its wide distribution and application in different industries especially in 
the boat construction industry in the southern parts of Iran and Middle East, identifying and 
understanding the wood properties of Konar seems necessary. As Ziziphus spina-christi has 
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considerable potential, the goal of the present study is to investigate wood structural properties, 
fiber morphology, chemical and physical properties of this wood species. 
 

MATERIAL AND METHODS 
 
Study area and sampling 

The study area is located between 54° 4' 34'' N and 26° 53' 59'' E in the Dahi Kand region of 
Hormozgan, Iran. The mean annual precipitation and temperature of the study area are 220 mm 
and 32°C, resp. Three 7-year old Ziziphus spina-christi normal trees were selected randomly 
and a disk 3 cm in thickness, was cut from each one at breast height.  
 
Wood anatomical parameters 

Small blocks of about 5 × 5 × 20 mm were cut from each disk. The wood was softened by 
boiling to remove extra air, followed by immersion in distilled water. 20-30 μm thin transverse, 
radial and tangential sections were cut with a sliding microtome, bleached, stained and rinsed in 
an ethanol series (50, 95 and 100%) until all traces of excess stain in an ethanol series (50, 95 
and 100%) until all traces of excess stain and water were removed. After bleaching, staining 
and dehydrating, sections were mounted in Canada balsam for subsequent microscopic 
examination using optic microscope. The description of the anatomical characters followed the 
IAWA "List of Microscopic Features for Hardwood Identification" (IAWA 1989). 
 
Biometric properties 

Separation of individual wood fibre was performed using Franklin (1964) method through 
which a wood specimens with the dimension of 15 × 10 × 2 mm were saturated in a mixture 
(1:1) of acetic acid and oxygenized water in test tubes. Afterwards, the specimens were kept in 
an oven with 65 ± 3°C for 48 h. After maceration, the specimens were washed (2-3 times) in 
distilled water and then immersed with distilled water. In the next step, shacked and 
the  biometric parameters, as fiber length (L), fiber diameter (D), cell wall thickness (W), lumen 
diameter (d)  were evaluated by light microscopic. From each slice, at least 50 fibers were used 
for the measurements. From the data, the average morphological properties (fiber indices) were 
then calculated according to the following equations (Saikia et al. 1997): 

 
Runkel coefficient:          2W/d                                                                             (1)                                 
              
Flexibility coefficient:    d/100D                                                                           (2)                                  
 
Slenderness coefficient:  FL/FD                                                                            (3)                                 
 
Rigidity coefficient:        2W/D                                                                              (4)                                
 
Luce's coefficient:           D2-d2/D2+d2                                                                    (5)                                 
 
Solid coefficient:            (D2-d2) ×L                                                                       (6)                                 
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Physical properties  
Wood samples were prepared from the disks cut from Konar stem. In detail, samples with 

dimensions of 30 × 20 × 20 mm were prepared in accordance with ISO 13061-14 (2016) for 
the investigation of oven-dry density and volumetric shrinkage and volumetric swelling. 
Sample dimensions were measured in green (saturated) and oven-dry condition with a slide 
caliper; oven-dry mass was determined with an electric balance to an accuracy of 0.01 g. 
Volumetric swelling was calculated using the dimensional change from the green to oven-dry 
condition. The physical properties were calculated according to the following equations:  

 
  D0 = P0 / V0                 (g

.cm-3)                                                                                  (7)   
                                                                                                                                                          
αv = (Vs – V0)/ V0           (%)                                                                                     (8) 
                                                                                                       

where: D0  - oven dry density (g.cm-3), αv  - volumetric swelling (%), Vs  - volume in the saturate 
state (cm3), V0  - volume in state of oven-dry (cm3),  P0  - weight in state of oven dry (g). 
 
Chemical properties 

The chemical constitutes were performed according to the TAPPI test methods: Cellulose 
(T 257 cm-85), the lignin (T 222 om-98), ash (T 211 om-93), and solubility alcohol-acetone     
(T 204 cm-88). The cellulose content of oak wood was determined according to the nitric acid 
method (Rowell et al. 1997). All measurements were repeated three times, and the mean value 
was used. 

 
RESULTS AND DISCUSSION 

 
Wood anatomy 

Microscopic analysis of the axial planes clearly indicates that wood is diffuse-porous, with 
distinctive growth rings (Fig. 1).  Vessels are located next to radial rows. Mean diameter of 
the vessel is 124.5 µm. Vessel diameter for the majority of the European wood species is much 
higher, namely ranging from 100 µm (beech) to 400 µm (oak), what classifies these vessels as 
extremely large (Wagenfuhr 2007) and about equal to those of Ziziphus jujube and Ziziphus 
mauritiana with 142 and 125 µm, respectively (Schirarend 1991). Pores of Konar wood are 
generally occurred as solitary; thus, we classify them as solitary pores, with 5 to 6 pores per mm 
(Fig. 1). Vessels are connected through simple preformation plate, with polygonal openings. 
There are no helical thickenings observed on the cell wall. Tangential vessels are much thinner 
than axial ones. The diameter of vessel lumina in the tangential direction is 124.5 μm. Besides 
vessels, there are fibre cells present as well, what classifies Konar wood as wood consisting of 
fibre with tracheid to minutely bordered pits (Fig. 2). Axial parenchyma is present as well. It is 
banded or diffuse-in aggregates, include 4-8 cells in the tangential direction (Fig. 3). 
Distribution of rays is 4 to 5 rays per tangential mm. Average ray high was measured 402 μm. 
In procumbent ray cells, prismatic crystals were observed.  
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Fig. 1: Cross-section of Konar wood. 
 

 
Fig. 2: Radial section of Konar wood: fiber- tracheid. 
 

 
Fig. 3: Tangential section of Konar wood. 
 
Biometric properties  

The average fiber length, fiber diameter, lumen diameter and cell wall thickness were 
measured 1109, 14.24, 7.43, 3.44 µm, resp. Fibers are classified into three groups (IAWA 
1989): (1) short fibers with a length less 900 µm; (2) fibers of medium length between  
900-1900 µm including Konar wood with an average fiber length of 1570 µm and fibers longer 
than 1900 µm. 

 
Morphological properties 

In addition to classic wood anatomy measurements, detailed biometric properties were 
determined according to Franklin method (Franklin 1954, Mehdikhani et al. 2019) to assess 
Konar wood fibers’ suitability the production of lignocellulosic composites.   
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Runkel ratio is directly affected by cell wall thickness. Runkel ratios higher than one are 
characteristic thick-walled fibres with stiffer, lesser flexibility and difficult to collapsing 
properties, creating bulky structures with the lower bonded area and higher porosity 
(Ezeibekwe et al. 2009). The Runkel ratio lower than one describes fibres with flexibility and 
wet plasticity and a greater conformability degree. Thus, due to more flexibility, quickly 
collapsing and forming a structure with the larger bonded area and good strength properties, the 
fibres Runkel ratios lesser than one is suitable for fibrous networking and bonding (Mehdikhani 
et al. 2019).  The Runkel ratio of Konar wood was 0.926, being very close to value 1. Another 
factor describing the properties of the fibre is Luce factor. This parameter is derived from fiber 
diameter and lumen diameter, directly affect fibrous sheet density and pulp digestibility. Fibers 
with low Luce’s shape factor values give better mechanical strength of its pure and composite 
structures (Kaur and Dutt 2013). Luce factor for Konar wood was 0.57, being in the range of 
the Eucalyptus species (Ohshima et al. 2005). Solid factor directly affect fibrous sheet density. 
Similar to Luce’s shape factor, species with low solid factor values give better strength of 
paper. At Konar wood fibres Solid factor of 163 × 103 µ3 was determined. Rigidity coefficient is 
also recognized as wall coverage ratio or wall proportion: This parameter is an indicator for 
bending resistance and is related to fiber flexibility. At Konar wood rigidity factor of 0.48 was 
determined. Fiber diameter and wall thickness defines the fiber flexibility that can be expressed 
as flexibility coefficient. At Konar wood this value of 52.1 was measured. Felting ratio is also 
known as slenderness coefficient. At Konar wood value of 77.85 was determined. 
This indicator is related positively to pulping yield and negatively to digestibility. 

 
Physical properties 

Tab. 1 shows the results for oven-dry density and volumetric swelling for Konar wood. 
Density of the Konar wood was 0.61 g.cm-3, between density of European beech (0.8 g.cm-3) 
and Elm (0.56 g.cm-3). Volume and other swelling are rather high (16.1%). For example volume 
swelling is in the range of the European beech (14-21%) (Wagenfuhr 2007). This is                      
an important limitations of the use of respective wood species in oscillating climate.  
 
Tab. 1: The average physical properties of Konar wood (according to TAPPI test methods).  

Wood properties 
Dry density 

(g.cm-3) 
 

Longitudinal 
swelling  

(%) 

Tangential 
swelling 

(%) 

Radial 
swelling 

(%) 

Volumetric 
swelling 

(%) 
Average 0.61 0.47 8.3 6.7 16.1 
Standard deviation 0.03 0.06 0.52 0.46 0.83 

 
Chemical properties 

Chemical composition of Konar wood can be resolved from Tab. 2. Ash content of 2.78% 
was measured. Ash content is wood species from temperate zones is much lower, ranging 
between 0.17% (European beech) and 0.51% (oak) (Voicea et al. 2013). Respective values of 
Konar wood are closer to ash content in the bark (Tsuchiya et al. 2010). In addition to ash 
content, Konar wood is characterized by high content of lipophilic extractives (6.42%). 
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Tab. 2: The average chemical composition of Konar wood (according to TAPPI test methods). 
Wood properties Cellulose 

(%) 
Hemicellulose 

(%) 
Lignin 

(%) 
Acetone soluble extractives 

(%) 
Ash 
(%) 

Average 43.34 19.98   33.90 6.42 2.78 
Standard deviation   1.74 -     1.35 0.92 0.26 

 
This value is higher than average. For example, Eucalyptus pellita contains only 0.25% of 

lipophilic extractives (Arisandi et al. 2020), while Pinus pinea can contain up to 15% of solvent 
soluble extractives (De Angelis et al. 2018). Cellulose content in Konar wood was 43.34%. 
This value is in the range typical for wood from temperate zones, that ranges between 39% 
(poplar) and 49% spruce. For example, cellulose content is some other wood fibers is much 
higher, namely 64% (hemp) or 76% (flex) (Madsen and Gamstedt 2013). Lignin content was in 
the range typical for hardwood species as well (33.9%).  
 

CONCLUSIONS 
 

Konar (Ziziphus spina-christi) wood grown in Iran is a diffuse porous hardwood with            
a semi-heavy density. Its anatomical properties do not differ meaningfully from congeneric.  
Ash content is lower than that of the wood species from temperate zones but lignin content is in 
the range of other hardwoods. Konar fibers would be classified as elastic, thin wall fiber 
resources with felting factor similar to softwoods (70-90). Konar fiber can provide suitable 
formation and compactness with good bonding ability in 3D cellulosic structures (paper and 
composites). It is suggested that in further investigations on the natural durability of Konar 
wood against fungi, insects, and termites.  
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ABSTRACT 
 

The subject of this paper is an experimental and numerical analysis of the stability 
of the wall panels with one-side board sheathing for timber structures. The reinforcement of 
the panel is provided using glued timber composite I-shaped element consisting of a web made 
of a wood-based desk embedded into flanges of solid timber. The mechanism of the behaviour 
of these panels, mode of the failure and reliable procedure to determine the buckling 
load-bearing capacity not been fully explored so far. This work describes the behaviour of 
the wall panel under vertical load and the method of failure using experimental and numerical 
analysis. The reduction coefficient kJ was determined, which can be used for a simple 
calculation of the buckling capacity of a wall panel. 
 
KEYWORDS: Timber structures, wall panel, I-stud, one-sided board sheathing, stability, 
experiments. 
 

INTRODUCTION 
 

A modern and responsible lifestyle focused on sustainable production, higher living 
comfort, low environmental impact and high quality of production generally brings new and 
new challenges in the field of civil engineering, to which it is necessary to adequately respond 
professionally. In the field of fire resistance of timber structures, for example, the question 
arises of the residual load-bearing capacity of a wall timber panel, the inner load-bearing layer 
of which has been significantly damaged by fire. The research of ribbed panels with one-sided 
cladding with a wood-based board took place in recent years at the Faculty of Civil Engineering 
of the Czech Technical University in Prague. 

The light timber frames are one of the most used construction systems for timber 
structures. Research and experiments of wall panels using studs with a classical rectangular 
cross-section were performed in history many times. The reinforcing load-bearing capacity of 
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the walls was determined using advanced methods several times in the past (Brandejs 2006, 
Girhammar and Källsner 2009, Källsner and Girhammar 2009). Another problem that was 
solved is e.g. anchoring methods and its stiffness of wall panels (Jára 2018, Tomasi and Sartori 
2013) and sheathing-to-framing connections (Sartori and Tomasi 2013, Premrov and Kuhta 
2009). Furthermore, experiments of wall panels were performed to show the effect of openings 
on the overall load-bearing capacity of these elements (Šilih and Premrov 2010, Šilih and 
Premrov 2011). The load-bearing element in wall panels is often a timber stud with a 
rectangular cross-section, its behaviour during loading and various failure modes depending on 
the load is described in (Bäckström and Kliger 2008, Bäckström et al. 2009). 

To improve the thermal technical properties of the wall panel, it is possible to replace 
the classic stud with a rectangular cross-section with a stud with an I-shaped cross-section, or 
I-stud. Elements with an I-shaped cross-section are now commonly used for beams, i.e. 
an element in a horizontal position, or I-beams (Racher et al. 2006, Jára et al. 2014, 2015). 
For I-beams, it is sometimes necessary to make round, square and rectangular openings for 
installations. The influence of holes on the load-bearing capacity of the beam has been 
presented in many publications (Zhu et al. 2005, Guan and Zhu 2009, Jára et al. 2015, 
Afzal et al. 2006). Another possibility of making holes in the web of I-beams represent 
so-called castellated timber I-joists (Harte and Baylor 2011, Baylor and Harte 2013). 

Elements with an I-shaped cross-section are also commonly used in wall panels with 
double-sided sheathing. I-studs are prone to loss of stability by deviation (buckling) in the plane 
of the wall. The stability of these panels is ensured by double-sided board sheathing. Stability is 
not ensured, when one-side sheathing burns out during fire or sheathing is not made from 
a load-bearing material. The aim of this work is to clarify the behaviour of wall panels with 
a one-sided board sheathing and with an I-shaped cross-section consisting of a web made of 
a wood-based desk embedded into flanges of solid timber. The sheathing-to-framing 
connections were performed using steel staples. The choice of the I-stud was performed with 
the current requirements for heat-technical properties of exterior perimeter walls. It was 
especially crucial to achieving the values of the coefficient of heat transfer U (W.m-2K-1) across 
the walls that correspond to normative values for low-energy and passive houses according to 
ČSN 73 0540-2 (2012). 
 

MATERIAL AND METHODS 
 

The buckling capacity of the wall panel section was determined by experimental and 
numerical analyses. Before performing experiments, preliminary analytical calculation and 
numerical model were created for the purpose of the estimation of the behaviour of the wall 
panels. The particular steps which have been performed before the experiment including 
the calculation of the buckling capacity in accordance with (EN 1995-1-1 2004, EN 1999-1-1 
2007) were presented in (Celler J. et al. 2016). 

Static tests on wall panels with an I-shaped cross-section stiffener made of the wood-glued 
composite element and one-sided board sheathing were designed and performed within 
the experimental part of the work. A detailed description of the preparation of the experiment, 
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execution of the experiment and evaluation of the results were presented in (Celler J. et al. 
2019). For completeness of this paper, basic information about the samples for the experiment 
is also presented. The test set up, the dimensions of each component and the whole sample and 
method of load are shown in Fig. 1. 

 
Fig. 1: The test set up for a series of experiments of the wall panel and method of load. 

 
The dimensions of the wall panel were adapted to the real construction. The dimensions of 

the wall panels are 1250 × 3000 mm. 6 samples of the wall panel section were tested: I-studs 
with a cross-sectional height of 240 mm (3 samples) and 300 mm (3 samples) were used. 
The wall panel was placed at the test area gate, fastened with textile straps and loaded (Fig. 2, 
on the left), the deformed wall panel is shown in Fig. 2 (on the right). The load was applied to 
the I-stud through the upper frame plate made from the OSB board and the steel distribution 
board. 
 

 
Fig. 2: Wall panel placed to the test area: axonometry and front view (on the left), deformed 
structure: buckling of the free flange of I-stud and deflection of the entire I-stud in the plane of 
the wall (on the right). 
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The results of the experiment corresponded to the assumptions from the preliminary 
analytical calculation and numerical model results. 

After performing the experiments, the wall panels were cut and their parts used for material 
tests and staple joint tests. The material tests were performed for wood and OSB boards. 
The description of individual experiments and the results of material tests were presented 
in (Celler J. et al. 2019). The results of material tests were compared with the results obtained 
in the literature (Dolejš 1997, Pošta 2015). 

 
RESULTS AND DISCUSSION 

 
An important part of the entire wall panel is the connection between the held timber flange 

and the sheathing from the OSB board. This connection is made using steel 
staples. In the experimental part, the load-bearing capacity of the staple joint for cutting and 
pulling out was determined. 

Shear capacity of staples: four test specimens were prepared from timber prisms and OSB 
boards, which were cut from wall panels. The dimensions of the individual components and 
the whole sample are in Fig. 3. 

 
Fig. 3: Dimensions and arrangement of the test specimen for performing staple joints in shear. 

 
The average value of the maximum applied force is 5.71 kN at a displacement of 6.75 mm. 

For the validation of the numerical model, the stiffness of the staple joint in the shear „Ks,exp“ is 
determined from the performed experiments as the average value of the stiffness of individual 
test specimens. The average value of the stiffness of the staple joint in the shear „Ks,exp,ø“ is 
1241 N.mm-1. 

Axial capacity of staples: six test specimens were prepared from a timber prism and OSB 
board, which were cut from the wall panels. Connection of prism and OSB board using one 
steel staple. The dimensions of the individual components and the whole sample are in Fig. 4. 
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Fig. 4: Dimensions and arrangement of the test specimen for performing the staple joint to pull 
out the staple. 

 
The average value of the maximum applied force is 361.6 N at a displacement of 0.85 mm. 

For the validation of the numerical model, the stiffness of the staple joint for extraction „Kv,exp“ 
is determined from the performed experiments as the average value of the stiffness of 
individual test specimens. The average value of the stiffness of the staple joint for pulling out 
„Kv,exp,ø“ is 807 N.mm-1. 

Furthermore, a 3D numerical model of a section of a wall panel with a stiffener made of 
a wood-glued composite element with an I-shaped cross-section and one-sided board sheathing 
was created within the numerical part of this work. For numerical analysis, knowledge about 
modelling the timber according to (Hataj 2019, Celler V. 2020, Mikolášek 2012). 

Based on preliminary calculations and models, the static calculation program SCIA 
Engineer working with the finite element method was chosen for the resulting 3D numerical 
model, which in the current version contains all the necessary tools for numerical analysis, 
taking into account nonlinearities of all kinds. The model was modified and validated based on 
performed wall panel experiments, staple joint experiments and material tests. The dimensions, 
arrangement and material design of the individual elements of the wall panel in the 3D 
numerical model are the same as in the wall panel assembled for the experiment. The 3D 
numerical model and dimensions of the individual components are shown in Fig. 5. 

 

 
Fig. 5: 2D-elements numerical model: axonometry (on the left), dimensions of the model and 
individual components (bottom, right). 



WOOD RESEARCH 
___________________________________________________________________________________________________ 
 
 

926 
 

The 3D model is created using slab-wall elements modelled using the centerline and 
thickness of the element. Boundary conditions corresponding to the performed experiment 
were introduced in the model. The semi-rigid connection between the flange of the I-stud and 
the sheathing is created using an internal joint on the edge of the surface. The individual 
stiffnesses of the joint are entered as nonlinear using a load-deflection diagram of 
the dependence of the applied force on the displacement according to the performed 
experiments. Geometric imperfection - the initial curvature of the free flange of the I-stud and 
the side timber prisms was introduced into the model using a horizontal line load. A mesh with 
the size of the elements of a finite element mesh measuring 30 x 30 mm was created on 
the whole model. The load was considered in several ways. Finally, the line load to 
the centerline of the flanges and the web of the I-stud was considered for the numerical model. 
For the analysis of the structure, a nonlinear calculation was performed, taking into account 
the initial imperfections of the structure using the stability calculation. A modified 
Newton-Raphson method was chosen for the nonlinear calculation, which is sufficiently 
accurate and fast for the given type of model. 

The deformed structure was drawn for individual nonlinear combinations. For the I-stud 
with a cross-sectional height of 300 mm (hereinafter I-stud 300), deformed structures were 
drawn for loads of approximately 30%, 70% and 100% of the maximum applied force (Fig. 6). 
From the beginning of the loading, the free flange of the I-stud deviates and at the same time, 
the sheathing is deformed, which corresponds to the experiment. As the load increases, the free 
flange of the I-stud, including the web, becomes more significantly deformed, which again 
corresponds to the experiment, where the dominant deformations occurred on the free flange of 
the I-stud. 

 
Fig. 6: I-stud 300 - deformed structure for nonlinear calculation, percentage of maximum 
applied force: 30% (left), 70% (middle), 100% (right). 

 
The results of the numerical model were compared with the experiment. The maximum 

displacement that occurred on the structure on the free flange of the I-stud was monitored. 
The dependence of the applied force on the maximum displacement in the numerical model and 
during the experiment is compared in Fig. 7. 
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Fig. 7: Comparison of load-deflection diagrams from the experiment and a numerical model 
for an I-stud with a cross-sectional height of 300 mm. 
 

The maximum force achieved for a test specimen of an I-stud 300 and a distance of steel 
staples of 100 mm is 88.5 kN. For the numerical model, the maximum force at the top of 
the load-deflection diagram is 89.0 kN. 

To verify the correct setting of all parameters, a numerical experiment was also performed 
for a section of a wall panel with an I-stud with a cross-sectional height of 240 mm (hereinafter 
I-stud 240). The course of loading and deformation of the structure was similar to the wall panel 
with I-stud 300. The dependence of the applied force on the maximum displacement in 
the numerical model and during the experiment is compared in Fig. 8. 

 
Fig. 8: Comparison of load-deflection diagrams from the experiment and a numerical model 
for an I-stud with a cross-sectional height of 240 mm. 

 
For test specimens with an I-stud 240, an initial imperfection was measured with much 

greater variance than for an I-stud 300. In addition, for the I-stud test specimen with the 
smallest measured imperfection, the smallest distances of steel staples are used. For this reason, 
the result of the numerical analysis is compared with a test specimen 242, in which the distance 
of the steel staples is 100 mm, and also with an average load-deflection diagram for all test 
specimens of the I-stud 240. 
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The maximum average achieved force for I-stud test specimens with a cross-sectional 
height of 240 mm is 99.1 kN. In the numerical model, the maximum force at the top of 
the load-deflection diagram is 94.0 kN, which is 5.1% lower than the average force obtained in 
the experiment. Compared to sample 242, in which the maximum force reached is 120.4 kN, 
a larger difference can already be seen compared to the numerical model, which gives a safe 
reserve for possible larger initial imperfections (geometric and structural) of the I-stud. 

When comparing the load-deflection diagrams for an I-stud 240 and an I-stud 300, it can be 
seen that for I-stud 240, the initial branch of the load-deflection diagram corresponds more to 
the experiment performed than for I-stud 300. This corresponds to much larger initial 
imperfections in the I-stud 240 samples than in the I-stud 300. 

Based on the results of experiments and a numerical model, a parametric study was 
prepared. At the beginning of the parametric study, the load-bearing capacity of the wall panel 
section with dimensional modifications for the tested I-stud cross-sectional heights was 
determined. Based on the results of the parametric study, the analytical calculation was 
validated and verified. 

From the preliminary analytical calculation considered for several possible ways of 
deflection of the cross-section of the wall panel performed by I-stud with one-sided board 
sheathing, the load-bearing capacities were calculated with a large variance of values. None of 
these values accurately describes the actual state of failure of the wall panel, described in detail 
in (Celler J. et al. 2016). For this reason, it is necessary to modify the analytical calculation so 
that the results correspond to the performed experiments and numerical analysis. 

First, a numerical analysis was performed for several selected wall panel heights that are 
used in common construction practice. 

Subsequently, the reduction coefficient „kJ“ of the total load-bearing capacity of the wall 
panel section was determined, taking into account the cross-sectional height of the I-stud 
according to Eq. 1. The reduction factor was determined by back analysis of the analytical 
calculation and the results of the numerical analysis. The reduction factor was determined for 
the method of analytical calculation of the flat-plate buckling perpendicular to the "z" axis, i.e. 
the deviation of the cross-section in the wall plane. 
 
          kJ = 1.08 - h2/1m   (-)                                                                                                   (1) 
 
where: kJ - reduction factor  (-), h2 - cross-sectional height of the I-stud  (m). 
 

The load-bearing capacity of the segment of wall panel from the analytical calculation 
according to Eq. 2 taking into account the reduction factor „kJ“ is plotted in a graph, in which 
the dependence of load-bearing capacity of the wall panel cross-section and the panel height for 
I-stud 240 and 300 are plotted (Fig. 9). 

 
          Nc,z = kJ · kc,z · A´ · ff,c,0,d   (-)                                                                                                   (2) 
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where: kJ - reduction factor (-), kc,z - buckling coefficient for deflection of the wall cross-section 
perpendicular to the "z" axis, ie in the plane of the wall (-), A´ - effective cross-sectional area of 
the wall panel (mm2), ff,c,0,d - design value of compressive strength parallel to the fibers of 
structural timber of strength class C24 (N.mm-2). 

 

 
 
Fig. 9: Comparison of the load-bearing capacity of a wall panel from the analytical calculation 
and numerical analysis for an I-stud with a cross-sectional height of 240 mm and 300 mm with 
different wall panel heights. 
 

Within the range of given wall panel heights, which are selected for use in common 
construction practice, it is clear from the previous results that it is sufficient to consider 
the linear course of the reduction factor. 

The validity of the formula for calculating the load-bearing capacity of a segment of wall 
panel is for panel heights in the range of 2600 mm to 3200 mm, for the axial distance of I-studs 
625 mm and a given type of I-stud with a cross-sectional height of 240 mm and 300 mm. 
The distance of the steel staples for connecting the OSB board cladding to the flange of 
the I-stud must not exceed 100 mm. 
 

CONCLUSIONS 
 

Based on experimental and numerical analysis, the mechanism of the behaviour of 
a section of a wall panel with a reinforcement formed by a stud with an I-shaped cross-section 
and a one-sided board sheathing under vertical load was clarified and described. Furthermore, 
a method of failure was described, which occurred either by deflection of the entire I-stud or 
a free flange of I-stud in the plane of the wall depending on the rigidity of the connection of 
the sheathing from OSB board to the I-stud flange using steel staples. Based on the analysis of 
the failure mode of individual test specimens, it is recommended to observe the maximum 
distance of steel staples given in the standard (DIN 1052: 2004-08 2004). It is 100 mm for 
the tested specimens. 
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The results of experiments on the section of wall panels show that the influence of 
the initial geometric imperfections is crucial for the load-bearing capacity on the buckling. 
In particular, the deflection of the free I-stud flange is one of the important factors influencing 
the result. The author recommends limiting the amplitude of this imperfection for similar 
configurations to 5 mm. 

An analytical calculation of the load-bearing capacity of the wall panel was performed for 
various failure methods (deviation of the cross-section from the wall plane and in the wall 
plane, spatial buckling). Based on the results of the parametric study and back analysis of 
the analytical model, the reduction coefficient „kJ“ was determined, which can be used for 
a simple calculation of the buckling capacity of a wall panel consisting of a load-bearing 
element with an I-shaped cross-section with one-sided board sheathing. In simple terms, the use 
of this reduction factor can be recommended for wall panels with a height in the range of 2600 
to 3200 mm, for the axial distance of I-stud 625 mm and a given type of I-stud with 
across-sectional height of 240 mm and 300 mm. The distance of the staples in the connection of 
the OSB sheathing to the flange must not exceed 100 mm. 
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ABSTRACT 
 

A high-efficiency fire retardant composition was prepared with dicyandiamide, 
phosphoric acid, boric acid, borax, urea and magnesium sulfate and it was used to process 
veneers which were then to prepare the plywood. Meanwhile, heat release and smoke release 
from combustion of plywood were tested by a cone calorimeter, including heat release rate, 
mass loss rate, CO yield, CO2 yield and oxygen consumption. Results showed that the plywood 
with this fire retardant treatment had the better flame-retardant performance and smoke 
suppression effect as well as the stronger char-forming capability compared to plywood 
without fire retardant treatment. The average heat release rate, total heat release, average 
effective heat of combustion, total smoke release, CO yield and oxygen consumption of the 
plywood with fire retardant treatment were decreased by 63.72%, 91.94%, 53.70%, 76.81%, 
84.99% and 91.86%, respectively. Moreover, the fire growth index of plywood treated by fire 
retardant was relatively low (3.454 kW·m-2·s-1) and it took longer time to reach the peak heat 
release rate, accompanied with slow fire spreading. The fire performance index was relatively 
high (0.136 s·m2·kW-1) and it took longer time to be ignited, thus leaving a long time for 
escaping at fire accidents. The fire hazard of plywood with fire retardant treatment was low, 
and its safety level was high. 

 
KEYWORDS: Fire retardant, plywood, combustion performance, fire hazard. 
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INTRODUCTION 

 
With the intensifying shortage of wood resources around the whole world, developing 

wood-based panels has become an important way to solve this problem. Plywood is one of      
the most important products in wood-based panels. The output and demands for plywood which 
is  a major material for indoor decoration are increasing significantly. However, plywood is         
a type of flammable material (Chung 2010, Nicholas and Siau 1973, Qu 2011). Once plywood 
is ignited, the fire will spread quickly and release a lot of heats to accelerate formation of indoor 
flashover. Under this circumstance, it is very difficult for the trapped to escape from the fire 
accident and for the firefighter to extinguish the fire, thus making it extremely easy to cause 
considerable economic losses and serious casualties. Therefore, fire retardant treatment of 
plywood has the important practical significance (Cao 2019, Yu et al. 2020, Cao et al. 2020). 

Fire hazards are mainly determined by heat and smoke of combustion. Heat hazard refers to 
heat damages of life, properties and buildings by spreading heats from combustion                       
to surrounding environment through radiation, convection and conduction. Smoke hazard 
refers to the damages caused by smoke and toxic gases to life and environment (Altun et al. 
2010, Dong and Xu 2019). Fire hazard is essentially a comprehensive manifestation of potential 
heat risks and smoke risks of materials (Zhang et al. 2014, Xue et al. 2006, Son et al. 2012). 
Therefore, research and development on fire retardant treatment of plywood are focused on 
decreasing heat release and smoke release. Studies proved that nitrogen-series fire retardants 
and phosphorus-series fire retardants are characteristic of low price, small volatility and low 
toxicity. These two series of fire retardants have good flame retardation, but independent use of 
these fire retardants fails to achieve satisfying effect. Boron-series compounds are equipped 
with inflaming retardation, smoke suppression, anti-corrosion and mildew prevention and 
insect prevention (Chu et al. 2017, Zhang et al. 2016, Zhou et al. 2020, Kartal et al. 2007). 
Magnesium salt has good flame retardation and strong smoke suppression effect (Pan et al. 
2014, Cao 2019). To endow good flame retardation for plywood, a composite fire retardant was 
prepared with dicyandiamide, phosphoric acid, boric acid, borax, urea and magnesium sulfate. 
Later, high-quality fire retardant was synthesized by supplementation and synergistic 
interaction of different components. 

The cone calorimeter is recognized worldwide as one of the most acceptable fire testing 
apparatuses. Its testing results are not influenced by the types and complete combustion state of 
materials (Kim et al. 2012, Fateh et al. 2014). Moreover, cone calorimeter is highly related with 
large combustion experiment and it can test multi-aspect indexes related with combustion 
performances of materials comprehensively, including heat release rate, mass loss rate, oxygen 
content and CO2 content. It is a very comprehensive combustion performance testing 
technique. In this study, cone calorimeter was applied to evaluate combustion performance of 
plywood processed by the prepared fire retardant and it will lay foundations for the 
improvement and application of the prepared fire retardant. 
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MATERIALS AND METHODS 
 

Materials 
Masson pine (Pinus massoniana Lamb.) with a size of 2200 mm (length) × 130 mm 

(width) × 2.5 mm (thickness), density 0.48 g.cm-3 and moisture content 10-14% was purchased 
from Rongjiang Guizhou, China. Dicyandiamide (with a purity of 98%), boric acid (with             
a purity of 99.5%), phosphoric acid (with a purity of 85%), borax (with a purity of 99.5%), urea 
(with a purity of 99%) and magnesium sulfate (with a purity of 99%) were purchased from 
Sinopharm Chemical Reagent Co., Ltd. (PR China). All other chemicals mentioned in this work 
were reagent grade. Powdery urea formaldehyde resin (C360), which was used by mixing with 
water (mass ratio of resin power to water was 100 : 80) and then adding 0.5% ammonium 
chloride for the preparation of plywoods, was purchased from Malaysia. 
 

Preparation of fire retardant  
Based on a large number of pre-experiments, the compositions of the flame retardant were 

4% dicyandiamide, 6% phosphoric acid, 2.25% boric acid, 2.25% borax, 1% urea and 0.5% 
magnesium sulfate. 

 
Treatments of Pinus massoniana veneers with fire retardant 

Pinus massoniana veneers were dried in an oven (101-1AB electric blast drying oven) at 
60°C ± 5°C until reaching constant weights and then moved out and stored in glass drier to cool 
down to the room temperature, weighted and then put in vacuum chamber. The fire retardant 
was poured into the chamber until 5 cm higher than the surface of the piles of wood samples 
under vacuum conditions (-0.09 MPa, 60 min). Next, the samples were taken out and                 
the surface liquids of each wood sample was removed gently by a piece of filter paper.             
The wood samples were put in indoor environment for about one week and then dried in an 
oven at 90°C ± 5°C until the moisture content at 5% - 9%. 

 
Preparation of five-layer plywood 

The flame retardant veneers with a double-sided adhesive loading of 220 g.m-2 were rested 
at room temperature for 15-20 min. The assembled veneers were then exposed to single-layer 
hot press unit (XLB type) at Shanghai Rubber Machinery Plant and pressed with a pressure of 
1.5 MPa at 100°C for 15 min to obtain a plywood panel. The moisture content of control 
plywood was 16.6%, and that of flame retardant treated plywood was 13.5%. 

 
Evaluation of combustion performance and smoke suppression performance 

Cone calorimeter tests were performed according to the procedures indicated in the ISO 
5660-1-2015 standard using a Fire Testing Technology cone calorimeter FTT2000 (Fire 
Testing Technology Ltd., UK). The plywood panel was conditioned in the laboratory at 20 ± 
2°C and relative humidity of 65% ± 5% for 1 day and then cutting into specimens with 
dimensions of 100 mm (length) × 100 mm (width) × 10 mm (thickness) prior to testing. The fire 
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scenario was comprised of four steps: ignition, growth, fully developed, and decay. The tests 
were conducted with 50 kW.m-2 of heat flux which corresponded to the fully developed step.  

 

RESULTS AND DISCUSION 
 

Heat release rate (HRR) analysis 
Heat release rate (HRR) refers to the heat release from per unit area of material 

combustion and it reflects the rate of heat release of materials during combustion, HRR, peak 
HRR (pk-HRR) and average HRR (av-HRR) are often used to evaluate combustion 
performances of materials and they all can reflect degree of material combustion and output of 
volatile combustibles. These three indexes can be used to evaluate spreading trend of flames 
and rate of fire hazard. The smaller HRR, pk-HRR and av-HRR indicates the lower heat release 
from material combustion and the lower fire hazards (Li et al. 2019).  

The HRR curve during combustion of plywood is shown in Fig. 1. Seen from Fig. 1 that 
the HRR curve of plywood with fire retardant treatment was relatively stable after 120 s, 
indicating fire retardant decreased the production rate of combustible volatiles, weakened 
transmission of heats of plywood from surrounding environment and relieved the risk of 
plywood pyrolysis in fire accidents. pk-HRR of plywood without fire retardant treatment was 
187.13 kW.m-2, which was 40.93% higher than that of plywood with fire retardant treatment 
(110.53 kW.m-2). The av-HRR of plywood with fire retardant treatment was decreased by 
63.73% to 39.48 kW.m-2 compared to that of plywood without fire retardant treatment      
(108.85 kW.m-2). HRR, pk-HRR and av-HRR of plywood with fire retardant treatment were 
decreased significantly than those of plywood without fire retardant treatment, indicating that 
the fire hazard caused by plywood after fire retardant treatment was small. 

 

 

Fig. 1: The HRR curves of plywoods. 
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Total heat release (THR) analysis 
Total heat release (THR) refers to the total heats released by unit area of materials from 

ignition to extinguishment. The fire hazard is more serious when THR is higher. Combustibility 
and flame retardation of materials could be evaluated better by combining HRR and THR     
(Mo et al. 2007). The THR curve during combustion of plywood is shown in Fig. 2. As shown 
in Fig. 2, heat release begun to be generated by plywoods with and without fire retardant 
treatment at about 30 s. THR curve of plywood without fire retardant treatment increased 
quickly as time went on, while THR curve of plywood with fire retardant treatment increased at 
a stable rate. These also proved the conclusions of HRR. In other words, the introduction of fire 
retardant decreased the production rate of possible volatiles and releasing of possible volatiles 
or combustion heats was relatively uniform. THR of plywood without fire retardant treatment 
was 69.21 MJ.m-2 and the THR of plywood with fire retardant treatment was 5.58 MJ.m-2, 
showing  a difference of 91.94%. This demonstrated that plywood with fire retardant treatment 
had            a small THR during the combustion process, which reflected the very significant 
flame retardant efficiency. Fire retardant treatment decelerated the growth of surrounding 
temperature of ignition point in fire accidents significantly, and thereby delayed time and speed 
of fire spreading effectively.  

 

 

Fig. 2: The THR curves of plywoods. 
 
Effective heat of combustion (EHC) analysis 

Effective heat of combustion (EHC) refers to the ratio between heat release and mass loss 
at a moment, which reflects the burning degree of volatile gases in meteorological flames.      
The THR curves of plywoods at combustion are shown in Fig. 3. 

 As shown in Fig. 3 that average EHC of plywood with fire retardant treatment was         
5.44 MJ.kg-1, which was 53.70% lower than that of plywood without fire retardant treatment 
(11.75 MJ.kg-1). That was because the fire retardant could inhibit pyrolysis of wood effectively 
and decrease the output of combustible volatiles, thus decreasing EHC significantly. 
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Fig. 3: The EHC curves of plywoods. 
 
Mass loss (ML) and residual mass (Mass) of plywoods 

Mass changes before and after the combustion of plywood are shown in Tab. 1. The ML of 
plywood without fire retardant treatment was 52.04 g, which decreased to 8.97 g for plywood 
with fire retardant treatment. This reflected that fire retardant could inhibit plywood 
combustion effectively and made it difficult for plywood to develop pyrolytic reactions, thus 
decreasing ML. The Mass of plywood without fire retardant treatment was 18.17%, which 
amounts to 85.92% for plywood with fire retardant treatment. This indicated that fire retardant 
inhibited combustion of plywood and accelerated the char-forming rate, thus increasing Mass.                  
As a result, fire retarding plywood also could maintain strength in fire for a long period and it 
was difficult to collapse. 

 
Tab. 1: The combustion mass change of plywoods. 

Plywoods ML (g) Mass (%) 
Control group 52.04  18.17% 
Experimental group 8.97  85.92% 

 
Smoking properties analysis 

Total smoke release (TSR), CO yield (COY), CO2 yield (CO2Y) and total oxygen 
consumption (TOC) of plywoods during combustion are shown in Fig. 4 and Tab. 2.  

TOC of plywood with fire retardant treatment was 3.6974 g, which was 91.86% lower than 
that of plywood without fire retardant treatment (45.4428 g). It was because fire retardant 
accelerated char-forming rate of plywood, decreased the formation of combustible volatiles and 
inhibited combustion. 

TSR, COY and CO2Y of plywood with fire retardant treatment were 25.99 m2.m-2,     
0.0178 kg.kg-1 and 0.6036 kg.kg-1, which were decreased by 76.81%, 84.99% and 38.70% 
compared to those of plywood without fire retardant treatment (112.09 m2.m-2, 0.1186 kg.kg-1 
and 0.9847 kg.kg-1). TSR, COY and CO2Y of plywood with fire retardant treatment were 
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decreased to different extents, which could be explained as follows. Borides and magnesium 
sulfate in fire retardant had excellent smoke suppression performances and decreased the 
possibility of smoke asphyxia or toxicity-induced deaths during the occurrence of fire 
accidents. 

 

 

Fig. 4: Smoking effect and oxygen consumption of plywoods.  
 
Tab. 2: The gas emission and total oxygen consumption of plywoods. 

Plywoods TSR (m2.m-2) COY (kg.kg-1) CO2Y (kg.kg-1) TOC (g) 
Control group 112.09 0.1186 0.9847 45.4428 
Experimental group 25.99 0.0178 0.6036 3.6974 

 
Evaluation of potential fire hazard of plywoods 

Fire performance index (FPI) and fire growth index (FGI) were applied to evaluate 
potential fire hazards comprehensively. FGI reflects the fire spreading capability of plywoods 
when they are exposed to high-heat environment. The higher value of FGI indicates the greater 
risks of fire accidents (Fig. 5). FPI reflects the tendency of combustion of plywoods.                 
The smaller value of FPI indicates the smaller fire hazards (Cao 2019, Zhang et al. 2015,    
Huang et al. 2019). 

FGI values of plywoods with and without fire retardant treatment were 3.454 kW·m-2·s-1 
and 6.148 kW·m-2·s-1, indicating that fire retardant could decrease pk-HRR of plywoods, 
prolong the time to reach the pk-HRR and decelerate fire spreading. FPI values of plywoods 
with and without fire retardant treatment are 0.136 s·m2·kW-1 and 0.106 s·m2·kW-1, resp.      
This reflects that fire retardant prolonged the ignition time of plywoods and increased the time 
for escaping from fire accidents. In a word, plywood with fire retardant treatment had relatively 
high FPI and relatively low FGI, showing a high safety level. 
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Fig. 5: FPI and FGI of plywoods.  
 

CONCLUSIONS 
 

A high-efficiency fire retardant composition was prepared with dicyandiamide, 
phosphoric acid, boric acid, borax, urea and magnesium sulfate and it was used to process 
veneers which were then to prepare the plywood. Meanwhile, heat release and smoke release 
from combustion of plywood were tested by a cone calorimeter. Results showed that: (1) The 
plywood with fire retardant treatment had the better flame-retardant performance and smoke 
suppression effect as well as the stronger char-forming capability compared to plywood 
without fire retardant treatment. (2) The average heat release rate, total heat release, average 
effective heat of combustion, total smoke release, CO yield and oxygen consumption of the 
plywood with fire retardant treatment were decreased by 63.72%, 91.94%, 53.70%, 76.81%, 
84.99% and 91.86%, respectively. (3) The fire growth index of plywood treated by fire 
retardant was relatively low (3.454 kW·m-2·s-1) and it took longer time to reach the peak heat 
release rate, accompanied with slow fire spreading. (4) The fire performance index was 
relatively high (0.136 s·m2·kW-1) and it took longer time to be ignited, thus leaving a long time 
for escaping at fire accidents. (5) The fire hazard of plywood with fire retardant treatment was 
low, and its safety level was high. 
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ABSTRACT 
 

This paper compares two concepts of composite timber concrete ceilings and their 
uncoupled alternatives based on a parametric study by comparing the final deflections           
of individual variants and at the same time considering according to the ultimate limit state.    
It includes a comparison of coupled and uncoupled variants while maintaining the same 
boundary conditions as the load, the thickness of the ceiling structure and the load width.     
By considering other factors, we can achieve more optimal variant, thanks to more accurate 
consideration of the required boundary conditions such as the complexity of installation        
or fire resistance. The purpose of this paper is to simplify the optimal selection of the ceiling 
structure based on the suitability of the supporting structure. 

 
KEYWORDS: Composite structure, ceiling, cross laminated timber, timber, shear connectors.  
 

INTRODUCTION 
 

At present, the accent is on the usage of materials and structures that leave as little carbon 
footprint as is possible. As is widely known, wood is the most suitable basic construction 
material. As part of wood-based material is CLT too. CLT is relatively new material, it was 
developed just at the end of 20th century (Brandner et al. 2016). It is commonly applied as 
structure member as ceilings or walls in multi storey buildings or structures with requires 
longer span like congress halls, galleries, or schools (Ceccotti 2002). High material resistance 
compared to the weight is main benefit in elements like CLT panels. Each segment consists of 
three-, five- to seven- layers of lamellas. Each layer is applied perpendicular to layer before 
(Aicher et al. 2001). It is rule, that outer layers must be in the same way as main load capacity 
(Bajzecerova et al. 2018). In some cases, CLT panels as ceilings may be insufficient. To use 
most of the potential of these structures, it is necessary to apply shear connectors. It is well 
known that by applying a coupling, the ceilings can be more effective by coupling appropriate 
materials and components, e.g., timber beam with concrete deck (Surovec and 
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Composite slab timber-concrete ceiling 
Solid timber panel from cross laminated timber (CLT) is used as part of a coupled cross-

section and provides a support function and further replaces the need to use formwork      
(Fig. 3). The study uses panels intended for application to ceiling structures, which means that 
the outer layers of the CLT panel are in the longer direction of the slab and at the same time in 
its direction with higher load-bearing capacity. The thickness and number of layers varies 
based on the needs of the study. Since it is a slab element, the load width refers to 1m. As it is 
in previous variant, load width and effective width are equal. Concrete of the same strength 
class C20/25 of constant thickness with one row of reinforcement is used as another material 
in the composite ceiling.  
 

 
Fig. 3: Cross-section of composite slab timber-concrete ceiling. 
 
Non-composite variants of timber-concrete ceiling 

For verification efficiency of coupling were created non-composite variants. To verify  
the effectiveness of the coupling, uncoupled variants were created. In both cases, the coupling 
by self-tapping screws were not applied, the following boundary conditions were maintained 
as in the previous variants. 

 
Test set-up 

The analytical study is prepared in the MS Excel program. Algorithm consists of different 
material parameters and geometric parameters. In the calculation is necessary to account 
differences between used cross-sections. Used variants have equal values of surface loads 
consisting of imposed load (2 kN.m-1), and predefined loads as load from load-bearing and 
non-load-bearing walls (2,78 kN.m-1), and load of layers of floor (1,2 kN.m-1) expect for self-
weight load. These values changes based on the change in the thickness and density of used 
wood-based material (EN 1991-1-1, 2002). In first step, the γ-method is necessary to apply in 
the variant with CLT panel (EN 1995-1-1, 2004). Based on this method, it is possible to take 
into the account the efficiency of individual layers and express the corresponding moment of 
inertia of the effective cross-section of the CLT segment. Subsequently, the method of 
idealized cross-section is applied, which is based on the creation of an idealized cross-section 
originally consisting of several materials. This result can be achieved after calculating with 
the partial coefficient, it is used to obtain effective cross-sectional characteristics specified in 
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the EN 1995-1-1 Annex B. Method is valid for combination as for CLT and concrete as 
timber-beam concrete structure. 

The sample is assessed as part of the analysis in the first step. The cross-section is 
assessed for the ultimate limit state (ULS) for various stress methods along the height of 
the cross-section. The instant deflection is count for serviceability limit state (SLS). 
In the next step is count is offset further for SLS and ULS at the end of life are evaluated 
(EN 1991-1-1, 2002). 
 

RESULTS AND DISCUSSION 
 

Comparison of efficiency of support systems 
Numbers of factors affect the effectiveness of a design e.g., type of material and 

geometrical parameters, quantity and type of shear connectors, load width and effective span 
of the ceiling structure (Dias et al. 2015). 

Deflection is one of the factors that determines the ability to use. Exceeding the values 
does not say that the structure collapses, it expresses comfort and the possibility of use. 
Excessive curvature of roof can cause some devices to malfunction (Ataei et al. 2019). 

Since deflection also corresponds to the time. Due to the effect of time, the joints are 
loosened, and these results are an increase in the already instant deflection and thus the final 
deflection created (Hassanieh et al. 2017, Kanócz and Bajzecerová 2012, Khorsandnia et al. 
2015). By comparing instant deflection in Figs. 4-7 and final deflection in Figs. 8-11 it can be 
seen increase in deformation. This has the effect of reducing the scope of the use of span. 

Also, it is known that the thickness of the structure affects the final deflection of the 
structure. The effect of improving parameters of ceiling can be seen gradually in Figs. 4-7. 
It is shown that the coupled slab ceiling is more effective and can be applied to a range of 
approximately 9.5 m. On the other hand, a beam-coupled ceiling can only be applied up to     
a span of approximately 6.5 m with a load width of 1 m. Coupled variants are more efficient 
as uncoupled variants and is possible to overcome a longer span. 

 

 
Fig. 4: Comparison of instant deflection depending on thickness of noncoupled beam-
concrete and length of span. 
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Fig. 5: Comparison of instant deflection depending on thickness of coupled beam-concrete 
and length of span. 
 

 
Fig. 6: Comparison of instant deflection depending on thickness of noncoupled CPT-concrete 
and length of span. 
 

 
Fig. 7: Comparison of instant deflection depending on thickness of coupled CLT-concrete and 
length of span. 
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Fig. 8: Comparison of final deflection depending on thickness of noncoupled beam-concrete 
and length of span. 
 

 
Fig. 9: Comparison of final deflection depending on thickness of coupled bean-concrete and 
length of span. 
 

 
Fig. 10: Comparison of final deflection depending on thickness of noncoupled CLT-concrete 
and length of span. 
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Fig. 11: Comparison of final deflection depending on thickness of coupled CLT-concrete and 
length of span. 
 

It is necessary to consider assessments at the ultimate limit state as well as usability. As it 
is obviously presented in Figs. 13 and 14, there may be case where the conditions are fulfilled 
only for SLS (EN 1991-1-1, 2002). In Fig. 12 are presented distribution of bending stresses 
cross the height of cross-section. 

 
Fig. 12: Cross-section of CLT and distribution of bending stresses. 

 
Similar cross-section of 240 mm thickness was taken for all variants in the comparison. 

Load width is 1m and span is 5 m, these parameters are similar for this comparison. Segments 
are shown in their end of live state.  

Timber beam variants have higher value stresses along the cross-section comparing to 
CLT slab variants. Stress at the upper edge of the concrete section can be observed multiply 
values in the evaluation by 22.1% is the difference between coupled and non-coupled timber-
concrete beam, in favour of coupling variant. Selected samples of beam variants show 
exceeding stress limits. It can be observed that in the case of the coupled beam variant was     
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values can be seen in evaluation of final deflection. Noncoupled timber beam variant reach 
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timber-concrete beam variant. Requirement for limit state of final decline is fulfilled. It is 
clear, that coupling elements are significantly improving segment according to Tab. 1. 

 
Tab. 1: Evaluation of Assessment at timber-concrete variants with 5 m span. 

Coupled timber-concrete ceiling Non-coupled timber-concrete ceiling 

Cross-
section 

ULS - end of service life 
SLS - end 
of service 

life 

Cross-
section 

ULS- end of service life 
SLS - end 
of service 

life 

HT WT 
σ1.u/ 
fcd 

σ2M/ fmd+ 

σ2.l/ ft.0.d 
τ2max/ 

fvd 
wfin/ wlim HT WT 

σ1.u/ 
fcd 

σ2M/ fmd+ 

σ2.l/ ft.0.d 
τ2max/ 

fvd 
wfin/ wlim 

200 120 0.396 1.578 0.500 0.916 200 120 0.843 2.887 0.694 3.705 
220 120 0.344 1.368 0.466 0.756 220 120 0.659 2.481 0.656 2.898 
240 120 0.302 1.199 0.437 0.632 240 120 0.523 2.146 0.618 2.300 
260 120 0.268 1.059 0.411 0.535 260 120 0.420 1.868 0.583 1.850 
280 120 0.240 0.943 0.389 0.456 280 120 0.342 1.637 0.550 1.507 

 
Values of stresses at the upper edge of concrete part of section of different CLT variants 

are slightly similar to each other (Tab. 2). On the other hand, these differences are not so 
obvious as in timber beam variants. Coupled CLT-concrete slab has 7.12% capacity instead of 
13% by noncoupled CLT-concrete slab. Strain at lower part of timber segment is decisive 
factor. Requirements for ULS and SLS in case of CLT variants are satisfied. Decrease in 
values is not so observable as in case of beam variants. Coupled variant has decrease of values 
5.7%. It is due to higher efficiency of slabs involved their higher stiffness. 
 
Tab. 2: Evaluation of assessment at CLT-concrete variants with 5 m span. 

Coupled CLT-concrete ceiling Non-coupled CLT-concrete ceiling 
Cross-
section 

ULS - end of service life 
SLS - end of 
service life 

Cross-
section 

ULS - end of service life 
SLS - end of 
service life 

H CLT σ1.u/fcd 
σ2M/ fmd+ 
σ2.l/ ft.0.d 

τ2max/ 
fvd 

wfin/ wlim H CLT 
σ1.u/ 
fcd 

σ2M/ fmd+ 
σ2.l/ ft.0.d 

τ2max/ 
fvd 

wfin/ wlim 

200 0.213 0.478 0.122 0.432 200 0.153 0.600 0.144 0.702 
220 0.162 0.356 0.098 0.310 220 0.101 0.435 0.115 0.464 
240 0.130 0.284 0.085 0.236 240 0.072 0.341 0.098 0.335 
260 0.114 0.259 0.084 0.200 260 0.060 0.306 0.095 0.278 
280 0.101 0.237 0.083 0.171 280 0.050 0.276 0.093 0.234 

 
Tab. 3: Evaluation of assessment at CLT-concrete variants with 8 m span. 

 

Coupled CLT-concrete ceiling Non-coupled CLT-concrete ceiling 

Cross-
section 

ULS - end of service life 
SLS - end of 
service life 

Cross-
section 

ULS - end of service life 
SLS - end 
of service 

life 

H CLT σ1.u/ fcd 
σ2M/ fmd+ 
σ2.l/ ft.0.d 

τ2max/ fvd wfin/ wlim H CLT 
σ1.u/ 
fcd 

σ2M/ 
fmd+ σ2.l/ 

ft.0.d 

τ2max/ 
fvd 

wfin/ wlim 
 

200 0.623 1.196 0.198 1.524 200 0.393 1.531 0.230 2.864 
220 0.494 0.885 0.157 1.107 220 0.259 1.110 0.183 1.895 
240 0.408 0.703 0.134 0.851 240 0.186 0.872 0.157 1.370 
260 0.362 0.644 0.133 0.724 260 0.154 0.782 0.153 1.137 
280 0.325 0.593 0.132 0.622 280 0.129 0.707 0.148 0.957 
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In this comparison were used samples of variants as beam and slab ceilings showed in 
(Tabs. 1 and 2) with the same span of 5 m. CLT variants are not suitable for shorter spans as it 
was presented and have potential for considerably higher span and loads. Longer span would 
be more appropriate for variants consisting of CLT panels. For example (Tab. 3), exceeded 
capacity can be seen in coupled and noncoupled CLT concrete slab with 8 m span. Overall 
fulfilled conditions for SLS and ULS are completed in coupled CLT concrete variant. 
By comparison values of capacity with case of noncoupled variant values are higher by 137% 
and are no more suitable for SLS. These values are 51.9% higher than in coupled variant. 
In case of ULS the decisive stresses capacity is in the lower part of CLT panel. Capacity is 
suitable, but it has higher percentage usage than other assessments. 

It is not only resistance or load-bearing capacity that should be taken in consideration 
during decision-making about the type of ceiling structure (Tab. 4). The design may be 
suitable for these factors, but it is necessary to consider others, e.g., requirement of structure 
thickness of each storey, because the thickness of ceiling can also strongly influence total 
building costs. Advantage of using slab CLT system is not only low thickness and good 
rigidity, but also simplicity of placement technical equipment of buildings, because of 
the absence of protruding beams (Bajzecerová and Kanócz 2017). 

 
Tab. 4: Comparison of variants based on suitability for use (darker color indicates higher 
suitability for use). 

Alternatives Non-coupled 
timber beam 

concrete ceiling 

Coupled timber beam 
concrete ceiling 

Non-coupled 
CLT-concrete 

ceiling 

Coupled CLT-
concrete ceiling 

Parameters 
Length of span         
Thickness of ceiling         
Time of realisation         
Fire resistance         
Price         

 
Level of difficulty in making the ceiling structure is another indicator. It is necessary to 

use formwork while using the beam system. When classic formwork is used, it must be also 
removed afterwards. This aspect remains even in the coupled variant where the application of 
a considerable number of shear connectors are added to the entire assembly process. 
Necessity to install formwork is eliminated while applying the slab system. In terms of 
implementation, it is the simplest and least laborious variant. This system can be made more 
efficient by using shear connectors, but at the expense of laboriousness in laying the self-
tapping screws. 

In fire situation, compared to steel or concrete is timber as material more effective. 
Timber not prone to lose strength after reaching a certain temperature, and neither is explosive 
strub off the surface as it is the habit for the concrete. Charred layer which slows down 
the overheating of the element at outer side of timber protects surface (Makovická 
Osvaldová et al. 2016, Chen et al. 2021). It is important to note, that section does not lose its 
resistance abruptly but continuously (Makovicka Osvaldová 2020).  

During the research of a suitable variant, it is also necessary to consider the financial 
complexity. It is obvious that the cheapest will be the application of the simplest solution - the 
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beam ceiling noncoupled, but it is inefficient way. The usage of CLT panels can make 
construction considerably more expensive, but nevertheless it is possible to realize ceiling 
structures with larger spans. It is also required to consider the necessity of using the shear 
connectors. Price of self-tapping screws is not negligible due to their quantity and quantity of 
additional work. Also, must be account necessity of usage temporary supports while applying 
coupled variants. 
 

CONCLUSIONS 
 

Coupling appears to be an effective way to achieve higher strength of the ceiling 
structure. While comparing the beam variants, it was found that the proposed coupling was 
able to eliminate the stresses to approximately half the values compared to the uncoupled 
variant. The slab variants have been found to be unnecessarily oversized at 5 m spans. Further 
research will need to focus on the use of slimmer boards (Van Thai et al. 2020). It would be 
beneficial to focus on the effectiveness of the coupling, in which case, a higher degree of 
coupling could also be verified. Alternatively, verify other methods of coupling (Kanócz et al. 
2013). Coupling with the aid of screws appears to be a highly laborious alternative and it 
would be appropriate to compare the coupling efficiency also with the variant where the shear 
connectors would be used as a perforated steel strip shear connectors or grooves. 
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ABSTRACT 
 

This study examined the properties of components connected by beech and self-tapping 
screw composite dowels (group C). As a contrast, the components connected by beech dowels 
and self-tapping screws individually were tested. The test results indicated that the properties of 
the components connected by beech dowels (group B) were better than those connected by 
self-tapping screws (group S), except the ductility coefficient, final displacement, and energy 
consumption. On the other hand, the main failure modes of groups B and S were the broken 
beech dowel and the bent self-tapping screw, respectively. For group C, two peak values could 
be found which were larger than the maximum load of groups B and S, respectively. 
The properties of group C were better than those of groups B and S, except that the final 
displacement and energy consumption were located between those of groups B and S. 
Meanwhile, the linear equation in two unknowns have be found between groups B, S and C. 
 
KEYWORDS: Beech dowel, self-tapping screw, composite dowel, shear performance. 
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INTRODUCTION 
 

With the development of wood based engineering materials, especially laminated timber 
and cross-laminated timber (CLT), self-tapping screw (STS) connection was studied  
(Chen et al. 2019). Meanwhile, traditional wood dowels were also used to connect the CLT as 
a green and low carbon alternative (Hao et al. 2020, Bui et al. 2020, Li et al. 2020). Furthermore,   
a new wood dowel friction welding technology was another attempt (Bocquet et al. 2007, 
Bocquet et al. 2017, Girardon et al. 2014, Satoshi et al. 2017). 

For the properties of components connected by STS, the lateral resistance performance of 
hex-head STS joint was better than that of wire nail joint except deforming ability (Sun et al. 
2019). Considering the thread, the maximum load of screws with both double-threaded sections 
and fully threaded shanks were higher than those of single-threaded screws (Yeh et al. 2014). 
In the field of connecting the glulam, STS was often used with steel plate. Komatsu et al. (2019) 
studied the relationship between predicted nonlinear behaviors and observed ones. On the other 
hand, the influence of the angle of inclined screws was a research highlight. It was found that 
Tomasi model could be used to analyze the slip modulus of steel-wood joints when the angle 
between 45° to 90° (Lu et al. 2020). However, in the other study, an insertion angle of 30° had 
a larger stiffness and strength than a 45° angle (Mirdad et al. 2019, 2020a,b). Furthermore, if 
the length of STS was longer, the joint could increase the screwed in depth, then a higher shear 
properties obtained. Meanwhile, in this paper, Wang et al. (2020) proposed to use tapper 
washers to steady the inclined screws. 

Based on the application of STS in the CLT. With the increased diameter and length, 
the shear strength could be improved (Sullivan et al. 2018, Dong et al. 2018). The stiffness and 
strength of specimens increased with the increase of angle too (Brown et al. 2020, Chang et al. 
2019). Compared to the mortise-tenon connections in CLT, the STS connections failed before 
the damage of CLT, while the mortise-tenon connections did not failed (Lin et al. 2019). 
According to the Eurocode 5 and the study of Hossain et al. (2019), the group effect was 0.9n 
for all joints under static loading. In case of cyclic loading, a more pronounced group effect was 
observed that can be expressed as n0.9 (n was the number of connected joints). Besides, 
self-tapping screws were used to connect the wooden parallel chord trusses. Fatal pull-out of 
self-tapping screws occurred by accompanying with bottom chord bending failure 
(Komatsu et al. 2018). 

With the extending of using time, the cracks of the glulam and mortise-tenon joints 
occurred. Several researches have been studied the reinforcement by STS. The STS 
reinforcement could improve the capacity of glulam beam with cracks. This reinforcement 
method could prevent the development of cracks in the glulam beam during the bearing process 
(Petrycki et al. 2020, Zhang et al. 2019a,b). Johan et al. (2005) have found that the capacity of 
the reinforcement beams could improve 50% compared to the unreinforced beams. 
The compressive behavior increased obviously for the glulam specimens with self-tapping 
screws reinforcement. The length, number and the arrangement of the self-tapping screws had 
great influences on the failure modes and the load-carrying capacity (Tang et al. 2021). While 
in the reinforcement of mortise-tenon joints, the 5th percentile value of the capacity of beams 
with half-lap joint and round dovetail joint reinforced by self-tapping screws could reach 
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75.8-76.7% and 75.9-77.5% of that of the intact beams, respectively (Li et al. 2019). Song et al. 
(2018) studied the lateral performance of traditional heavy timber frames with mortise-tenon 
joints retrofitted using STS. The retrofitted frames exhibited smaller stiffness, larger 
deformability, higher damping ratio, and similar strength degradation from primary cycles to 
trailing cycles. In the research of Sun et al. (2018), it concluded that steel plates and STS are 
suitable for the strengthening of mortise-tenon joints, the strength or rigidity of which is 
obviously inadequate. 

In this study, a new beech and self-tapping screw composite dowel was proposed. 
This composite dowel could have both of the features of STS and wood dowel. In the study of 
Zhu et al. 2017, 2018, 2019), the wood dowel could be broken by twisting. On the other hand, 
Liu et al. (2019) found that the twisting would be avoided when compressed wood was used, 
and the pullout resistance of compressed wooden dowel rotary friction welding could be 
increased. While in this paper, the twisting should also be avoided by using beech dowel 
instead of birch dowel, and the new composite dowel structural form. The shear performance of 
the component connected by the composite dowels was studied in this paper. 
 

MATERIAL AND METHODS 
 
Materials 

Wood dowels, 12 mm in diameter and 70 mm in length, were fabricated from beech wood 
(Zelkova schneideriana, Crownhomes, Jiangsu, China). The dried density at 2% MC of 
the beech dowel was 703 kg.m-3. Self-tapping screws (Moregood, Shanghai, China), 5.2 mm in 
diameter and 70 mm in length, was covered by hot galvanizing. Spruce-pine-fir (SPF; 
Crownhomes, Jiangsu, China) slats with the dimensions of 89 mm (width, W) × 38 mm 
(thickness, T) × 300 mm (length, L) were used as substrates. The air dried density at 9.7% MC 
of the larch was 495 kg.m-3. 
 
Specimen preparation 

Group B (two beech dowels group): the wood substrates with the dimensions of 89 × 38 × 
300 mm were pre-drilled with holes 10 mm in diameter and 70 mm in depth. Next, the wood 
dowels were welded into the pre-drilled holes in the substrates to create bonded joints at 
a high-speed rotation of 1500 rpm (Fig. 1b). Three specimens were prepared for each group.  

Group S (two self-tapping screws group): the wood substrates with the dimensions of  
89 × 38 × 300 mm were pre-drilled with holes 3 mm in diameter and 70 mm in depth. Next, 
the self-tapping screws were screwed into the pre-drilled holes in the substrates by electric hand 
drill. Three specimens were prepared for each group. 

Group C (two composite dowels group): the wood dowels were pre-drilled with holes 
3 mm in diameter and 70 mm in depth using a drilling machine. Then the self-tapping screws 
were screwed into the pre-drilled holes. Meanwhile, the wood substrates with the dimensions of 
89 mm × 38 mm × 300 mm were pre-drilled with holes 10 mm in diameter and 70 mm in depth 
using a drilling machine. Next, the wood dowels were welded into the pre-drilled holes in 
the substrates to create bonded joints at a high-speed rotation of 1500 rpm (Fig. 1b). Three 
specimens were prepared for each group. 
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Fig. 1: The size of shear performance samples (a), samples of group C (b), and WDW-300E 
universal testing equipment. 
 
Methods 
Pullout resistance test 

All the specimens were conditioned at 20°C and 60% relative humidity for 7 days before 
the tests were conducted. The pullout resistance of the specimens was tested using a universal 
testing machine (Fig. 1c, WDW-300E; Jinan Popwil, Jinan, China) at a speed of 5 mm.min-1. 
 
Analysis method of characteristic value 

All the force-displacement curves were obtained from the shear performance tests. Then 
each force-displacement curve was analyzed by analysis method of characteristic value (Fig. 2). 
According to this analysis, seven parameters which were maximum load (Pmax), ultimate load 
(Pu), yield load (Py), initial stiffness (Ki), ductility coefficient (μ), energy consumption (S) and 
final displacement (Du) could be calculated in Tabs. 1-3. From Fig. 2, six lines could be 
calculated and derived from the force-displacement curve. They were listed below: 

I - the line connected by the points 0.1.Pmax and 0.4.Pmax; 
II - the line connected by the points 0.4.Pmax and 0.9.Pmax; 
III - move the line II to the tangent point of the force-displacement curve; 
IV - draw a horizon line at the intersection of line I and III, extend the horizon line to 
the force-displacement curve, then the ordinate value was Py, the abscissa value was Dy; 
V - the line connected by the point (0, 0) and (Dy, Py), the slope of the line was initial 
stiffness Ki; 
VI - draw a line created the shadow area of figure which was equal to the area created by 
the force-displacement curve, X-ray, and the line X=Du, the ratio of Du and Dv was ductility 
coefficient μ. 
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Fig. 2: Analysis method of characteristic value. 
 

RESULTS AND DISCUSSION 
 

The analysis of the curves and failure modes 
All the curves of specimens were showed in Fig. 3. From Fig. 3a, all the maximum loads of 

group S were located at the displacement range of 20-25 mm. From Fig. 3b, three differences 
could be observed. First of all, the maximum loads of all the groups B were located at 
the displacement range 5-11 mm which were much smaller than those of the groups S. Second, 
when the loads were reached to the maximum value, they were decreased sharply to the zero. 
In the study of Hao et al. (2020) and Li et al. (2020), broken wood dowels were the main form 
of failure during the shear test. The similar phenomena were found in Fig. 5a, the broken beech 
dowels were the main failure modes of groups B. While from Fig. 4, the bending of self-tapping 
screws were the primary failure modes of group S. On the other hand, from Fig. 4d, the broken 
self-tapping screws after bending were the alternative failure modes of groups S. The failure 
modes of self-tapping screws were in accordance with Dong et al. (2018) and Lin et al. (2019). 
Third, the data diversity of groups B was much larger than that of groups S. The properties of 
self-tapping screws were similar to each other because the self-tapping screws were made from 
metal which was isotropic material. But beech wood was anisotropic material. 

From Fig. 3c, one obvious difference could be found. Two peak values were observed. 
The first peak value was located at the range of 5-10 mm. And the second peak value was 
located at the range of 20-25 mm. The failure modes of groups C were showed in Fig. 5b. 
All the specimen showed the same failure mode. During all the test process, the bent of 
self-tapping screws and broken of beech dowels occurred simultaneously. On the other hand, 
combined with the two peak values, the beech dowels were broken when the curves reached to 
the first peak value. The self-tapping screws were bent to the limit state when the curves 
reached to the second peak value.   
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(a)                                 (b) 

 
(c) 

Fig. 3: Force displacement curves of group S (a), B (b), and C (c). 
 

    
(a)                 (b)                 (c)                 (d) 

Fig. 4: Failure mode of group S-1 (a), S-2 (b), S-4-1 (c), and S-4-3 (d). 
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(a)                              (b) 

Fig. 5: Failure mode of group B (a), and C (b). 
 
Tab. 1: Shear performance of group S. 

Parameters 
S-1 S-2 S-4 

S-1-1 S-1-2 S-1-3 S-2-1 S-2-2 S-2-3 S-4-1 S-4-2 S-4-3 
Maximum load 
(kN) 

2.910 3.150 3.130 5.910 5.740 6.540 11.300 12.350 12.520 
3.063(0.133)1 6.063(0.421) 12.057(0.661) 

Yield load 
(kN) 

1.340 1.316 1.430 3.010 2.555 3.023 5.330 5.065 5.660 
1.362(0.060) 2.863(0.267) 5.532(0.298) 

Ultimate load 
(kN) 

2.420 2.627 2.640 5.216 5.000 5.550 9.865 10.360 10.895 
2.562(0.123) 5.255(0.277) 10.373(0.515) 

Initial stiffness 
(kN.mm-1) 

0.294 0.219 0.366 0.404 0.457 0.288 0.903 1.099 0.897 
0.293(0.074) 0.383(0.086) 0.966(0.115) 

Ductility coefficient 
3.761 3.134 4.283 2.467 2.920 1.788 3.189 3.446 2.798 

3.726(0.575) 2.392(0.570) 3.144(0.326) 
Final displacement 
(mm) 

30.948 37.529 30.908 31.838 31.912 34.503 34.854 32.490 33.973 
33.128(3.811) 32.751(1.518) 33.772(1.195) 

Energy consumption 
(kN·mm) 

64.938 82.850 72.053 132.41 132.26 137.96 289.97 287.75 304.04 
73.280(9.019) 134.21(3.248) 293.92(8.834) 

1Values in parentheses are the standard deviation. 

 
Tab. 2: Shear performance of group B. 

Parameters 
B-1 B-2 B-4 

B-1-1 B-1-2 B-1-3 B-2-1 B-2-2 B-2-3 B-4-1 B-4-2 B-4-3 
Maximum load 
(kN) 

3.690 2.380 2.860 6.560 7.610 8.900 13.200 12.050 13.900 
2.977(0.663) 7.690(1.172) 13.050(0.934) 

Yield load 
(kN) 

1.945 2.052 1.647 4.440 3.690 4.910 7.676 7.322 5.612 
1.881(0.210) 4.347(0.615) 6.870(1.104) 

Ultimate load 
(kN) 

3.068 2.128 2.478 5.580 6.343 7.630 11.620 10.253 12.533 
2.558(0.475) 6.518(1.036) 11.469(1.148) 

Initial stiffness 
(kN.mm-1) 

0.982 0.804 0.873 0.946 1.477 1.946 1.953 2.185 1.634 
0.886(0.090) 1.456(0.500) 1.924(0.277) 

Ductility coefficient 
2.300 2.378 1.892 1.543 1.865 1.975 1.562 1.895 1.420 

2.190(0.261) 1.794(0.225) 1.626(0.244) 
Final displacement 
(mm) 

7.185 6.292 5.370 9.103 8.008 7.745 9.295 8.895 10.886 
6.282(0.908) 8.285(0.720) 9.692(1.053) 

Energy consumption 
(kN·mm) 

17.24
0 

10.570 9.792 33.366 37.175 44.128 73.415 67.139 88.370 

12.534(4.094) 38.223(5.457) 76.308(10.904) 
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Tab. 3: Shear performance of group C. 

Parameters 
C-1 C-2 C-4 

C-1-1 C-1-2 C-1-3 C-2-1 C-2-2 C-2-3 C-4-1 C-4-2 C-4-3 
Maximum load 
(kN) 

4.030 4.540 4.120 10.040 9.280 10.300 19.520 18.510 15.500
4.230(0.272) 9.873(0.530) 17.843(2.091) 

Yield load 
(kN) 

1.862 1.890 2.400 4.634 4.766 4.776 9.640 9.404 8.832 
2.051(0.303) 4.725(0.079) 9.292(0.415) 

Ultimate load 
(kN) 

3.576 3.747 3.601 8.457 7.832 8.967 16.613 16.232 13.326
3.641(0.092) 8.419(0.568) 15.390(1.798) 

Initial stiffness 
(kN.mm-1) 

1.055 0.881 0.695 1.805 1.502 1.775 2.625 1.917 1.882 
0.877(0.180) 1.694(0.167) 2.141(0.419) 

Ductility coefficient 
6.214 4.198 4.614 4.796 3.455 4.446 3.373 2.957 3.252 

5.009(1.064) 4.232(0.696) 3.194(0.214) 
Final displacement 
(mm) 

21.061 17.847 23.911 22.477 18.019 22.464 21.345 25.039 23.028
20.940(3.034) 20.987(2.570) 23.137(1.849) 

Energy consumption 
(kN·mm) 

69.254 58.908 76.766 170.281 120.702 178.779 302.040 337.707 259.691

68.309(8.966) 156.587(31.367) 299.813(39.056) 

 
The difference of parameters among group B, S, and C 

From Tabs. 1-3 and Fig. 6a, the maximum load increased with the number for all 
the groups which was illustrated above (Liu et al. 2015, Hossain et al. 2019). The maximum 
loads of groups C were higher than those of groups B and S individually, but lower than the sum 
of groups B and S. On the other hand, the second peak values were existed in groups C beside 
the maximum loads. The sum of the two peak values was much higher than the sum of the group 
B and S. 

From Fig. 6b, the initial stiffness of groups S was the lowest. While the initial stiffness of 
groups B was a little lower than that of groups C. From the curves of Fig. 3, in the displacement 
range of 0-5 mm, the curve shape of groups C was similar to that of groups B which increased 
sharply. The curve shape of groups S increased slowly. Based on these phenomena, the initial 
stiffness of groups S was much lower than that of the other two groups (Dong et al. 2015, Xiong 
et al. 2011). With the increased connector number, the initial stiffness showed the increasing 
trend. 

From Fig. 6c, the final displacement of groups S was the largest. On the contrast, the final 
displacement of groups B showed the lowest value. While the final displacement of groups C 
was situated between the groups B and S. For the same groups, the final displacement of 
different connector number did not show obvious difference. From Fig. 6d, the ductility 
coefficient of groups B was the lowest because the final displacement of groups B was the 
lowest. For the groups C, the ductility coefficient was the highest, because the final 
displacement of them was higher than that of groups B, the initial stiffness of groups C was 
higher than that of groups S. On the other hand, the initial stiffness increased with the connector 
number (Liu et al. 2015), while the final displacement did not showed the obvious change with 
the connector number. Based on this, the ductility coefficient showed the downward trend with 
the connector number. From Fig. 6e, the changing trend of energy consumption was similar to 
that of maximum load in Fig. 6a. 
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(a)                                (b) 

 
(b)                               (d) 

 
(e) 

Fig. 6: The difference of maximum load (a), initial stiffness (b), final displacement (c), ductility 
coefficient (d), and energy consumption (e) between group B, S, and C. 

 
The relationship between group B, S, and C 

The relationship between groups B, S, and C was studied below (Xue et al. 2020). 
The value of group B-1, and B-2 was set as x, the value of group S-1, and S-2 was set as y, and 
the value of group C-1 and C-2 was set as z. Then the linear equation in two unknowns could be 
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observed. And then using the formulas, the calculated values of groups C-3 could be found in 
Tab. 4. On the other hand, the errors between calculated values and testing values could also be 
found in Tab. 4. The errors of the parameters of yield load, initial stiffness, and ductility 
coefficient were higher than 10%. So this evaluation method could not be used in these three 
parameters reasonably. However, in the other five parameters, this analysis method could be 
a good choice, especially the maximum load, the second peak value, and ultimate load. 
According to this study, the maximum load, the second peak value, and ultimate load of groups 
C could be calculated accurately. In the future study, more evidence of the relation between 
groups B, S, and C could be explored: 

 
Maximum load: yxz 835.057.0                                                                                           (1) 

The second maximum load: yxz 575.0707.0                                                                  (2) 

Yield load: yxz 053.1052.0                                                                                                  (3) 

Ultimate load: yxz 748.0674.0                                                                                            (4) 

Initial stiffness: yxz 839.1566.2                                                                                       (5) 

Ductility coefficient: yxz 619.2195.0                                                                             (6) 

Final displacement: yxz 138.0606.0                                                                                  (7) 

Energy consumption: yxz 062.2579.0                                                                              (8) 

 
Tab. 4: The difference between calculated value and test value. 

Parameters Maximum load The second maximum load Yield load Ultimate load 
Calculated value 17.762 16.026 7.520 15.574 
Test value 17.843 15.877 9.292 15.390 
Error (%) 0.45 0.94 19.07 1.19 

Parameters Initial stiffness Ductility coefficient 
Final 

displacement 
Energy 

consumption 
Calculated value 1.058 3.645 21.799 327.666 
Test value 2.141 3.194 23.137 299.813 
Error (%) 50.57 14.13 5.78 9.29 

 
CONCLUSIONS 

 
(1) The maximum load, yield load, ultimate load, and initial stiffness of groups B were 

better than those of groups S. The ductility coefficient, final displacement, and energy 
consumption of groups B were lower than those of groups S. The main failure mode of groups 
B was the broken beech dowel. While for groups S, the bent self-tapping screw was the main 
failure mode. (2) The maximum load, yield load, ultimate load, initial stiffness, and ductility 
coefficient of groups C were better than those of groups B, and S. Two peak values could be 
found in groups C. The first and second peak values were larger than those of groups B and S, 
respectively. The final displacement and energy consumption of groups C were located 
between those of groups B and S. (3) The linear equation in two unknowns have be found 
between groups B, S and C. It could be used to calculate the maximum load, the second peak 
value, and ultimate load of groups C, when the parameters of groups B and S were obtained. 
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ABSTRACT 
 

This paper presents a series of full-scale tests conducted with office furniture made from 
OSB boards. Ignition source (30 kW gas burner) position and enclosure effects, free burn 
vs. ISO 9705 room, were evaluated from the perspective of instantaneous (HRR) and total heat 
(THR) released by the fuel packages. It was found that both of the evaluated factors have 
impact primarily on HRR – the peak ranging from 874 kW to 1 154 kW was delayed by approx. 
50 to 60 s in the free-burn experiments; the THR remained relatively consistent at approx. 
875 ± 30 MJ, meaning that in the observed period very similar amounts of fuel were burned. 
The thermal feedback within the enclosure seemed to be partially counteracted by the lack of 
oxygen, resulting in slightly higher HRR in free-burn test following the first peak. The findings 
of the research are applicable to fire hazard prediction by fire modelling. 
 
KEYWORDS: OSB, thermal feedback, oxygen concentration, heat release rate, room corner 
test. 
 

INTRODUCTION 
 

Agglomerated wood, or sheet wood materials are extensively used in construction, 
furniture manufacture and many other industries. As per the Global forest products facts and 
figures report 2018 (2019) reconstituted panels (OSB, particle boards and fibreboards) 
dominate other product categories in Northern America and Europe. In addition, OSB and 
particle board had the fastest growth in production, increasing by 25% and 13% respectively 
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over the period from 2014 to 2018. Most of this growth for both products occurred in Eastern 
Europe including the Russian Federation. 

OSB (oriented strand board) boards are made from compressed-oriented wood strands in 
layers (usually 3) combined by adhesives. In Europe, the boards are mostly produced from pine 
and spruce, but for production is possible to use wood with density between 350-700 kg·m−2. 
Individual strips of coniferous wood are about 0,4-0,8 mm × 6-25 mm × 75-130 mm. Longer 
strips are used for surface layers, smaller ones are in the middle of the board (Böhm et al. 2012). 
Their strength depends on used glue and thickness. Although the production companies in 
North America are still use PF adhesives in bigger share, PMDI, a mixture of monomeric 
diphenylmethane di-isocyanate and methylene-bridged oligo-aromatic isocyanates (Lay and 
Cranley 2003), is the primary adhesive system used in OSB production in Europe (Grunwald 
and Stroobants 2014, Grunwald 2014). Other types of glue used in production of OSB are urea 
formaldehyde (UF), melamine urea formaldehyde (MUF) of phenol-formaldehyde (PF). There 
are two standard formats of OSB boards sold in our region. The basic dimensions of the board 
with groove are 2 500 mm × 625 (675) mm. The dimensions of the plain-edge board are 
2500 mm × 1250 mm. The thickness of OSB boards varies from 12 mm to 25 mm. They are 
divided into 4 types by their strength and moisture resistance (OSB-1 to OSB-4) according to 
EN 300 (2006). 
 
Fire properties and hazards 

The boards are usually classified according to EN 13501-1 to reaction-to-fire class 
D-s1,d0 (ČSN 73 0810 2016). This base classification is established in through 
the Classification without further testing (CWFT) principle. In case of OSB boards fulfilling 
EN 300 requirements, with a minimum density of 600 kg·m−3 and a minimum thickness of 
15 mm, they may be classified as D-s2, d0 for applications excluding flooring and DFL-s1 for 
flooring applications (Commision decision of 17 January 2003 establishing the classes of 
reaction-to-fire performance for certain construction products. Notified under document 
number C(2002) 4807 as amended). Further information on CWFT for wood-based products 
may be found in (Mikkola and Östman 2004, Östman and Mikkola 2006). 

Since some applications require better fire performance, the market offers OSB boards 
with better reaction-to-fire classes, e.g. board called Kronospan OSB Firestop with 
reaction-to-fire class B-s1, d0.  

To achieve better fire classification and improve fire performance of agglomerate wood 
products, various fire-retarding components are added to the binder and/or the outermost 
covering layers or protective films. Among recent research, Martinka et al. (2021) studied 
the effects of aluminium hydroxide; a comprehensive overview may be found in Aseeva et al. 
(2014). 

Apart from construction material, OSB boards are also used to make furnishing. It is 
therefore necessary to understand fire hazards associated with such use. Important 
characteristics, from the fire-spread perspective, include the combination of critical heat flux 
and time to ignition. (Martinka et al. 2020) examined various OSB configurations and found 
the time to ignition to be as low as 19 s for the radiant heat flux of 19 kW·m−2 and the lowest 
critical heat flux to be below 10 kW·m−2. Unlike massive wood elements (Dúbravská et al. 
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2020), sheet wood products, including OSB may be prone to twisting and bending particularly 
at lower thicknesses, leading to early disintegration of protective char layer. 

When considering fire hazards in enclosures, it is important to be able to predict fire 
severity based on the limited experimental data available. Kadlic (2018) investigated various 
possibilities of prescribing burning fuel items and discussed differences in modelling results 
when free-burn and enclosure data were used. Wade (2019) proposed a mathematical approach 
to account for the enclosure effects on fuel packages and combustible constructions. This 
model accounts for thermal effects, vent mixing flow and oxygen concentration. Still, the 
appropriate experimental setup and data representation for fire modelling and engineering 
remain a significant question, as Babrauskas notes in (Hurley et al. 2016). 
 

MATERIALS AND METHODS 
 

The conducted full-scale fire tests are part of a complex research “Pyroboard” focusing on 
the computational modelling of pyrolysis and should serve for data validation. The main 
objective of the project is to describe the pyrolysis and burning of agglomerated wooden 
materials through a range of parameters collected by micro-, mid- and full-scale experimental 
research. This will allow proper mathematical modelling of wood burning.  

The test specimens are made from Oriented strand board (OSB) satisfying requirements of 
EN 300. Since the objective was to establish the properties for plain furniture, no further 
materials are included in fire tests. Test setup represents an office desk with drawers under 
the desk next to its right leg and a shelf cabinet on the right side of the desk: Office desk 
consists of desk 1 600 × 800 mm with two board legs 800 × 800 mm and board trestle 1600 × 
400 mm. Chest of drawers 400 mm wide, 600 mm deep and 700 mm high with 4 openable 
drawers 150 mm high. Shelf cabinet 400 mm wide, 400 mm deep and 1 600 mm high with 
4 uniform shelf spaces. For slight fire load decrease the OSB boards of thickness 12.5 mm were 
used. Selected properties of the OSB boards are summarized in Tab. 1. 

 
Tab. 1: Selected properties of OSB boards used as fuel load. 

Property Value 
Density 610.7 kg·m−3 
Thermal conductivity at 20°C 0.19 ± 0.02 W·m−1·K−1 
Specific heat (dry) at 20°C 1.18 kJ·kg−1·K−1 

 
The boards were joined together mechanically with screws. Fire source that simulates fire 

of a trash bin is a gas burner put under the table. The heat output of the burner is constant 30 kW 
and the duration of the ignition period is 480 s (8 min). The whole process was done in the Fire 
laboratory of University centre of energy efficient building of Czech Technical University in 
Prague, where the Room corner test apparatus is installed. Room corner test (ISO 9705-1: 
2016) consists of a small room (3.6 × 2.4 m and 2.4 m high) with one door opening and 
the exhaust hood 3.0 m × 3.0 m in front of the room. Exhaust fumes proceed to the analysers to 
obtain data of the heat release rate, so this apparatus can serve as a furniture calorimeter. 
Ventilation unit has maximal volume flow 3.5 m3·s−1 (approx. 13.000 m3 per hour). 
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There were four constellations executed differing firstly in the test setup location itself 
where the smoke and temperature accumulation is crucial and secondly in location of 
the burner: (1) If the furniture is located inside the room, it represents single-person office 
where the effect of single burning item should be more noticeable while installation under the 
exhaust hood where the fumes go straight to the ventilation is similar to well-ventilated open 
spaces with larger area to heat up (Fig. 1). It is assumed the fire inside the single-person office 
is more intensive and faster. (2) The burner was put either to the left next to the left table leg or 
to the right side of the working space next to the drawer chest (Fig. 2). Various location was 
chosen just to see whether any difference of the heat release occurs. 
 

  

Room corner test (RCT) setup. Well-ventilated hood setup. 

Fig. 1: Indicative display of test configurations. 
 

As mentioned before, the ventilation of the space, or exhausting the heated fumes 
respectively, seems to be crucial and can affect the test result in several ways. It is needed to say 
that due to calculation processes any change of the volume flow during the test results in 
the change of HRR (measurement error about 5% or more when the test is over ventilated). 
Constant flow is therefore favoured. The question was nevertheless which flow. On the one 
hand, higher volume flow, especially in the ignition phases of the well-ventilated test, entrained 
the flame causing a significant delay of the flame spread. On the other hand, in HRR peak times 
the hood was not capable to exhaust all the smoke products. Finally, there needed to be separate 
types of ventilation scenarios for the room and well-ventilated test: the room test setup had 
constant volume flow 60% (around 2.0 m3·s−1), the well-ventilated test setup started at 30% 
(1.0 m3·s−1) and after 500 s, when the furniture was definitely ignited, the volume flow 
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increased to 80% (2.8 m3·s−1). And there were situations when even such volume flow was not 
enough to exhaust all the fumes and had to be increased to 100%.  

Fire experiment has no pre-set duration. Test started in T= 0 s with ventilation on 
according to the test setup and data collection, time step was set to t = 3 s. After 120 s, the gas 
burner was ignited (T = 120 s) and burned for 480 s (T = 600 s). Test procedure for both 
constellations can be found in Tab. 2. 
 
Tab. 2: Timeline of the experiment.  

Time (s) Room corner test Well-ventilated 

0 
test start, data collection 
extraction capacity @ 60% 

test start, data collection 
extraction capacity @ 30% 

120 burner 30 kW burner 30 kW 
500 — extraction capacity @ 80% 
600 burner off  burner off 
Until burnout Free burn  

 
Except the quantities characteristic for furniture calorimeter, such as heat release rate, 

smoke production rate or optical density, surface temperature at 10 points of the model 
furniture were collected (Fig. 2 and Tab. 3). Cable thermocouples type K, 2×0,5 mm2 with 
mineral insulation were used. Tip of the thermocouples were shielded by 3 mm thick mineral 
fibre board. In this article, only thermocouples T02 a T03 will be discussed. 
 

 
Fig. 2: Test setup with thermocouples location. 
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Tab. 3: Thermocouples T02 a T03 locations. 
Txx Location x (mm) y (mm) z (mm) 
02 On the upper side of the table desk 800 400 800 
03 On the bottom side of the table desk 800 400 788 

 
 

RESULTS AND DISCUSSION 
 

The results from the first series of test burns conducted inside the ISO 9705 room are 
shown in Fig. 3. The results were shifted back by 120 s to discount the pre-burn period when 
the gas burner (ignition source) was off. After an initial delay of approximately 100 s there is 
a growth period until the first peak. The maximum HRR values reached for this scenario were 
1132 kW (at 524 s) for ignition on the left side and 874 kW (at 510 s) for ignition on the right 
side. 

 

 
Fig. 3: Room corner test results for office furniture made from OSB; dotted line represents 
a t2-model fit with α = 0.00293 kW·s−2 (slow) and α = 0.0042 kW·s−2 (custom). 
 

The results from the second series of test burns conducted as free-burn tests under the hood 
are shown in Fig. 4. The results were again shifted back by 120 s to discount the period when 
the gas burner (ignition source) was off. After an initial delay of approximately 100 s there is 
a growth period until the first peak. Until approx. 600 s, the growth is relatively slow, followed 
by a steeper growth period for the next 50 - 100 s until the first peak is reached. This peak is 
associated with the fire spread under the desktop and rapid release of flammable pyrolysis gases 
from its surface as it is heated underneath. The subsequent development of fire and HRR is 
driven by progressive collapse of the furniture. The second prominent peak in the RCT_L 
scenario is caused by fire development on the shelves side. When fire was initiated on the right 
side (RCT_R) the peak is not as prominent.  

Similar trends in HRR and the overall development of fire was observed in tests conducted 
in well-ventilated conditions under the hood, see Fig. 4. Due to the lack of thermal feedback, 
the effect of the enclosure, the development phase is prolonged, nonetheless after reaching 
approx. 375 - 400 kW there is a steep increase in HRR until the first peak is reached. There is 
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also a difference in the peak HRR between the burner locations, left and right, however a less 
significant one. 

The first peak HRR occurs approx. 30 s after the burner is turned off in the tests conducted 
inside the RCT and approx. 90 s in the free-burn tests. The contribution of the burner is 
subtracted from the analysed HRRs, i.e. the values presented in Figs. 3 and 4 represent net heat 
release of the OSB furnishings. The burner flames contribute to the initial flame spread on 
the OSB surfaces, however, it was not possible to quantify this effect. It is expected that shorter 
duration of ignition period would delay the onset of exponential growth period described 
below. 

An overview of the main fire severity parameters is provided in Tab. 4. It may also be seen, 
that the total released amount of heat does not differ significantly. Over the considered period 
of 2 100 s (35 min), the difference between the maximum and minimum THR is 61 MJ, which is 
approximately 3.6 kg of fuel, assuming hc,eff = 17 MJ·kg−1. This is less than 10% if 
the minimum THR is considered a baseline. 

The first difference that is apparent when comparing HRR shown in Figs. 3 and 4 is 
the prolonged fire growth stage up until approx. 400 kW. The fire growth until 400 kW takes 
about 100 - 150 s longer in tests under the hood. It is likely due to the lack of thermal feedback, 
since the heat in the fire and smoke plume is extracted rapidly, hence, the smoke layer cannot 
form fully and there is no construction to re-radiate heat back to the fuel. Since the heat is 
contained better in the RCT tests, the surfaces of the furniture heat up more rapidly, aiding 
the flame spread. 

 

 
Fig. 4: Free-burn test results for office furniture made from OSB; dotted line represents  
a t2-model fit with α = 0.00293 kW·s−2 (slow). 
 
Tab. 4: Overview of the main parameters of the burn tests. 

Value RCT_L RCT_R HOOD_R HOOD_L HOOD_L_2 
Peak HRR (kW) 1 132 874 1 017 1 154 1 143 
Time to peak (s) 524 510 580 560 583 
Time to 1MW (s) 510 — 577 547 579 
THR (MJ) (0–2100 s) 902 861 841 878 889 
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The above assumption is also supported by the temperature development on the top and 
bottom surfaces of the desktop (Fig. 5). It may be seen that there are significant temperature 
differences in the temperatures on the bottom side of the desktop. These are likely caused by 
the significant airflow for scenarios where the burning furniture is placed directly under 
the extraction hood – well-ventilated free burn experiments (HOOD). This airflow affects 
the heat transfer patterns under the desk and since approx. 70 - 75% of the produced heat is 
transferred through convection in the fire and smoke plume (Heskestad and Delichatsios 1989, 
Karlsson and Quintiere 2002). 

Hence the combined effect of reduced thermal feedback and increased heat removal in 
the free burn experiments, appears to cause slower fire growth and delays the first peak. Due to 
very transient nature of the flow patterns (even between the experiments in the same 
configuration) it is, however, difficult to quantify these effects precisely. The steep increase in 
HRR seems to corelate with the charring temperature of wood ≈ 300°C – for RCT scenario at 
approx. 480 s and for HOOD scenarios 560 s and 620 s, respectively. It must be noted, however, 
that there are multiple other factors affecting the growth phase, e.g. structural deterioration, 
which are difficult to quantify. The greater peak (1 132 kW) for the configuration with 
the burner on the left side may be attributed to the position of the desk – the left side is in the 
corner of the room, i.e. the flames are enclosed on two sides, so more heat is directed at the 
desk. 

 

 
Fig. 5: Temperatures at top and bottom surfaces in the centre the desktop. 
 

Fire growth phase is an important characteristic from the fire safety engineering 
perspective. It may be approximated as an exponential function, t2 model, which follows 
(Heskestad and Delichatsios 1979): 
 

 2 Q t  (1) 

 
where: Q̇ – heat release rate (HRR) (kW), α – fire growth rate coefficient (kW·s−2), t – time (s). 
 

There are four standardised fire growth rate coefficients (NFPA 72 2017): slow 
0.00293 kW·s−2, medium 0.01172 kW·s−2, fast 0.0469 kW·s−2, and ultrafast 0.1876 kW·s−2. 
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These fire growth rate coefficient are characteristics of various products and occupancies 
(PD 7974-1 2003, Mayfield and Hopkin 2011, BS 9999 2017). 

The t2 fire growth model was fitted to the experimental data. From the standardised fire 
growth rate coefficients, α = 0.00293 kW·s−2 (slow) follows the development stage the closest, 
dotted lines in Figs. 3 and 4. In the case of the RCT tests, the value of α was increased to 
0.0042 kW·s−2, since the time to reach the peak HRR was underestimated. As indicated in 
Fig. 3, the custom fire growth curve is still relatively close to the slow fire growth curve 
(about ¼ of the slow→medium band). Overall, the experiments indicate that there is a 
relatively slow fire growth stage for this type of furniture and initiation source.  

Mayfield and Hopkin (2011) fitted the t2 fire growth model to a well-ventilated free-burn 
experiment with an office furniture setup, and they found the fire growth phase also to be rather 
slow. In fact, for the investigated period 500 < t ≤ 1200 s, they derived α = 0.0003 kW·s−2, 
which is an order of magnitude lower than for the slow fire growth rate. For an unsprinklered 
reception area they derived α = 0.003 kW·s−2 for the investigated period 180 < t ≤ 1400 s, which 
may be considered almost equal to the slow fire growth rate (α = 0.00293 kW·s−2). Although, 
there were other fuel items present, in the above experiments, primary fuel load consisted of an 
office desk with a chest of draws and shelving units.  

Similar results for office furniture were recorded by (Walton and Budnick 1988). Again, 
significant variations were present, particularly between free burn and enclosure experiments. 
In free burn experiments the fire growth was found to be within the slow–medium zone. 

 

 
Fig. 6: Comparison of fire growth rates; custom – α = 0.0042 kW·s−2. 
 

As regards the overall fire severity, there is no clear trend. HRR and THR curves in Figs. 3 
and 4 indicate somewhat less severe course of fire for scenarios in which the burner was on 
the right side, both in the enclosure as well as freeburn. The decay phase, however, 
compensates for this (longer and/or higher HRR) to a certain extent. There are competing 
effects of heat balance (thermal feedback and gas extraction) and oxygen availability. For 
enclosure tests thermal feedback is expected to be more prominent and less heat is directly 
extracted due to the airflow affecting directly on the fire zone. The reduced airflow also means 
reduced oxygen concentration, which in turn reduces the burning and heat release rate. On the 
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contrary there is sufficient oxygen available in the free burn experiments, however, more heat is 
lost due to the increased airflow and absence of established hot layer and deflected flames. 

There are also limitations as to what is the extent of HRR enhancement by thermal 
feedback within the enclosure. Babrauskas (Hurley et al. 2016) discusses various aspects 
affecting thermal feedback and states, that there is approx. 20% enhancement possible for fires 
in the 100 - 1000 kW range. The effect is also dependent on the proportion of fuel surface able 
to “see” radiating surfaces, gases, and flames. Since, the tested fuel packages had large surfaces 
facing “inside”, e.g. shelve compartments, desk underside, drawers, etc., thermal feedback 
enhancement of heat release rate is expected to be limited. As Pokorny and Malerova (2017) 
and  Pokorny and Gondek (2016) note, the fire location (corner, wall and free standing) and 
ventilation conditions have a significant impact too, which is in line with the findings 
summarised in (Wade 2019). 

 
CONCLUSIONS 

 
As part of a greater research project, this paper discusses the differences in fire behaviour 

of office furniture made from OSB boards when located inside an enclosure and directly under 
an extraction hood (free-burn). The test enclosure and extraction system are as per the room 
corner test (RCT), specified by ISO 9705. 

After piloted ignition (30 kW burner) the development of fire was observed with 
the objective to identify them main factors causing the differences. The purpose for this 
comparison was the accuracy and mutual replaceability of enclosure and free-burn test results. 
Very often such results are applied as design fire in fire engineering, which may lead to under or 
overestimation of fire hazards. The investigated furniture set-up comprising a desk, chest of 
drawers and a shelving unit is typical for an office occupancy or home workstation. Differences 
were found both due to the location of the burner (ignition source) as well as burning 
environment – enclosed vs. free-burn. Although the total heat released remained relatively 
consistent, THR ≈ 875 ± 30 MJ.  

The instantaneous heat release rate, however, shows significant variability for both 
ignition and enclosure conditions. The first HRR peak is delayed by about 50 - 60 s for 
free-burn conditions. On the other hand, despite faster peak onset, the following HRR appears 
to be less severe for RCT (enclosed) tests. In case right side ignition (chest of drawers), the peak 
HRR does not even reach 1 MW. It appears, that the thermal feedback effect enhancing the 
burning rate is limited due to the geometry of the fuel (significant internal surfaces) and the 
oxygen-deprived atmosphere inside the enclosure hampers fire development and burning 
rate. As regards applicability to fire modelling for fire hazard predictions, the data obtained 
provide a useful insight on the variability associated with more complex geometries of solid 
fuel packages. Although there are options to model burning rate enhancement in various fire 
models (B-Risk, FDS) one should be careful not to over- or underpredict fire severity. 
In particular, zone models offer only a limited capability for fuel geometry representation (2D 
and 3D simple rectangular shapes) and the burning rate enhancement models are sensitive 
particularly to the amount and orientation of surface exposed to radiating heat. 
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ABSTRACT 
 

The effects of edge distances on stiffness in glulam connections with inclined self-
tapping screws were studied in this paper. Under four anchorage angles (A-45°, A-60°, A-
75°, A-90°) and three edge distances (EG-2D, EG-4D, EG-6D) conditions, the shear-tension 
tests were carried out on the timber structure connections with inclined self-tapping screws, 
and the stiffness and other properties of the connections were tested. Based on the results, 
the effects of edge distances on stiffness in joints were quantified using the equivalent energy 
elastic-plastic (EEEP) model. The results showed that the edge distances had a certain impact 
on the yield mode and load-carrying performance of the joints. Within a certain range of 
variation, as the edge distance increased, the stiffness of the connections increased gradually, 
showing a positive correlation. The stiffness of specimen EG-2D is 4.41 kN·mm-1. 
The stiffness of specimen EG-4D is 10.04 kN·mm-1, which increases by 128% compared with 
the specimen EG-2D. The stiffness of specimen EG-6D is 12.08 kN·mm-1, which increases by 
174% compared with the specimen EG-2D. However, the ductility coefficient, yielding load, 
and energy dissipating have no significant change. Within a reasonable edge distance, only 
ductile damage occurred. 
 
KEYWORDS: Inclined self-tapping screw, edge distances, edge distances, stiffness, glulam. 
 

INTRODUCTION 
 

Modern dowel-type fasteners, self-tapping screws (STS) have higher strength and 
stiffness compared with a traditional screw, which is widely used in mass timber structure 
(Blass and Bejtka 2001, Ringhofer et al. 2015) as shown in Fig. 1. This type of screw mostly 
features a continuous thread over the whole length (fully-thread) which leads to a more 
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uniform load transfer between the screw and the wood material (Dietsch et al. 2015, 
Jockwer et al. 2014). In recent years, many experimental (Yang et al. 2020, Zhang et al. 2019) 
and numerical studies (Brandner et al. 2018) concern about how the increase of screw 
inclination provides an increase of load-carrying capacity of the joints and concludes that is 
a significant change (Tomasi et al. 2010, Bejtka and Blass 2002, Wang et al. 2019, 
Komatsu et al. 2019, Yang et al. 2018, Que et al. 2020, Lu et al. 2020, Teng et al. 2020, 
Chen et al. 2020, Chang et al. 2019). Blass and Bejtka first clarified and proposed theoretical 
equations for the load-carrying capacity of inclined STS joint based on Johansen's theory 
(Johansen 1949). However, the inclined STS have more complex behavior in laterally loading 
condition which governed by the embedment behavior of the timber, withdrawal action on 
the screw and rope effect for large deformations. The assessment of the stiffness of 
the inclined STS has been studied by a few researchers (Girhammar et al. 2017, Symons et al. 
2010, Tomasi et al. 2010). 
 

 
Fig. 1: The engineering application of self-tapping screw. 
 

According to Eurocode 5 (EN 1995-1-1, 2009), the slip modulus of the connector is 
depends on the timber properties and diameter of STS. It can be expressed as: 
 

                                                                                                          (1) 
                                                                                                      (2) 

 
where:  is the slip modulus of a connector for design at serviceability limit state (N.mm-1); 

 is the density of the timber (kg.m-3). The values of d mean the effective diameter of STS 
where the effective diameter is 1.1 times the thread root diameter (mm).  
 

The Eq. 1 applies to nails without pre-drilling and Eq. 2 applies to screw. This equation 
can predict the stiffness of shear-compression stress in some cases. However, for the screws 
subjected to shear-tension stress, the equation is not able to accurately evaluate the stiffness. 
Therefore, Tomasi et al. (2010) further proposed the mechanic-based model to estimate 
the properties of STS connection. It can be expressed as: 
 

                         (3) 
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where:  is the connector stiffness for lateral loading;  is the connector stiffness for 

withdrawal loading;  is the angle of inclination of the STS;  is the friction coefficient of 
the wood element. 
 

According the Eq. 3 the stiffness of this connection can be seen by the two parts that 
lateral stiffness and the withdrawal stiffness of the screw. The lateral and withdrawal stiffness 
were affected of two parameters which is the interface friction of wood element and 
the inclined angle of the screw. As the angle changes, these two stiffnesses contribute 
differently to the overall stiffness of the connection. For example, the angle of inclination is 
0°, the overall stiffness of the node is the vertical component of the screw, which is 
completely borne by the compressive bearing stiffness of the screw. This trend can also be 
reflected in the Fig. 2. The figure showed the stiffness for the screw subjected to shear-tension 
stress versus the inclination angle for the case where the friction coefficient has different 
value. The “willow leaf” enclosed area represents the node stiffness of the self-tapping screw 
subjected to shear-tension stress could appear possible area. 

 

 
Fig. 2: The influence of the inclination (α) on the stiffness value.  
 

Tomasi's model (Tomasi et al. 2010) is only a theoretical derivation model, but in actual 
engineering, the stiffness of self-tapping screws will change differently under the influence of 
different margins, end distances, and group effects. 

The above research did not even address the edge distance effect of the stiffness for 
the STS. For the real project, the calculation formula given in the standard Eurocode 5 
(EN 1995-1-1, 2009) has restrictions, the edge distances, end distances, and spacing lead to 
more complex mechanisms of the STS. This paper aims to introduce and experimentally 
verify the effect of edge distance on the stiffness of the timber structure joint connected with 
STS used the glulam material. 
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MATERIAL AND METHODS 
 
Materials 

The specimens were fabricated in factory that glulam made of Douglas fir (Pseudotsuga 
menziesii), of strength class SZ1 according to GB 50005-2017 (2017), and PUR adhesive 
(Polyurethane Reactive). The lamina of the glulam thickness was 35 mm. The average 
moisture content was 10.5%, and the average air-dry density was 0.538 g.cm-3. 
The manufacture of glulam processing with adhesive spread 250 g.m-2, compacting pressure 
1.0 MPa, pressure time 4 h, processing temperature 25°C. 

The self-tapping screws are FTLD (product number) cylindrical head with full thread 
structure. The diameter × length of self-tapping screws is 6 mm × 140 mm, as showing in 
Fig. 3 and Tab. 1. Withdrawal and bending tests carried out on the self-tapping screws in 
compliance with LY/T 2377-2014 (2014), LY/T 2059-2012 (2012), and ASTM F 1575-17 
(2017), the average result of withdrawal strength is 25.79 N.mm-2, and the average bending 
yield strength is 1064 MPa. 
 

 
Fig. 3: FTLD self-tapping screw. 
 
Tab. 1: The dimensions of FTLD self-tapping screw (units: mm). 

Type L L1 D d dk K 
FTLD 140.0 130.0 6.0 4.0 8.4 5.5 

 
The plan of the experiment 

The specimen was designed by reference to the Chinese national standard 
GB 50005 2017 (2017) and the European standard Eurocode 5. The samples usually study in 
push-out tests, for example, it consists of two lateral wood (70 × 90 × 300 mm) elements and 
a central one (140 × 90 × 300 mm), held together by self-tapping screws: (a) The different 
anchored angle of single inclined self-tapping screws working only under shear-tension load 
(A-45°, A-60°, A-75°, A-90°); (b) The different edge distance of single inclined self-tapping 
screws working only under shear-tension load (EG-2D, EG-4D, EG-6D). 

In the study, the influence of the screw angle, two self-tapping screws are screwed in 
from both sides of the lateral wood elements, the edge distance is 36 mm, the end distance is 
108 mm, and the inclined angle is 45°, 60°, 75°, and 90° resp. To analyze the influence of 
the screw edge distance, were set to 2 D (12 mm), 4 D (24 mm), 6 D (36 mm), a total of three 
sets of specimens. The test was repeated six times for each group, and the test design was 
shown in Fig. 4. 
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Fig. 4: The schematic plans of specimens with different angles and edge distances. 
Units (mm). 
 
Test protocol and instruments 

The protocol of the push-out test was referenced in American standard ASTM D1761-12 
(2012) the deformation speed of the mechanical test machine was set 0.9 mm.min-1 (± 50%) 
by monotone displacement control of this test. Under this loading condition, the push-out test 
gets the maximum load within 5 - 20 min. During the experiment, when the load of 
the specimen has fallen to less than 80% of the maximum load, the loading is to stop, while 
using date collection system TDS-530, four linear variable differential transformer 
transducers (LVDT) and mechanical load sensor, acquisition of force and displacement data. 
The protocol of the loading is shown in Fig. 5. 

 

 
Fig. 5: Apparatus of the testing. 
 

RESULTS AND DISCUSSION 
 
Equivalent energy elastic-plastic method 

The test results are shown in Fig. 6 and Fig. 7. It is significant to know the yield point 
when the plastic deformations occurred in seismic. In seismic design, plastic deformations are 
allowed for ductile structures. Therefore, it is important to know the yield point, when 
the plastic deformation begins, and ductility, how much plastic deformation the structure can 
undergo without significant loss of strength (Williams et al. 2008). 



WOOD RESEARCH 
___________________________________________________________________________________________________ 
 
 

986 
 

 

Fig. 6: The load-slip curves of specimens 
with different anchorage angles. 

Fig.7: The load-slip curves of specimens 
with different edge distances. 

 
There are several methods around the world to quantify these properties for timber 

structures. In this paper adopted the equivalent energy elastic-plastic (EEEP) curve method 
that usually analysis the shear walls in ASTM E2126-19 (2019). The bilinear curve represents 
the accurate elastic-plastic behavior of the connection. The area below the test curve is equal 
to the area under the bilinear curve. The initial stiffness defined by 0% and 40% of 
the maximum load. Deformation at failure is defined as the deformation at 80% of 
the maximum load. The yield load can be calculated using this following equation: 
 

                                                     (6) 

 
where:  is yield load;  is deformation at failure; and  means energy 

dissipated until failure. 
 

Then we can equivalent the test curve to the bilinear curve directly. The first line of 
the bilinear curve corresponds to the initial stiffness and yield load. Once the yield load is 
defined, the yield deformation can be determined. The ductility of the connection can be 
calculated. 
 
Equivalent energy elastic-plastic analysis for different anchorage angles 

As is shown in the Fig. 8, the load-slip curves and bi-linear models of specimens with 
different anchorage angles. The stiffness of the joint is the largest at 45°, and as the anchorage 
angle increases, the stiffness of the joint gradually decreases. That is consistent with the slope 
part of the bi-linear model. 
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Fig. 8: The bi-linear models of specimens with different anchorage angles. 

 
The area enclosed by the load-slip curve is the energy dissipation of this joint during 

the test. In terms of energy dissipation, as the anchorage angle of the self-tapping screw 
increases, the energy dissipation of the joint increases. In order to show this difference, 
the initial stiffness, yield load, ductility coefficient and energy dissipation of the joints were 
calculated quantitatively by pick point software (Karube et al. 2001). 

 

Fig. 9: The properties of specimens with 
different anchorage angles. 

Fig. 10: The dissipation of energy of 
specimens with different anchorage 
angles. 

 
Tab. 2: The characteristic parameter of specimens with different anchorage angles. 

Anchorage 
angles test ID 

Maximum 
load (kN) 

Initial stiffness 
(kN·mm-1) 

Yield load 
(kN) 

Ductility 
factor 

Dissipation of 
energy (kN.mm) 

A-45°-AVG 11.09 (±1.16) 23.87 (±13.44) 6.40 (±2.84) 9.37 (±5.41) 38.65 (±3.71) 
A-60°-AVG 16.70 (±1.00) 13.38 (±4.62) 10.45 (±6.11) 5.10 (±1.85) 84.00 (±5.81) 
A-75°-AVG 17.83 (±1.28) 6.84 (±1.32) 9.40 (±0.80) 7.09 (±2.03) 250.96 (±75.50) 
A-90°-AVG 16.23 (±0.94) 1.62 (±0.58) 8.31 (±13.76) 4.62 (±1.19) 574.76 (±65.29) 

Note: The standard deviation of the six specimens in the brackets. 
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The load-displacement diagram was fitted by the bilinear model using EEEP method, 
then extract all kinds of properties of this connection draw the bar chart as Fig. 9 and Fig. 10. 
As Fig. 9 demonstrated that with the increase of self-tapping screw angle, initial stiffness is 
on the decline. In Tab. 2, the average of the initial stiffness of the specimen A-45° is 
23.87 kN·mm-1. The average of the initial stiffness of the specimen A-60° is 13.38 kN·mm-1 
compared with the A-45° which was reduced 43.9%. The average of the initial stiffness of 
the specimen A-75° is 6.84 kN·mm-1. Compared with the A-45° that was reduced 45%. 
The average of the initial stiffness of the specimen A-90° is 1.62 kN·mm-1, which is only 
6.8% of the average initial stiffness at A-45°. That means the initial stiffness is inversely 
proportional to the anchorage angle. But for yielding load, the specimen of A-60° has 
the maximum value. In the same condition, the inclined angle 45° is always easy to yield. 
Compared with energy dissipation, Fig. 10 shows the trend of exponential growth, the energy 
dissipation is a positive correlation with anchorage angle. 

When single the angle is considered changing, the effective length of self-tapping screws 
deep into the main material also changes. That is why the bearing capacity values of A-45° 
are low. On the other hand, the effective length of the embedded main wood element did no 
effect on the stiffness of this single shear-tension connection.  

For the specimen of A-45°, with the increase in load, the self-tapping screw first bears 
the bending resistance of the glulam under the action of the force. When this action increases 
with the increase in force, the reaction force of the screw cap also increases gradually, and 
finally presents the failure mode of pulling out the screw. With the change of the anchorage 
angle, the failure mode of the specimens also changed. The specimens of A-45°and A-60° 
were appeared screw pulling failure, and the specimens of A-75°and A-90° showed obvious 
bending failure. 

This phenomenon illustrates the effect of the effective length of the connector on 
the failure mode of the connection. 
 
Experimental phenomena and failure modes of different anchorage angles 

During the loading process, with the increase in load and displacement, this joint 
transitions from the elastic stage to the plastic stage. At the beginning of the yield 
displacement point of the specimen, the cracking occurred along with the sound. The sound is 
more intense near the maximum load, and the head of the screw with the angles of 75° and 
90° are pulled into the lateral wood elements about 7 mm and 15 mm, respectively. 

As the cross-section of the specimens in Fig. 11, the failure mode can be observed. 
For A-45° specimens there are no significant changes about the way of screws, but the self-
tapping screw was pulled out from the main wood element. The reason is the anchorage 
length of the screw into the main wood element is short, which caused the effective length of 
the embedded main wood element was not enough. In this case, the withdraw capacity was 
much bigger than the yield capacity of the screw. The self-tapping screw of the A-60° 
specimen was bent at the shear plane, and a plastic hinge appeared. The self-tapping screws of 
the A-75° and A-90° specimens were bent on both sides of the connection, and two plastic 
hinges appeared. The bending degree of the 90° specimen was greater, and the bending 
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symmetrical distribution occurred at both sides of the shear plans, which resulted in the 
failure mode of “two-hinge yield”. 
 

 
Fig. 11: Inside phenomena of different anchorage angles. 
 
Equivalent energy elastic-plastic analysis for different edge distance 

Similarly, the load-displacement diagram was fitted with a bilinear model to extract 
the properties of specimens with different edge distance (Fig. 12). As can be seen from Fig. 
13 and Fig. 14, the initial stiffness showed an upward trend with the increase of the edge 
distance.  

 

 
Fig. 12: The bi-linear models of specimens with different edge distances. 
 
In Tab. 3, the average of the initial stiffness of the specimen EG-2D is 4.41 kN·mm-1. 

The average of the initial stiffness of the specimen EG-4D is 10.04 kN·mm-1. The average of 
the initial stiffness of the specimen EG-6D is 12.08 kN·mm-1. The trend of average yield load 
and average ductility factor is relatively uniform, while the average energy dissipation of 
the specimen EG-4D is the largest (124.57 kN·mm), and the average energy dissipation of 
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EG-6D is the smallest (83.63 kN·mm), which decreases by 32.9% compared with 
the specimen EG-4D. 
 

 
Fig. 13: The properties of specimens with 
different edge distances. 

Fig. 14: The dissipation of energy of 
specimens with different edge distances. 

 
Tab. 3: The characteristic parameter of specimens with different edge distances. 

Edge 
distances test 

ID 

Maximum 
load (kN) 

Initial 
stiffness 

(kN·mm-1) 

Yield load 
(kN) 

Ductility 
factor 

Dissipation of 
energy (kN.mm) 

EG-2D-AVG 16.23 (±1.12) 4.410 (±0.48) 12.91 (±3.83) 2.40 (±0.19) 96.10 (±11.91) 
EG-4D-AVG 18.65 (±1.07) 10.04 (±3.22) 10.64 (±1.17) 4.73 (±1.12) 124.57 (±9.78) 
EG-6D-AVG 17.55 (±0.97) 12.08 (±4.83) 10.89 (±2.64) 4.24 (±2.15) 83.63 (±7.85) 

Note: The standard deviation of the six specimens in the brackets. 

 
Experimental phenomena and failure modes of different edge distance 

During the loading process, the specimen surface has no obvious phenomenon. 
After unloading, the shear plane has about 2 mm gap, separated the specimen, and examined 
the failure modes of different edge distances. Results show that the screw was a bend in 
the shear plane of different edge distances and “one hinge yield” failure occurred. Moreover, 
these results more remarkable in the specimen EG-4D. The way of the screw and screw 
failure mode in the members after a load of each group of specimens was shown in Fig. 15 
and     Fig. 16. 

 

Fig. 15: Inside phenomena of specimens with different edge distances. 
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Fig. 16: The failure mode of the self-tapping screw. 
 

CONCLUSIONS 
 

The push-out test was conducted with self-tapping screws at four anchorage angles      
(A-45°, A-60°, A-75°, and A-90°), three edge distances (EG-2D, EG-4D, and EG-6D). Using 
the energy elastic-plastic curve method (EEEP) method to study the effect of edge distances 
on stiffness and other properties of the joint. 

The results showed that the anchorage angles of STS had a significant impact on 
the initial stiffness of this joint, with the increase of self-tapping screw angle, initial stiffness 
is on the decline. In terms of initial stiffness, the specimen of A-45° is 23.87 kN·mm-1, but it 
is the easiest to buckle, and has lower energy dissipation and ductility. The maximum yield 
load at the specimen of A-60° is 10.45kN. For the specimen of A-45°, the stiffness of 
the connection is the smallest, and the energy dissipation value is the largest 574.76 kN·mm. 

With the increase of the edge distances, the initial stiffness increased, and the yield load, 
ductility coefficient, and energy dissipation were uniform. The stiffness of specimen EG-2D 
is 4.41 kN·mm-1. The stiffness of specimen EG-4D is 10.04 kN·mm-1, which increases by 
128% compared with the specimen EG-2D. The stiffness of specimen EG-6D is 
12.08 kN·mm-1, which increases by 174% compared with the specimen EG-2D. However, 
the ductility coefficient, yielding load, and energy dissipating have no significant change. 

Experimental results presented in this research the effect of the edge distances has 
a significant impact on the stiffness of the connection. The effective range of the STS has to 
be considered in the future test. 
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ABSTRACT 
 

The aim of this study was to determine basic anatomical features of annual plant fibers 
used as wood substitutes for the production of wood-based panels. For this purpose rye, wheat, 
triticale, rape and corn straw were used. The determination of the morphological features of 
the fibers was conducted on the macerated material. Fiber lengths, fiber diameters and lumens 
were measured, and then the fiber wall thicknesses and slenderness ratios were calculated. 
The result clearly showed significant differences among all fiber characteristics of the tested 
plants. The strength and direction of the relationship between the anatomical properties 
determined in the study and the physicomechanical properties of the boards produced with 
straw from the tested annual plants were identified. 
 
KEYWORDS: Straw of annual plants, anatomical properties, particleboards.  
 

INTRODUCTION 
 

The shortage of wood and its increasing prices lead to continuous work on re-placing 
the traditionally used particles in the production of particleboards (Mirski et al. 2020). Mainly 
trying to replace pine, spruce or birch chips with particles obtained from other lignocellulosic 
materials. One of the possibility is used straw of annual plants e.g. dried stalks of cereal crops, 
maize or rape. Term “straw” is commonly used in the case of cereals, legumes, flax and rape 
plants. In the EU countries, a significant amount of straw is observed as a residue from 
agriculture (Meyer et al. 2018). The straw of cereals, corn and rape is a by-product of 
agricultural production. In the case of rape, the demand to use straw results from the fact that 
rape is still the basic biocomponent in the production of biofuels (Markiewicz and Muślewski 
2020). One of them is the use of straw as a lignocellulosic raw material in the broadly 
understood wood industry (for the production of large-size boards).  
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In Poland, in the years  1999–2018, the average annual surplus of straw harvested over 
agricultural consumption equaled 12.5 million tons (4.2 Mtoe) (Gradziuk et al. 2020). Cereal 
straw and other annual plants are different from wood, e.g. chemical composition. Depending 
on the species cereal straw contains 45-55% cellulose, 26-32% hemicellulose (pentosans) and 
16-21% lignin (Paukszta 2006). Despite some technological difficulties, the incentives to use 
straw for the production of particleboards are its lower price, wide availability, its lower 
hygroscopicity, better thermal insulation and lower weight density (Dziurka and Mirski 2013). 
The concept of using these raw materials in the broadly understood wood industry is not new. 
The first at-tempts in this area were made in the 1960s. However, such boards have not been 
produced on an industrial scale. These limitations are partly due to incomplete knowledge 
about the properties of these raw materials, and thus the properties of the boards that can be 
produced under various technological conditions. The selection of wood substitutes should 
ensure compliance with the requirements, in terms of mechanical properties and water 
resistance, for boards used in the construction industry (Moriarty 2002). 

The properties of oriented strand boards (OSB), in which the wood was partially or 
completely replaced with straw of cereals or rape, were investigated by e.g. Cheng et al. (2013), 
Mirski et al. (2016). Bekhta et al. (2013), Boquillon et al. (2004), Hafezi and Hosseini (2014) 
determined the properties of particle boards in which wheat straw was used as a substitute for 
wood. Dziurka and Mirski (2013), Huang et al. (2016) used rapeseed straw for the production 
of boards. Research also shows that white mustard can be used as a substitute for wood 
(Azizi et al. 2011, Bekhta et al. 2013, Boquillon et al. 2004, Dukarska et al. 2015, Grigoriou 
2000, Mo et al. 2003). Moreover, Kurokochi and Sato (2015), Li et al. (2011) showed that rice 
straw can be use. Wu et al. (2015) conducted a study of the properties of boards produced with 
the use of corn straw, while Papadopoulos and Hague (2003) used flax and hemp. 
Papadopoulos et al. (2004), Xu et al. (2004) also applied bamboo and kenaf as a substitute for 
wood. Dukarska et al. (2012) for manufacture particleboards used evening primrose straw. An 
interesting option is also the replacement of wood particles with tomato and grape stalks, kiwi, 
coffee or tea waste (Bekalo and Reinhardt 2010, Guuntekin et al. 2009, Nemli et al. 2003). 
Medium-density fibreboards (MDF) enriched with corn or cotton stalk fibers were studied by 
Kargarfard and Latibari (2011). The cited studies carried out in various research centers show 
that not all lignocellulosic materials provide the boards produced with the physical and 
mechanical properties required in construction. This is the result of e.g. diversified anatomical 
structure, chemical composition and particle size of alternative raw materials.  

Moreover, various technological conditions for the production of boards, as well as 
the types of adhesives used, make it difficult to compare the properties of the produced boards 
and to select the most appropriate substitutes for wood. In the case of gluing straw particles of 
annual plants, the presence of waxy substances on their surface hinders the gluing of 
the particles, which make worse the strength and water resistance of the boards. This problem 
can be solved by using iso-cyanate-based pMDI resins (Grigoriou 2000, Mo et al. 2003). 
For replace currently using materials, knowledge a specification of straw and their influence on 
particleboards properties is necessary. 
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 Until now, research related to alternative materials instead of wood, especially straw from 
annual plants used in the production of particle boards or fiberboards, has focused mainly on 
determining the physical and mechanical proper-ties of boards made of these materials. One 
of the factors determining the possibilities of using straw from annual plants for the production 
of panels is the varied anatomical structure of these materials. The comparison of the properties 
of boards in which straw is the substitute for wood from different annual plants is possible if 
they were produced under the same technological conditions. Therefore, the aim of these 
studies was to determine the morphological features of straw fibers of annual plants and to 
determine the strength and direction of the relationship between the microstructure features and 
the physicomechanical properties of the boards, determined in previous studies on the same 
experimental material and produced according to the same methodology (Mirski et al. 2018). 

 
MATERIAL AND METHODS 

 
Material 

In this research rape straw (Brassica napus L. var. Napus) (Ra), triticale straw 
(Triticosecale Witt.) (Tr), rye straw (Secale L.) (Ry), corn straw (Zea mays L.) (Co), wheat 
straw (Triticum L.) (Wh) were used. This material was obtained from the harvest in the same 
year, in Wielkopolska province (Poland), in the form of bales. It has been crushed and stripped 
of mineral impurities.  

 
Methods 

 The morphological features of the straw anatomical elements were marked on 
the macerated material. Maceration was carried out with a mixture of acetic acid and hydrogen 
peroxide (30%) in the proportion 1:1, at the temperature of 60°C for 20 h. From the obtained 
macerates, microscopic preparations were made. Length and diameter of the fibers as well as 
the diameter of the lumens were measured. From each tested raw material, 30 fibers were 
measured, and their diameters were determined at the widest points of the tested cells. Based on 
the performed measurements, the thickness of the fiber walls and the slenderness ratio, which is 
the ratio of the length to the diameter of the fibers, were calculated. Measurements were 
performed using a Primo Star light microscope (Carl Zeiss Microscopy, Germany) coupled 
with a computer image analyzer (Motic Images Plus 4.0, Motic In-corporation Ltd, Hong Kong, 
China). The macrostructure of the longitudinal surfaces of the tested lignocellulosic materials 
was observed using a stereoscopic microscope made by Olympus (Olympus Poland) coupled 
with a computer image analyzer using the Motic Images Plus 2.0 program (Motic 
Incorporation, Ltd., Hong Kong, China).  

Statistical analysis was performed using Statistica 13.0 software (Dell, Round Rock, TX, 
USA). The descriptive statistics and one-way analysis of variance (ANOVA) were applied. All 
tests were performed at the significance level of p < 0.05.   

In order to numerically determine the relationship between the anatomical properties 
determined in the study and the physicomechanical properties of the boards (made with the use 
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of straw from the studied annual plants) taken from authors previous research, a correlation 
matrix was used. 

 
RESULTS AND DISCUSSION 

 
The straws of the examined annual plants differ in their macro- and microscopic structure. 

Rye, wheat, triticale and corn belong to the grasses, and rape is a variety of cabbage. The most 
important part of the straw is the tube-shaped stalk, separated by elbows into segments called 
internodes (Liu et al. 2018). Straw from annual plants is characterized by high morphological 
heterogeneity. They consist of fibers and other structural elements such as vessels and 
parenchymal cells. The straw walls consist of three layers. The outer layer is made of a covering 
tissue whose cells are characterized by serrated edges. The middle layer is made of slender, 
pointed bast fibers with thick walls. Apart from them, in this layer there are slightly shorter and 
less slender sclerenchymatic strengthening cells, concentrated mainly in the nodes forming 
the so-called elbows. The inner layer consists mainly of parenchymal cells, vessels and bast 
fibers. During the growth of these plants, their parenchyma quickly disappears and the stalk, 
except for the nodes, be-comes empty inside. The exception is maize, in which the nodes and 
internodes are filled with parenchyma (spongy core). Rapeseed, on the other hand, is a plant of 
the type of cabbage, hence its straw has a structure different from that of other plants and is not 
suitable for fodder or bedding. The parenchyma is undesirable from the point of view of 
adhesion and mechanical properties. From the point of view of suitability for the wood-based 
panels industry, the bast fibers are the most valuable cells in the straw composition. 
In the structure of the stem, the fiber is its most durable structural element. In addition, they 
have a favorable strength to density ratio and have good thermal and acoustic insulation 
properties. 

The macrostructure images of the longitudinal sections are presented in Fig. 1. The tested 
lignocellulosic raw materials differ in the structure of external and internal longitudinal 
surfaces. The outer surfaces of the straw are smoother. On the other hand, the inner surfaces are 
rough due to the presence of parenchymal cells. The surface roughness is desirable as it 
contributes to better adhesion with the binder matrix (glue) for greater strength. It should also 
be noted that the particles of different straws show the presence of contaminants from the 
storage environment. Similar results were observed by Bouasker et al. (2014). 

 
Material Inner layer (magnification 60 x) Inner layer (magnification 180 x)  

Corn straw 

Triticale Outer layer (magnification 130 x) Inner layer (magnification 130 x) 
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Straw  

Rape straw 

Outer layer (magnification 130 x) Inner layer (magnification 130 x) 

 

Rye straw 

Outer layer (magnification 130 x) Inner layer (magnification 130 x) 

Fig. 1: Macrostructure of longitudinal sections of external and internal layers 
of the investigated straws of annual plants. 

 
The results of the determination of the anatomical properties of the fibers of the tested 

lignocellulosic raw materials are presented in Fig. 2. The first stage of the straw morphological 
analysis was started with the comparison of the fiber length. Wheat has the longest fibers, 
the average length of these cells is 1820 µm. Literature data indicate that wheat straw fiber 
length was smaller (970 µm) in comparison with results of presented research (Ferdous et al. 
2020). In turn, the shortest fibers were recorded for rape, as their average length was 800 µm. 
In the case of corn, the fibers from the inner zones of the cross-section were about 40% shorter 
(their average length was approximately 985 µm) compared to the outer zones. Rape had 
the largest diameter fibers (21.9 µm). According to these dimensions, these fibers showed 
the smallest slenderness, which did not exceed the value of 40. The diameters of the fibers of 
the tested plants were more even than their length.  

 The thickness of the fiber walls is also an important dimension influencing the physical 
and mechanical properties of the boards. Triticale and wheat fibers (about 5.6 µm) were 
characterized by very similar and at the same time the thickest walls. According to Ferdous et 
al. (2020) fiber wall thickness of wheat straw was 1.99 µm. The wall thicknesses of rye and 
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rape fibers were about 20% smaller, and that of maize about 36%, compared to the average 
thickness of triticale and wheat. In the case of maize, the thickness of the fiber walls (outer and 
inner part) was practically the same (3.7 µm). Comparing the coefficients of variation of the 
measured values, it can be concluded that the highest values occurred for the fiber length and 
they ranged from 19% for wheat to 42% for rape. For the fiber diameter and wall thickness, the 
coefficients of variation were smaller and amounted to, respectively, from 21% to 30% and 
from 23% to 32%. 
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Fig. 2: Length, diameter of fibers and lumens, thickness and slenderness of fibers of tested 
lignocellulosic materials (Tr – triticale; Ry - rye; Co - corn; Ra - rape; Wh – wheat). 

 
The Anova analysis of variance showed that at the significance level of 0.05, the differences 

in all measured fiber dimensions and the slenderness ratio of the tested plants are statistically 
significant. The values of the calculated Fisher F test statistics are greater than the table 
statistics (Tab. 1). 
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Tab. 1: Analysis of variance (ANOVA) of selected properties anatomical of the examined 
fibrous materials. 
Source of variation Festimated 

F(5;177;0.05) 
Ftabular 

F(5;177;0.05) 
p 

Fiber lengths (µm) 40.339 

2.265 

0.000 
Fiber diameters (µm) 8.215 0.000 
Thickness of wall of fibres (µm) 11.381 0.000 
Slenders ratio 32.455 0.000 

Note: df- degrees of freedom, F- value of test Fisher, p- level of significance. 
 

In previous studies, Mirski et al. 2018 determined the physicomechanical proper-ties of 
three-layer boards, in which the middle layer was made of industrial pine chips and the outer 
layers were straw particles of the annual plants studied in this study. Physical and mechanical 
properties of the boards were different for the individual plants. In order to demonstrate which 
anatomical features of the fibers of the studied plants have an impact on the physicomechanical 
properties and to determine the strength of this correlation, a correlation matrix was prepared 
based on their mean values (Tab. 2). 
 
Tab. 2: Density correlation matrix (ρ), modulus of rigidity (MOR), modulus of elasticity 
(MOE), thickness swelling (TS24) and water absorption (WA24h), fiber lengths (L), fiber 
diameters (Dw), lumen diameters (Dl), slenderness fibers (S) and wall thickness fibers (T) of 
the annual plants tested. 

Correlation coefficients (p < 0.05) 
 ρ 

 

MOR MOE 
 

TS24h WA24h L Dw Dl S 
 

T 
ρ 

 

1.000 0.7015 0.7588 -0.4335 -0.6512 0.5065 -0.0402 -0.5425 0.1686 0.9554 
MOR 

 

 1.0000 0.9476 -0.8109 -0.9374 0.9571 -0.4248 -0.6910 0.6680 0.5224 
MOE 

 

  1.0000 -0.9043 -0.9884 0.9271 -0.5962 -0.8744 0.7559 0.5430 
TS24h 

 

   1.0000 0.9545 -0.9165 0.8725 0.9426 -0.9613 -0.1504
WA24h 

 

    1.0000 -0.9600 0.6903 0.8970 -0.8436 -0.4091
L 

 

     1.0000 -0.6349 -0.7677 0.8437 0.2721 
Dw 

 

      1.0000 0.8603 -0.9453 0.2513 
Dl 

 

       1.0000 -0.8682 -0.2771
S 

 

        1.0000 -0.1279
T 

 

         1.0000 

 
The obtained high values of correlation coefficients indicated that the increase in fiber 

length resulted in an increase in modulus of rigidity (MOR) and modulus of elasticity (MOE) 
and a decrease in both thickness swelling (TS) and water absorption (WA) after 24 h of soaking 
the tested boards in water. These correlations were statistically significant at the level of 0.05 
with respect to the stiffness and water absorption modulus of the boards. The increase in fiber 
lumen diameter facilitates access and increases the possibility of water penetration into their 
interior, which influenced water absorption and swelling after 24 hours of soaking the boards in 
water and reduced the modulus of elasticity. It should be noted, however, that these correlations 
are strong, as these coefficients range from 0.8744 to 0.9426, but are statistically insignificant. 
On the other hand, the increase in the slenderness of the fibers significantly reduces the 
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swelling of the boards after 24 hours of soaking in water. A strong and positive, although 
statistically insignificant, relationship was found between slenderness and modulus of 
elasticity, and a strong and negative correlation was found between slenderness and water 
ab-sorption after 24 h of soaking. On the other hand, the correlation coefficient between the 
thickness of the fiber walls and the density of the boards indicates that this relationship is strong 
and statistically significant, as it reaches the value of 0.9554. 
 

CONCLUSIONS 
 

(1) The tested straws of annual plants show statistically significant differences at the level 
of 0.05 for all analyzed anatomical features of the fibers. (2) The longest fibers were recorded 
for wheat and these values were over two times higher than those of rape, where these cells 
were the shortest. Due to small differences in fiber diameters in the analyzed plants, the 
slenderness ratio was determined by the fiber length. The differentiation of the mean values of 
this coefficient was almost threefold. (3) The thickness of the fiber walls was similar for wheat 
and triticale (approx. 5.5 µm) as well as rye and rape (approx. 4.5 µm) and they were 
respectively approx. 35% and approx. 15% higher than corn fibers. (4) A strong positive 
correlation was demonstrated between fiber length and modulus of rigidity (MOR) and 
modulus of elasticity (MOE) and a strong but negative correlation between fiber length and 
swelling and water absorption after 24 h of soaking the panels. (5) A strong, positive correlation 
was also obtained for the relationship between the diameter of the lumen of the fibers and the 
thickness swelling and water absorption after 24 h of soaking the panels. On the other hand, 
high, but negative correlation coefficients were established between the slenderness of the 
fibers and the analyzed physical properties of the boards. Slightly smaller, positive values of the 
correlation coefficients were obtained between the slenderness of the fibers and the modulus of 
rigidity (MOR) and modulus of elasticity (MOE). 
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ABSTRACT 
 

In this article, the dynamic parameters (frequencies, mode shapes, damping ratios) of 
the uncoated wooden shed and the coated by silicon dioxide are compared using the operational 
modal analysis method. Ambient excitation was provided from micro tremor ambient vibration 
data on ground level. Enhanced frequency domain decomposition (EFDD) was used for output. 
Very best correlation was found between mode shapes. Nano-SiO2 gel applied to the entire 
outer surface of the red oak shed has an average of 14.54% difference in frequency values and 
13.53% in damping ratios, proving that nanomaterials can be used to increase internal rigidity 
in wooden slabs. High adherence of silicon dioxide to wooden surfaces was observed as another 
important result of this study. 
 
KEYWORDS: Operational modal analysis, nanomaterial, wooden, EFDD, SiO2. 
 

INTRODUCTION 
 

Nanotechnology can produce products with many unique properties that can improve 
existing building materials: lighter and stronger structural composites, less maintenance 
coatings, more useful cement-based materials, products with better thermal insulation 
properties, etc. (Akbaş 2020). In addition, nanomaterials applied to the surfaces of structural 
elements of buildings can contribute to environmental cleaning and energy generation through 
photocatalytic reactions (Akbaş 2020). As many become interested in pursuing good health, 
environmental and protection in the use of wood products becomes increasingly critical 
(Jing et al. 2019). Thanks to nanotechnology, wood can be stronger, more durable and easier to 
place, steel can be made tougher, glass self-cleaning, and paints can be made more insulating 
and water-repellent (Tang et. al. 2018). 

The reason for using silicon dioxide in the study is that its mechanical properties are as 
good as conventional materials (AFRP, BFRP, CFRP, GFRP, etc.) used in reinforcement 
(Arriaga et al. 2011, Motlagh et al. 2012, Prachasaree and Limkatanyu 2013, Glišović et 
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al. 2016, Kisitotalla et al. 2017, Dave et al. 2018, Doubek et al. 2018). Nano-SiO2 gel has large 
specific surface area and strong adsorption properties, which may help to prevent water-based 
fire retardant from running off (Zhongxi et al. 2020). 

Operational modal analysis method is an up-to-date experimental method that is frequently 
used in determining the dynamic parameters of structures. The basic principle of the method is 
based on obtaining dynamic parameters such as frequency, mode shapes and damping ratios by 
processing the output data received from the structure. In addition, operational modal analysis 
is used to determine the damage levels of the existing structures, to check the validity of 
the assumptions made while constructing the finite element model, to update the initial 
numerical model of the existing structures according to the experimental data, to determine 
the dynamic characteristics of the structures by the experimental modal analysis method when 
the numerical model of the existing structures cannot be formed and to follow the structural 
health is widely used in the process (Alvin and Park 1994, Tseng et al. 1994, Aliev and 
Larin 1998, Ljung 1999, Lus et al. 2003, Roeck 2003). 

It is necessary to estimate sensitivity of reaction of examined system to change of random 
or fuzzy parameters of a structure. Investigated measurement noise perturbation influences to 
the identified system modal and physical parameters. Estimated measurement noise border, for 
which identified system parameters are acceptable for validation of finite element model of 
examine system. System identification is realized by observer Kalman filter (Kalman 1960, 
Trifunac 1972, Ibrahim 1977, Juang 1994). In special case observer gain may be coincide with 
the Kalman gain. Stochastic state-space model of the structure is simulated by Monte-Carlo 
method. As a result of these theoretical and experimental studies, the importance of temperature 
change and humidity has emerged once again from the environmental factors affecting the  odal 
parameters. The effects of temperature and humidity on modal parameters have been 
the subject of thorough examination in the last 15 years (Kasımzade and Tuhta 2017, 
Tuhta 2018, 2019). 

It was observed that three types of definitions were used in the engineering structures: 
modal parameter identification; structural-modal parameter identification; control-model 
identification methods are used. In the frequency domain the identification is based on 
the singular value decomposition of the spectral density matrix and it is denoted frequency 
domain decomposition (FDD) and its further development enhanced frequency domain 
decomposition (EFDD). In the time domain there are three different implementations of 
the Stochastic Subspace Identification (SSI) technique: Unweighted principal component 
(UPC); Principal component (PC); Canonical variety analysis (CVA) is used for the modal 
updating of the structure (Sestieri and Ibrahim 1994, Balmes 1997, Bendat 1998, 
Marwala 2010).  

In this study, the EFFD method was used in the signal processing. The Enhanced 
Frequency Domain Decomposition technique is an extension to Frequency Domain 
Decomposition (FDD) technique. This technique is a simple technique that is extremely basic 
to use. In this technique, modes are easily picked locating the peaks in Singular Value 
Decomposition (SVD) plots calculated from the spectral density spectra of the responses. 
FDD technique is based on using a single frequency line from the Fast Fourier Transform 
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Tab. 4: Comparison of existing and coated shed damping ratio results. 
Mode number 1 2 3 4 5 
Modal damping ratio (ξ) - E 1.34 1.18 0.91 1.02 0.84 
Modal damping ratio (ξ) - C 1.07 0.98 0.82 0.93 0.74 
Difference (%) 20.14 16.94 9.89 8.82 11.90 

 
CONCLUSIONS 

 
In this research, the conducted were both operational modal analysis of existing wooden 

shed and silicon dioxide coated wooden shed. Comparing the result of study, the followings are 
noticed: (1) From the ambient vibration test, the first five natural frequencies are attained 
experimentally, which range between 3 and 11 Hz. (2) When comparing the existing and coated 
wooden shed results, it is clearly seen that there is very best agreement between mode shapes.  
(3) It has been determined that there is an average of 14.54% difference between the frequency 
values of the existing wooden shed and the silicon dioxide coated wooden shed. (4) It has been 
determined that there is an average of 13.53% difference between the damping ratios of the 
existing wooden shed and the silicon dioxide coated wooden shed. (5) Silicon dioxide applied 
to the entire outer surface (80 micron thick) of the wooden shed has an average of 14.54% 
difference in frequency values (Tab. 3) and 13.53% in damping ratios (Tab. 4), proving that 
nanomaterials can be used to increase rigidity in wooden sheds, in other words, for 
reinforcement. (6) The fact that no negative chemical reaction was observed between wood and 
silicon dioxide during the examination revealed that such nano-coatings can be used in wooden 
structures. (7) Another important result determined in the study is that it has been observed that 
the adherence of silicon dioxide and similar nanomaterials mentioned in the introduction to 
wooden shed surfaces is at the highest level. 
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ABSTRACT 
 

Formaldehyde emission still remains a major disadvantage of widely applied 
formaldehyde-containing amino resins such as UF (urea-formaldehyde) resin and MUF 
(melamine-urea-formaldehyde) resin. The compositions of adhesives for plywood 
manufacturing have to contain a proper extenders in order to adjust their viscosity. Thus, 
the aim of the study was to investigate the effect of protein-rich soy flour (SF) as the extender 
for adhesives. The composition of flours and their ability to absorb the formaldehyde were 
determined. Properties of liquid resins such as gel time, viscosity, pH and solid content were 
investigated. The possible chemical interaction between the extenders and resins were assessed 
with the use of FTIR spectroscopy. Plywood panels manufactured using UF and MUF 
adhesives with the soy flour introduced as the extender in various concentrations were tested in 
terms of shear strength and formaldehyde release. Studies have shown that soy flour has a 
favorable composition and formaldehyde-scavenging ability. The addition of SF affected resins 
properties such as viscosity and gel time but showed no influence on their pH and solid content. 
FTIR analysis has not explained the chemical interaction between resin and extender. 
The application of soy flour in the concentration of 15% for UF resin and 10% for MUF resin 
allowed to produce plywood characterized by improved bonding quality and decreased 
formaldehyde emission.   
 
KEYWORDS: Amino resins, soy flour, extender, plywood.  
 

INTRODUCTION 
 

The start of innovative wood composites production had a major effect on wood utilization 
by its fragmentation to a particles and bonding them together. In addition to the suitable use of 
scarce raw material, the developed boards were characterized by a properties that were not 
available from solid wood. Since then, wood-based panels such as plywood, medium- and high 



WOOD RESEARCH 
___________________________________________________________________________________________________ 
 
 

1016 
 

density fiberboards became more popular and as their global production increases, 
the consumption of wood adhesives also increases (Bekhta et al. 2020, Kawalerczyk et al. 
2019a). Because of that, there are many ongoing studies concerning the invention of new 
adhesives or the refinement of the already existing ones (Frihart 2015).  

Nowadays the amino resins such as urea-formaldehyde (UF) and 
melamine-urea-formaldehyde (MUF) are the main adhesives used in the industry for 
the preparation of wood-based materials (Lei and Frazier 2015). UF resins have gained a wide 
applications mostly due to their good adhesion to wood, fast curing and low cost 
(Costa et al. 2013). On the other hand, MUF resins are characterized by a higher moisture 
resistance which allows to extend the possible applications and include the panels intended for 
kitchen, floor and structural use (Mirski et al. 2020a). However, the common disadvantage of 
these resins is the release of formaldehyde (HCHO) from the finished boards, especially those 
for indoor applications (Antov et al. 2020a, Mirski et al. 2020b).  

The effective way to reduce the harmful emissions from plywood is to select a suitable 
extender for the adhesive (Kawalerczyk et al. 2020b). The compositions of the adhesive 
mixture in plywood manufacturing have to contain the additives called the fillers or the 
extenders in order to adjust their viscosity (Chen and Yan 2018, Dukarska and Czarnecki 
2016). Many studies have been carried out in order to find a new proteinaceous filling 
substances for plywood manufacturing. Hogger et al. (2020b) investigated the possibility to 
introduce wheat flour, wheat starch and wheat protein in various concentrations to PF 
(phenol-formaldehyde) and UF resin. Studies have shown that the amount of the extender 
added was determined by the increase in viscosity. The extenders had no major effect on pH 
values, curing behavior and the course of FTIR (Fourier transform infrared spectroscopy) 
spectra. Moreover, the properties of plywood containing the various wheat extenders were 
investigated. It was concluded that the wheat flour and wheat starch can be applied as a suitable 
filling substances for UF and PF adhesives. However, the amount of wheat protein added was 
limited by the viscosity of the mixtures to 30% for both resins. The type of extender had no 
significant effect on the formaldehyde emission (Hogger et al. 2020a). Waage et al. (1991) 
added up to 40% pecan shell flour and 33% wheat flour to PF resin and determined the 
influence on its curing properties by thermal analysis (dynamic mechanical thermal analysis 
and differential scanning calorimetry). The obtained results indicated no significant changes of 
the extender on the curing process. Ding et al. (2013) added the wheat flour, wheat starch mixed 
with gluten and maize powder to the UF resin. The strength properties of bond layer between 
the veneers was not affected by the type of additive. Moreover, it was found that the gluten 
addition resulted in the highest increase of the viscosity values. Ong et al. (2018) tested the 
possibility to apply the palm kernel meal (PKM) and palm shell (PS) to the composition of 
MUF adhesive. Authors optimized the extenders concentration in the range from 13 to 18% 
where the decrease in formaldehyde emission was at a minimum at 18% and the shear strength 
increase was at a maximum at 13%. Babcock and Smith (1947) investigated the possibility of 
using corn gluten and soybean meal as the vegetable proteinaceous extenders for phenolic 
adhesive in plywood production. Formulas including resin and protein materials in the ratio of 
6:4 was characterized by the rapid curing time and the strength properties which meet the 
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requirements for the exterior plywood. Hojilla-Evangelista (2013) studied the application of 
wet-milled corn germ protein as the extender for phenolic resin. Investigations have shown that 
the best properties of plywood panels were achieved with the corn germ protein extract 
included in the adhesive compositions. Taghiyari et al. (2020) conducted the research on the 
use of soy flour and a micron-sized wollastonite as the fillers for UF resin. On the basis of the 
results it was found that 10% of soy flour and 5% of wollastonite in the adhesive formulation 
provided plywood with the lowest formaldehyde emission and the most optimal mechanical 
and physical properties. 

This study is a continuation of the research concerning the incorporation of various flour 
types into the adhesives applied in the plywood manufacturing process. The following five 
types of flours were investigated as the potential UF resin extenders: hemp, rye, coconut, 
pumpkin and rice. The outcomes showed that the influence on viscosity and gel time varied 
depending on the introduced flour type. Moreover, the plywood panels were tested in terms of 
shear strength, modulus of elasticity and modulus of rupture. The best results were noted in 
variants containing the rye and pumpkin flour. The values of formaldehyde emission indicated 
that the hemp flour can be also used as a formaldehyde scavenger (Kawalerczyk et al. 2019b). 
However, the hemp flour addition resulted in the decrease of UF glue line strength and 
the plywood mechanical properties. Thus, Authors conducted the studies aimed to adjust 
the amount of introduced extender in order to achieve a proper viscosity level and to confirm 
the effect on lowering the harmful emissions from MUF adhesives. The addition of hemp flour 
to MUF resin in the concentrations of 20% and 25% led to obtain the equally good properties of 
the manufactured panels with the formaldehyde emission lowered by up to 26% when 
compared to reference plywood (Kawalerczyk et al. 2020c). Since the advantageous effect was 
probably related to the high protein content Authors decided to investigate how the addition of 
soy flour affects the plywood properties.  

The soy flour has been used in wood glues for decades (Zhang et al. 2017). According to 
Vnučec et al. (2017) the application of soy in wood bonding is a reasonable choice due to its 
high production volume and the small use of soy meal-based products for human food 
consumption. Moreover, the low cost, high protein content and easy processing are listed 
among its the most important advantages. There are many ongoing studies on using soy 
products in the formulation of formaldehyde-free wood adhesives containing also e.g. glyoxal 
(Amaral-Labat et al. 2008), polyepoxide resins (Huang et al. 2012), polyamidoamine 
(Gui et al. 2013) also for plywood manufacturing (Huang and Li 2008, Li et al. 2014). 
However, a low water-resistance can be still a limiting factor for some applications.  

In summary, the production of amino resins is expected to increase further especially in 
the developing regions (Gonçalves et al. 2018). However, since the formaldehyde is classified 
as the carcinogenic and mutagenic substance it is very important to continue the research on 
the reduction of the adverse emissions. Moreover, both the global production of plywood and 
the availability of soy products are also constantly growing. Thus, the aim of this study was to 
determine the possibility to apply soy flour as the extender for UF and MUF adhesives in 
the production of plywood characterized by good mechanical properties and significantly 
lowered formaldehyde emission.   
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MATERIAL AND METHODS 

 
Materials 

A commercially available UF and MUF resins with a properties presented in Tab. 1 were 
purchased from the market. Ammonium nitrate (20 wt%) was applied as a hardener for 
the adhesives. Both the soy flour and the rye flour (used for comparison purpose) were obtained 
from the market. Plywood was prepared with the use of birch (Betula L.) veneer sheets with 
the average density of 570 kg.m-3, average thickness of 1.4 mm, moisture content 4 ± 1% and 
the dimensions of 320 × 320 mm. 
 
Tab. 1: Properties of adhesives. 

Property UF MUF 
Viscosity (mPa × s) 1211 981 
Solid content (%) 69 67 
pH 8.1 9.6 
Gel time at 100°C  (s) 65 68 

 
Determining the compositions of flours 

The purchased flours were subjected to a basic composition analysis. The investigations 
involved the water content based on EN ISO 712 (2012) and the share of following compounds: 
crude protein content according to Kjeldahl method EN ISO 5983-1 (2006), the content of 
mineral compounds in the form of ash according to EN ISO 2171 (2010), total fat content 
according to EN ISO 6492 (2005) and carbohydrates content according to EN ISO 6865 (2002).  
 
Determining the ability of flours to absorb the formaldehyde 

In order to determine the ability of flours to absorb the formaldehyde an 0.1 M aqueous 
solution of formaldehyde was prepared. In order to prepare 0.1 M formaldehyde solution             
5 drops of concentrated sulphuric acid were mixed with 100 ml of 15% formaldehyde solution 
and then refluxed for 15 min to depolymerize the paraformaldehyde. The solution after cooling 
was neutralized with NaOH to pH 7 and diluted with distilled water. Then, an appropriate 
amount of flour was added to this solution. After that, the prepared water-formaldehyde 
solutions of flours were kept in laboratory oven for 3 hours at 65°C. The obtained solution was 
filtered and the content of formaldehyde was investigated with the use of sodium sulfite 
titrimetric method. 25 ml of 0.1 M Na2SO3 and 2 ml of 0.1 M NaOH were added to a 10 ml 
aliquot of the formaldehyde-containing filtrate. The titration was performed with 0.05 M HCl 
solution (phenolphthalein as an indicator). A control test was carried out with the same 
procedure excluding the formaldehyde. Moreover, the analysis of formaldehyde solution 
incubated for 3 hours at 65°C without flours was also performed. The analysis involved three 
repetitions for each solution (Bekhta et al. 2019, 2021).  
 
Adhesive preparation  

The amounts of introduced additives such as flours and hardener were adjusted depending 
on the variant (Tab. 2). The amount of introduced extender has been adjusted based on 
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the viscosity of purchased resins. Both experimental and reference variants were mixed 
manually until the proper homogenization was achieved. 

 
Tab. 2: Compositions of adhesive mixtures. 

Variant label Resin type Quantity (pbw* per 100 g of solid resin) 
Soy flour Rye flour Water Hardener 

UF-R UF 0 20 10 2 
UF-15 UF 15 0 10 2 
UF-20 UF 20 0 10 2 
UF-25 UF 25 0 10 2 
MUF-R MUF 0 15 10 2 
MUF-10 MUF 10 0 10 2 
MUF-15 MUF 15 0 10 2 
MUF-25 MUF 20 0 10 2 

*- pbw means parts by weight. 

 
FTIR analysis 

The FTIR analysis was performed in order to assess a chemical interactions between 
the extenders and resins. The flour-filled adhesive mixtures were cured in the laboratory oven 
at 120°C and 140°C in case of UF and MUF resins, respectively. After that it was grinded with 
the use of laboratory mill and sieved in order to obtain a dimensional fraction of 0.125 ×             
0.125 mm2. The cured adhesive in the form of powder was mixed with KBr at a 1/200 mg ratio. 
Spectra was registered with the use of Nicolet iS5 spectrophotometer with Fourier transform 
within a range of 500 to 4000 cm-1 at a resolution of 4 cm-1, registering 16 scans. The same 
preparations were completed for pure adhesives without any extender. 
 
Determining the properties of adhesive mixtures 

A viscosity is an essential parameter in plywood manufacturing process 
(Kawalerczyk et al. 2021). Thus, the effect of the adhesive composition on the viscosity of 
prepared mixtures was investigated right after the resin preparation with the use of Brookfield 
DV-II + pro viscometer. Moreover, the following properties listed by Gonçalves et al. (2019) 
among the commonly used industrial indicators for adhesives such as pH, solid content and gel 
time at 100°C were determined according to relevant standards: EN 1242 (2011), 
EN 827 (2005) and PN-C-8952-3 (1996), respectively.   
 
Plywood manufacturing and testing 

In order to manufacture a three-layered plywood the UF and MUF adhesives were applied 
on the surface of the external veneer sheets in the amount of 170 g.m-2. The veneers glued with 
UF resin were pressed at 120°C and unit and 1.4 MPa for 4 min. In case of variants containing 
MUF resin pressing process was conducted at 140°C for 4 min with the unit pressure of            
1.3 MPa. The manufactured panels were tested in terms of formaldehyde emission using a flask 
methods according to EN 717-3 (1996) initially and after 8 weeks of samples conditioning at 
an ambient room temperature. In order to determine a bonding quality of plywood the shear 
strength test was carried out according to EN 314-1 (2004). Plywood glued with UF adhesive 
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was tested in dry state and after soaking in water (20 ± 3°C) for 24 hours. Panels bonded with 
MUF adhesive were tested after 24 hours of soaking in water and after pretreatment consisting 
of boiling in water for 6 h and cooling in water for 1 hour at 20 ± 3°C which was briefly called 
boiling when describing the results. The determination of formaldehyde emission involved         
5 samples from each variant and shear strength involved 12 samples from each variant. 
The obtained results were subjected to a multivariate statistical analysis ANOVA. Moreover, 
in order to distinguish homogeneous groups the Tukey test on a significance level of α = 0.05 
was performed using Statistica 13.0 software.  

 
RESULTS AND DISCUSSION 

 
The results of flour compositions determinations are summarized in Tab. 3. On the basis of 

presented outcomes it can be concluded that the soy flour was characterized by significantly 
higher proteins content than rye flour.  
 
Tab. 3: The composition of flours. 

Type of flour Percentage content of the components (%) 
Water Proteins Ash Fat Carbohydrates 

Rye flour 14.39 ± 0.36 12.53 ± 0.32 1.51 ± 0.09 1.54 ± 0.10 70.36 ± 0.47 
Soy flour 6.49 ± 0.86 50.71 ± 0.31 7.33 ± 0.10 1.25 ± 0.04 34.22 ± 0.48 

 
The high protein content is a favorable feature for the extender and it indicates that the soy 

flour can be possibly applied as a bio-based scavenger. The proteins in soy flour contains many 
potentially reactive side-chain amino acid groups (Fan et al. 2011). The numerous groups 
occurring in amino acids, proteins and peptides demonstrate the ability to undergo the addition 
and condensation reactions with HCHO (French and Edsall 1945). The formaldehyde reacts 
with amino and thiol groups and methylol derivatives are formed. Subsequently the part of 
methylol adducts are dehydrated and the Schiff-bases are formed which consequently allows 
the further type of cross-linking reactions with other amino acid residues (Hoffman et al. 2015, 
Metz et al. 2004). Fig. 1 shows the results of investigations regarding the ability of flours to 
absorb the formaldehyde.  

Studies have shown that probably due to the higher protein content the soy flour absorbed 
the formaldehyde more efficiently when compared to the rye flour. The higher flours content 
in the solution was, the more noticeable the tendency was. It probably resulted from 
the increased amount of protein introduced with the soy flour. Similar effects were observed in 
the investigations concerning the addition of a bark particles and sludge to the formaldehyde 
solutions. Moreover, the application of these substances as fillers in the adhesive compositions 
resulted in a decreased HCHO emissions from plywood bonded with UF resin 
(Bekhta et al. 2019, 2021). 
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Fig. 1: Formaldehyde content in the aqueous solution of formaldehyde with soy and rye flour. 

 
The FTIR spectra of UF resin, UF resin with the rye flour and the soy flour as extenders are 

presented in Fig. 2. Since the course of the spectra of adhesives containing the soy flour in 
various concentrations were the same only one variant was presented. The broadband observed 
in the 3390 cm-1 range was corresponded to the O-H and N-H groups (Ghahri et al. 2018). 
Two peaks in the 2970 cm-1 and 2890 cm-1 were attributed to C-H symmetric and asymmetric 
stretching of CH2 and CH3 groups, respectively (Ghahri et al. 2018, Wang et al. 2008). 
The bands at 1650 cm-1, 1540 cm-1 were assigned to C=O stretching and N-H bending bands in 
amide I and II (Su et al. 2010, Zhang et al. 2017). Moreover, a peak at 1240 cm-1 was also 
observed and it was corresponded to C-N stretching and N-H bending vibrations of amide III 
(Ghahri et al. 2018). The above-mentioned bands were considered constant across the all 
adhesive formulations. Additionally, in case of introducing soy and rye flour as the extenders, 
an overlapping of the bands from the resin components and the components of filling materials, 
mainly proteins and carbohydrates, were observed.  
 

 
Fig. 2: FTIR spectra of: A – UF resin without any extender, B – variant labeled as UF-20, 
C – variant labeled as UF-R. 
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The spectra of both the pure and flour-filled MUF adhesives are presented in Fig. 3. 
The weak peak at 1657 cm-1 was corresponding to the NH2 band and it occurred for MUF resin 
(Yuan et al. 2016). Band at 1554 cm-1 was detected and according to Luo et al. (2015) this band 
was caused by secondary amides (-CONH-). The bands from a triazine ring of melamine was 
occurred at 812 cm-1 (Luo et al. 2015, Reimschuessel and McDevitt 1960). Moreover, 
in the spectra of flour-filled MUF resin, there were bands observed at 1011, 1165 and 
1370 cm-1, which could be connected with presence of polysaccharides in soy and rye flours. 
Many polysaccharides were presented by a specific band in the 1200-1000 cm-1 region and 
dominated by the ring vibrations overlapped with the vibrations of C-OH group and C-O-C 
glycosidic bond (Kac̆uráková et al. 2000). In turn, the band at 1370 cm-1 can be attributed to 
bending vibration of C-H and C-O groups of the aromatic rings in polysaccharides 
(De Rosa et al. 2011). The spectrum marked with A symbol was characterized by higher 
intensity of these bands, than spectrum labeled as B, which is connected with higher content of 
polysaccharides in rye flour than in soy flour. The investigations of chemical interaction 
between the resins and the extenders showed only the presence of flours but based on that, 
it cannot be unambiguously stated that the chemical reactions occurred. Similar effect 
was observed in studies concerning the addition of e.g. wheat derivatives and nanocellulose as 
the filling substances for UF resin (Hogger et al. 2020a, Kawalerczyk et al. 2020b). 
 

 
Fig. 3: FTIR spectra of: A – variant labeled as MUF-R, B – variant labeled as MUF-15, 
C – MUF resin without any extender. 
 

Tab. 4 shows the results of adhesives properties investigations. The outcomes indicate that 
the type of extender influenced especially such properties as the viscosity and the gel time. 
Viscosity is an essential parameter in adhesive application during the plywood manufacturing. 
Too low viscosity results in deterioration of bonding strength because of the excessive resin 
penetration into the porous veneer surfaces. Consequently, the amount of remaining bonding 
agent is insufficient to ensure good strength of the glue lines (Kawalerczyk et al. 2020a). 

 



WOOD RESEARCH 
___________________________________________________________________________________________________ 
 
 

1023 
 

Tab. 4: Properties of adhesive mixtures. 
Variant label Viscosity (mPa×s) Solid content (%) pH Gel time (s) 

UF-R 4798 ± 12 71.41 ± 0.09 7.0 ± 0.1 89 ± 2 
UF-15 3465 ± 21 69.33 ± 0.11 7.1 ± 0.2 73 ± 1 
UF-20 3681 ± 18 71.32 ± 0.04 7.0 ± 0.1 71 ± 2 
UF-25 3996 ± 14 72.41 ± 0.07 7.1 ± 0.2 69 ± 2 
MUF-R 4661 ± 23 68.19 ± 0.03 7.8 ± 0.1 94 ± 2 
MUF-10 3007 ± 18 68.03 ± 0.09 7.7 ± 0.3 85 ± 2 
MUF-15 3113 ± 11 68.11 ± 0.02 7.7 ± 0.3 82 ± 1 
MUF-25 3519 ± 13 68.49 ± 0.08 7.7 ± 0.1 75 ± 2 

 
The reference variants containing rye flour were characterized by a higher viscosity than 

the soy flour-filled mixtures. The adhesives mixed with soy flour reached values in the range 
between the 2000 – 4000 mPa×s assigned to machine application by a glue applicator (Dunky 
and Niemz 2013). The increased viscosity may be caused by the higher content of 
carbohydrates. Studies performed by Bekhta et al. (2014) showed that the viscosity of 
PF adhesive heightened with the increasing amount of starch. The starch is able to absorb 
the water and swell which leads to intensive rise of viscosity. Studies performed by 
Hogger et al. (2020b) described a slightly different tendency in case of wheat extenders, 
however, the rye starch is characterized by a significantly lower gelatinization temperature than 
the wheat starch (Verwimp et al. 2004). It seems like the type of extenders has not affected 
the solid content which increased along with the increasing share of filling particles contained 
in the composition. The pH values reached the similar values regardless of the type of flour. 
The gel time of MUF adhesive was longer in comparison with UF resin which corresponds with 
the Zhang et al. (2013) observations on an adverse effect of melamine addition on resin curing 
behavior. Moreover, the gel time varied depending on the introduced flour. The application of 
soy flour was beneficial since the curing time was shortened. It can possibly lead to 
the shortening of pressing time or to the reduction of plywood pressing parameters 
(Mirski et al. 2011). The gelation process was faster probably due to the higher amount of 
proteins. The proteins contained in the flour composition shows high reactivity with 
the methylol groups of amino adhesives which leads to obtain a highly cross-linked polymer 
structure in the shorter period of time (Fan et al. 2011). Similar effect was observed in case of 
applying hemp flour characterized by the high proteins content (Kawalerczyk et al. 2020c).  

Fig. 4 presents the results of the formaldehyde emission from manufactured plywood 
panels measured initially and after 8 weeks of storage in an ambient room temperature. 
The hazardous formaldehyde emission is still a major disadvantage of amino resins especially 
in the indoor environments since the HCHO was classified as the known human carcinogen 
(Antov et al. 2020c,b, Réh et al. 2019). As expected, plywood bonded with UF resin was 
characterized by the higher formaldehyde emission in comparison with panels glued with 
MUF resin because of the melamine scavenging ability (Dutkiewicz 1984, Paiva et al. 2012). 
The addition of soy flour had a positive effect and led to a decrease in the amount of 
formaldehyde emitted from the plywood. The more soy flour was included in the adhesive 
composition, the less amount of HCHO was emitting from the panels. 
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Fig. 4: Formaldehyde emission from plywood (F(x,y)=z,p where F– Roland Fisher’s test 
method, x– number of degrees of freedom, y – number of tests, z– value of F test,  p– probability 
level). 

 
The emissions measured initially decreased by up to 20% in case of plywood glued with 

UF resin and up to 22% in case of plywood with MUF resin in variants assuming the highest 
concentrations of soy flour. The measurements conducted after 8 weeks of storage showed 
a decrease by up to 15% and 25% for plywood bonded with UF and MUF adhesives, 
respectively. The application of soy flour led to a significant reduction in formaldehyde 
emissions because of the proteins molecules which contain many functional groups such as 
amines and amides. These groups can easily react with HCHO (Xing et al. 2013). Similar effect 
was observed in studies concerning the addition of protein-rich hemp flour to the UF and 
MUF adhesives in plywood production (Kawalerczyk et al. 2019b, 2020c). 
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Fig. 5: Shear strength of: (A) plywood bonded with UF resin; (B) plywood bonded with 
MUF resin (F(x,y)=z,p where F – Roland Fisher’s test method, x – number of degrees of 
freedom, y – number of tests, z – value of F test, p – probability level). 

 
In order to assess the effect of the rye flour replacement with the soy flour on plywood 

bonding quality, the shear strength test was carried out. The results are presented in Fig. 5. 
The best results for UF resin were obtained for variant assuming the soy flour application in 
the concentration of 15%. It resulted in the increase in shear strength by up to 13% for plywood 
tested in dry conditions and after soaking in water. Further addition of soy flour in the amount 
of 20% also resulted in the statistically significant improvement. Similar tendency was noted in 
variants glued with MUF adhesive. The most advantageous effect was obtained for plywood 
bonded with the mixture containing a 10% of soy flour. The increase of bonding strength was 
up to 14% and 19% in the tests conducted after soaking and after boiling, respectively.   

As expected, plywood glued with the MUF adhesive reached higher values after soaking in 
comparison with the UF resin due to the increased water resistance resulting from the melamine 
addition (Zanetti and Pizzi 2003). The improvement in bonding quality was probably caused 
because of the high content of proteins included in the soy flour composition. According to 
Wang and Pizzi (1997) a secondary amido groups contained in the protein chain skeleton show 
a high reactivity with formaldehyde and the methylol groups of resin. The ongoing chemical 
bonding leads to the intensification of the cross-linking reactions. However, regardless of 
the adhesive type, the addition of soy flour in maximum concentration led to a slight decrease 
in plywood bonding quality. The results were comparable with the reference panels and there 
were no statistically significant changes noted. Too excessive water absorption by the 
extenders may lead to a lack of water which participates in forming a three-dimensional 
crosslinking structure of the resin (Réh et al. 2019). Moreover, the introduction of the extenders 
in that high concentrations can cause a formation of agglomerates. It leads to the weakening of 
bonding strength due to the stress accumulation in the certain points of glue line. 
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CONCLUSIONS 
 

The results of investigations concerning the composition of flours and the ability of flours 
to absorb the formaldehyde indicate that soy flour can be applied to the amino resins as 
a scavenger reducing the formaldehyde emissions. The course of FTIR spectra revealed mainly 
functional groups of adhesives and the presence of proteinaceous extenders but the analysis has 
not explained the chemical interaction between the flour and the polymer. The replacement of 
rye flour with the soy flour affected the viscosity values and led to the acceleration of gel time. 
The type of extender has not influenced the solid content and the pH values. The introduction of 
soy flour to the UF and MUF adhesive compositions resulted in manufacturing plywood 
characterized by improved bonding quality and reduced formaldehyde emission.  
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ABSTRACT 
 

This paper deals with the effect of saw blade type (24, 40 and 60 teeth) and sawn distance 
on the primary profile (Pz) of tranvesre surface of European oak (Quercus robur L.) after 
transversal cutting. Transversal cutting was provided at constant cutting speed vc = 62 m.s-1 
and with manual feeding using circular saw blade. An additional parameter was to determine 
the maximum sawn distance for each type of saw blade up to the point where the saw blade 
overheated, as well as the beginning of the blackening of the wood surface. The highest 
values of the primary profile (Pz) were achieved with a saw blade with 24 teeth, lower values 
were measured on wood cut with a 40 tooth blade and the lowest values after cutting with 
a 60 tooth blade. As the saw distance increased, there was no rapid and steep increase in 
the primary profile values, but these values gradually increased slightly, probably due to 
the gradual blunting of the tool. 
 
KEYWORDS: Circular saw, surface quality, primary profile (Pz), saw blade, tranversal 
cutting. 
 

INTRODUCTION 
 

Global wood consumption is on the rise and wood is considered a strategic raw material. 
The wood mass of our forests is a reproducible raw material while respecting all propositions. 
At the moment, the maximum effort for a comprehensive and ecological solution to 
the problem of the use of wood raw material with an orientation towards finalization from 
the aspect of quality and economy of its processing is in place. As energy and raw material 
costs rise, it is increasingly important to reduce the cost of machining (Orlowski and 
Walichnowski 2013) as well as improve the quality of the surface after machining 
(Krenke et al. 2017a,b). 

 In the woodworking and furniture industries, wood cutting using a saw blade plays 
a very important role (Williams and Patel 2016), which is undoubtedly the most commonly 
used type of tool for cutting wood and wood-based materials (Mikleš et al. 2010, Walker 
2006, Nasir et al. 2018). The process of cutting wood materials using a saw blade, whether 
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solid or treated, laminated or agglomerated wood, is a very complex process (Nasir and Cool 
2020), which is influenced by a large number of simultaneous factors as well as variables 
(Fig. 1) (Kvietková 2015). 

             
 

(Note: vc - cutting speed, vf - feed speed, fz - feed per tooth, φvs - feed angle of the cutting edge entry into 
the wood, φvys - feed angle of the cutting edge exit from the wood, φi - feed local angle corresponding to 
the monitored point M, b - cut gap width, and yv - saw teeth setting) (Kminiak and Gaff 2015). 

Fig. 1: Cutting parameters of the saw blade and the principle of surface formation 
in transversal cutting of wood: (left) arc shaped traces, and (right) forming of cut kerf.  

 
For practice, it is necessary to know the phenomena of mutual interaction of the tool with 

the workpiece, from the point of view of optimization and intensification of the machining 
process. The cutting process itself is conditioned by various factors (Gündüz et al. 2008) that 
strongly affect the output indicators of the process, such as unevenness of the machined 
surface, noise associated with the energy of the sawing process, as well as indicators related to 
the tool in terms of wear - cutting edge durability, service life, instability 
(Tesařová et al. 2010). Knowing the interrelationships between the mentioned indicators and 
the kinematics of the sawing process itself is an attempt to get closer to the most optimal 
outputs while keeping the costs of the process itself in terms of efficiency, effectiveness and 
economy of sawing while respecting the principles of safety and health at work 
(Wasielewski et al. 2012). It is very important that the whole process of cutting wood takes 
place with the least possible energy requirements and with the best possible quality of the 
final surface.  

Each technological operation leaves characteristic inequalities on the surface, which can 
affect the function of these surfaces (Budakçı et al. 2011, 2013). A characteristic feature of 
the surface of wood sawn with circular saws are the arc traces on the transverse surface. 

When the workpiece interacts with the saw blade, the chip thickness changes as a result 
of the cut indication, with which the pressures on the tooth face change and with them 
the deformations of the wood mass near the tooth edge. As stated by Lisičan (1996), 
the formation of grooves is directly proportional to the feed of the workpiece and the size of 
the tooth distribution of the saw blade. On the other hand, the grooves are inversely 
proportional to the height of the tooth, the number of revolutions and the number of teeth on 
the saw blade. Such a workpiece surface is not smooth, but scratches caused by the passage of 
the saw blade, especially its toothing, can be seen on it. During transversal cutting, 
the workpiece comes into contact with the saw blade in a plane perpendicular to the saw 
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blade. This results in the cutting of the structural elements of the wood by the toothing of 
the saw blade. There are clear surface irregularities on the surface after cutting. Before 
measuring the surface roughness, it is necessary to determine ln (evaluated length). 
The evaluated length includes six basic lengths and is considered as a normal length. 
The evaluated length ln, at which the values of the surface quality parameters are evaluated, 
may comprise one or more basic lengths (Fig. 2). 

 

 
Fig. 2: Basic characteristics of wood surface quality (Khandoker 2020). 

 
Surface unevenness (waviness + roughness) is evaluated in a system in which the spatial 

character of inequalities, created in the implementation process, is reduced to a plane. In this 
plane, a profile is obtained, which is evaluated with respect to the center line of the profile, 
called the primary profile (Pernikář et al. 2001). 

Assuming absolute rigidity of saw tools and "vibration-free" movement of cutting tools, 
the cut surface will be grooved with traces of saw teeth, the depth (height or profile 
respectively) of which depends on the feed per tooth, mutual distance of teeth (spacing) and 
the degree of teeth setting. Whenever two surfaces come into contact with each other, 
the quality of the joined parts plays an important role in the use and wear of these parts 
(Gurau et al. 2005, 2012). 

The height, shape, finishing and direction of surface irregularities on the workpiece 
depend on many factors such as technological parameters, e.g. feed rate, cutting speed, depth 
of cut, cutting tool geometry (cutting wedge angle, face angle and back angle), combination of 
workpiece and tool material as well as their mechanical properties, at last but not least from 
the quality and type of machine and tool used. It also depends on the attachment used and the 
vibration between the workpiece, the machine and the tool (Chuchala et al. 2012). 

Surprisingly, despite research efforts, there are still several major problems and 
inconsistencies. This is especially visible in the field of woodworking, where the immediate 
characterization of the residual surface is needed for further development. The overall 
assessment of surface evenness has two main reasons, namely the assumption of 
the possibility of surface formation and monitoring of the production process. 

European oak (Quercus robur L.) wood was chosen for this research. Oak wood was cut 
in the transverse direction using a circular saw with three different blades with 24, 40 and 
60 teeth. The sawn distance was set at 750 m, but in addition, the maximum possible sawn 
distance was evaluated separately for each saw blade. The transverse surface after cutting was 
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evaluated using an Olympus Lext OLS 4100 laser microscope and the primary profile (Pz) 
was determined. 

 
MATERIAL AND METHODS 

 
Material 

European oak (Quercus robur L.) wood were used for the experiment. The flat-sawn 
samples had dimensions of 20 × 100 × 500 mm (Fig. 3). Clear samples were conditioned in    
a conditioning chamber (relative humidity (ϕ) = 65 ± 5% and temperature (t) = 20 ± 2°C) to 
achieve their equilibrium moisture content (EMC) of 12%. The average oven-dry density of 
oak wood was 795 kg.m-3. Whole experiment contained 216 samples. 

 
Fig. 3. Oak sample. 
 
Methods 
Circular saw 

The GCM 10S Professional circular saw (Robert Bosch GmbH, Germany) was chosen for 
tranversal cutting of oak wood. 

 
Saw blades 

Three commonly used circular saw blades Premium (EXTOL, Czech Republic) with 
sintered carbide tips having 24, 40, and 60 teeth, respectively, were selected for the transverse 
cutting (Fig. 4). All saw blades had identical diameters (D = 250 mm), thicknesses                
(b = 3.2 mm), as well as angle geometries (clearance angle α = 15°, wedge angle β = 60°, rake 
angle   γ = 15°). All saw blades had a alternating set teeth. 

 

 
Fig. 4: Circular saw blades with a) 24 teeth, b) 40 teeth, and c) 60 teeth.  
 
Transversal cutting 

During the transversal cutting of the wood, which was provided with a Bosch circular 
saw, the feeding was carried out manually. As part of the cutting, the 10 mm thick pieces 
(slices) were cut from the longitudinally placed samples. The whole experiment was carried 
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out at a constant cutting speed vc = 62 m.s-1 and 4700 RPM. The movement of the saw blade 
was carried out through an arc trajectory using the same principle as in the previous work 
Kminiak et al. (2015). 

 
Measurements 

The primary profile (Pz) values of the transverse surface were determined using 
the Olympus Lext OLS 4100 Laser microscope (Fig. 5.) which was placed on the special 
Olymext anti-vibration table. This laser microscope operates on a contactless surface scanning 
principle. 

 
Fig. 5:  Laser microscope Olympus Lext OLS 4100 with additional equipment. 
 

The surface quality was evaluated based on the arithmetic mean of the primary profile, 
Pz. Primary profile (Pz) measurements were carried out in three horizontal paths equidistant 
from one another along the sample width (2.5, 10, and 22.5 mm from the sample margin) 
(Fig. 6). The measuring path length was 60 mm. The primary profile was measured at             
a predetermined final sawn distance of 750 m.  

 
Fig. 6: The schematic representation of measuring locations on the transversal surface:       
(1) measuring paths; and (2) track teeth of the saw blade. 
 

In addition, for each type of saw blade, the maximum sawn distance was determined, 
which is the longest possible sawn distance where the sawn blade has not yet overheated due 
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to its friction with wood and dulling of teeth, which is also reflected in blackening of 
the wood transverse surface. 

The acquired data were recorded and exported to MS Excel within the special Olympus 
software. The primary profile (Pz) values were then evaluated by using STATISTICA 13 
software (TIBCO Inc., USA). Two-factor analysis of variance was carried out to a certain the 
effect of saw blade type and sawn distance on the primary profile (Pz) of transverse area based 
on the p-value with 95% confidence level. Correlation analysis was performed for                   
a maximum sawn distance of individual saw blade. 
 
Calculations and evaluation   
    Density was calculated according to ISO 13061-2 (2014) and Eq. 1: 

 

V

m

hbl

m
 ,                                (1) 

 
where: ρ - density of the sample (kg.m-3), m - mass (weight) of the sample (kg),                  
h, b, l - the height, width, and length of the sample (m), V - the volume of the sample (m3).  
 
    The moisture content was calculated according to ISO 13061-1 (2014) and Eq. 2: 
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  ,                (2) 

 
where: w - moisture content of the samples (%), mw - mass (weight) of the sample at certain 
moisture w (kg), m0 - mass (weight) of the oven-dry test samples (kg).  
 
     An oven-dry state was carried out according to the ISO 13061-1 (2014).  
 

RESULTS AND DISCUSSION 
 

Based on the significance level “P” values given in Tab. 1, the effects of the number of 
teeth and sawn distance could be deemed statistically significant. For the purposes of 
the statistical evaluation of the results, the sawn distance interval was reduced to 750 m.  

 
Tab. 1:  Statistical evaluation of the impact of factors on the primary profile Pz. 

Monitored factor 
Sum of 
squares 

Degree of 
freedom 

Variance 
Fisher's 
F - test 

Significance 
level P 

Intercept 22.66398 1 22.66398 13456.62 0.00 

Number of teeth 0.62682 2 0.31341 186.08 0.00 

Sawn distance 0.52245 30 0.01741 10.34 0.00 

Number of teeth × Sawn distance 1.24936 60 0.02082 12.36 0.00 

Error 0.31327 186 0.00168   
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The dependence of the height of the primary profile (Pz) on the used saw blade is 
considerable (Fig. 7). The highest values of the primary profile were recorded using a saw 
blade with 24 teeth (24T) and, conversely, the lowest values with a saw blade with 60 teeth 
(60T). Although all saw blades had the same parameters, the unevenness of the machined 
surface depended on the number of teeth of each saw blade. Although all three saw blades cut 
at the same RPM, the smallest chip was removed at the 24T saw blade, which affected 
the unevenness of the machined surface. On the contrary, the saw blade 60T had the smallest 
value of feed per tooth, which was reflected even after the transversal cutting of oak wood in 
the form of a lower value of unevenness. This course could also be influenced by the structure 
of the wood. 

 
Fig. 7: 95% confidence interval showing the influence of the saw blade type on the primary 
profile Pz. 

 

An expression of the dependence of primary profile on the sawn distance is presented 
in Fig. 8, where the ascension can be seen.  

 
Fig. 8: 95% confidence interval showing the influence of the sawn distance on the primary 
profile Pz. 
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Towards the end, the curve of the values of the primary profile has a decreasing tendency, 
which may be caused by the beginning overheating of the saw blade and the consequent 
resulting partialy burning of the wood surface. 

As can be seen in Fig. 9, the largest differences in the measured values of the primary 
profile were observed with the saw blade 24T, followed by the saw blade 40T, and the lowest 
values were shown in the saw blade 60T. Also, the largest variance of the measured values of 
the primary profile was highest at the 24T saw blade and the lowest values were found at 
the 60T saw blade. The sawn distance did not have a significant effect on the values of the 
primary profile when using the saw blades 40T and 60T, but when using the saw blade 24T, 
the values of the primary profile also increased with the increase of the sawn distance. 

 
Fig. 9: 95% confidence interval showing the mutual influence of the saw blade type and sawn 
distance on the primary profile Pz. 
 

The correlation pattern for the 24T saw blade (Fig. 10) shows the variance of 
the smallest and largest values of the primary profile. When using this saw blade, the variance 
of values is the largest of all saw blades. 

 
Fig. 10: Correlation of primary profile Pz and maximum sawn distance for saw blade 24T. 
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Correlation equation of maximum primary profile (Pz) and maximum sawn distance for 
saw blade 24T: Pz = 0.2705 + 0.0003*x. 
 

Figs. 10 – 12 describe the course of correlation of the height of the unevenness profile 
from the cut distances by individual types of saw blades. Use a 60T saw blade caused 
the lowest variance of the minimum and maximum values of the primary profile of all three 
saw blades. This fact was influenced by the largest number of teeth of the saw blade, and thus 
also the smallest feed per tooth. 

 
Fig. 11: Correlation of primary profile Pz and maximum sawn distance for saw blade 40T. 
 

Correlation equation of maximum primary profile (Pz) and maximum sawn distance for 
saw blade 40T: Pz = 0.2564 + 5.9685E-5*x. 

 

 
Fig. 12: Correlation of primary profile Pz and maximum sawn distance for saw blade 60T. 

 
Correlation equation of maximum primary profile (Pz) and maximum sawn distance for 

saw blade 60T: Pz = 0.2071 + 7.043E - 5*x. 
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Tab. 2: Average Primary profile Pz for individual saw blades.  

Saw 
blade 

Sawn 
distance 

(m) 

Average primary profile Pz 
(mm) 

Sawn 
distance 

(m) 

Average primary profile Pz 
(mm) 

Average
per 

group Mean -95.0% +95.0% Mean -95.0% +95.0% 

24  
teeth 

1  0.219 0.140 0.298 400  0.447 0.417 0.476 

0.348 
(0.112)

25  0.390 0.288 0.492 425  0.445 0.402 0.489 
50  0.313 0.182 0.444 450  0.433 0.341 0.525 
75  0.357 0.262 0.451 475  0.533 0.319 0.746 

100  0.168 0.104 0.232 500  0.354 0.225 0.482 
125  0.217 0.117 0.316 525  0.295 0.247 0.342 
150  0.235 0.205 0.265 550  0.372 0.298 0.445 
175  0.186 0.172 0.200 575  0.568 0.515 0.621 
200  0.257 0.214 0.300 600  0.445 0.360 0.530 
225  0.479 0.392 0.565 625  0.553 0.365 0.741 
250  0.328 0.202 0.455 650  0.363 0.305 0.422 
275  0.282 0.249 0.316 675  0.369 0.262 0.475 
300  0.175 0.044 0.306 700  0.419 0.306 0.533 
325  0.419 0.295 0.544 725  0.329 0.315 0.342 
350  0.286 0.255 0.317 750  0.215 0.202 0.228 
375  0.342 0.234 0.450  

40 
teeth 

1  0.304 0.175 0.433 400  0.235 0.200 0.270 

0.273 
(0.068)

25  0.219 0.153 0.284 425  0.221 0.199 0.243 
50  0.229 0.208 0.250 450  0.182 0.098 0.266 
75  0.207 0.155 0.259 475  0.339 0.198 0.480 

100  0.204 0.103 0.304 500  0.211 0.078 0.343 
125  0.302 0.225 0.379 525  0.269 0.253 0.285 
150  0.301 0.139 0.463 550  0.181 0.132 0.229 
175  0.338 0.261 0.415 575  0.264 0.160 0.367 
200  0.341 0.272 0.410 600  0.301 0.197 0.406 
225  0.327 0.250 0.404 625  0.286 0.177 0.394 
250  0.283 0.140 0.426 650  0.322 0.212 0.432 
275  0.221 0.171 0.271 675  0.225 0.194 0.256 

 
300  0.324 0.264 0.385 700  0.207 0.084 0.330 
325  0.300 0.225 0.375 725  0.342 0.315 0.368 
350  0.367 0.280 0.454 750  0.392 0.072 0.713 
375  0.219 0.097 0.341  

60 
teeth 

1  0.129 0.086 0.173 400  0.190 0.106 0.274 

0.234 
(0.071)

25  0.139 0.109 0.169 425  0.193 0.174 0.213 
50  0.197 0.137 0.258 450  0.111 0.073 0.150 
75  0.260 0.183 0.337 475  0.259 0.097 0.420 

100  0.299 0.151 0.447 500  0.295 0.220 0.371 
125  0.291 0.134 0.448 525  0.329 0.200 0.458 
150  0.139 0.079 0.199 550  0.320 0.254 0.386 
175  0.225 0.160 0.290 575  0.172 0.054 0.291 
200  0.189 0.108 0.270 600  0.319 0.156 0.483 
225  0.250 0.186 0.314 625  0.338 0.207 0.468 
250  0.251 0.204 0.298 650  0.226 0.163 0.289 
275  0.260 0.107 0.412 675  0.223 0.030 0.416 
300  0.231 0.154 0.309 700  0.290 0.101 0.480 
325  0.232 0.202 0.262 725  0.157 0.134 0.179 
350  0.292 0.252 0.333 750  0.273 0.155 0.391 
375  0.171 0.080 0.262  

*Note: ± 95% confidence interval of variance; values in parentheses represent ±SD. 
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As the sawn distance increased, the wear of the cutting edge also increased, which also 
caused higher values of the primary profile. Tool wear is not only an important parameter for 
assessing tool life, but also directly affects the surface quality of machining. This fact was 
also confirmed in their research by Wei et al. (2018). 

Tab. 2 shows the average values of the primary profile measured for each type of blade. 
When comparing the results, it can be concluded that the observed trends of the influence of 
individual parameters in the transverse cutting of oak wood are confirmed. Homogeneity and 
density of sawn wood influences the created surface quality (Kúdela and Lagaňa 2010). 
As reported by Caceres et al. (2018) the reason for the different courses of surface 
irregularities could be the heterogeneity of the wood material (wood density, deflection of 
wood fibers), as well as the kinematics of the sawing process (the angle at which the wood 
fibers are cut, cutting model, imperfect parallelism of fibers with the cutting path) or 
the occurrence of random effects sawing (crooked cut due to movement caused by 
deformation of the saw blade shape or vibrations). These factors also affect measurement 
deviations (Sandak and Martino 2006). This statement fully corresponds with Krilek et al. 
(2014), Droba and Svoreň (2012) as well as Nasir and Cool (2019), who found that the design 
of the saw blade directly affects the force relationships in the cutting process, which is 
subsequently reflected in the quality of the created surface. 

At small feeds per tooth, when the chip thickness approaches the existing cutting 
radius of the edge, there is a hyperbolic increase in the specific cutting resistance (kc), also 
known as the so-called size effect (Curti et al. 2017, Atkins 2009), which in turn affects 
the primary profile such as can also be seen from our results. The specific cutting resistance 
decreases with increasing chip thickness. This phenomenon is known mainly from the field of 
metalworking, but it has also been recorded in wood cutting, especially in the case of saw 
blade cutting (Siklienka et al. 2013). Koleda et al. (2019) state that higher feed rates can be 
used when cutting with a saw blade, and the durability of the cutting edge can be extended 
with increasing overhang, but other factors, such as e.g. the diameter of the saw blade (impact 
on the price, but also on the width of the cutting gap), increasing the cutting power and 
reducing the quality of the cut must be considered. Ensuring these conditions, of course, leads 
to further operations, which are undesirable and there is an effort to prevent them both in 
terms of time and money. 
 

CONCLUSIONS 
 

(1) The value of the primary profile depends on the value of the feed per tooth. These 
measurements confirmed the theory that the greater the feed per tooth (feed rate), the higher 
the values of the largest height of the primary profile. The feed rate (feed per tooth) has 
a significant effect not only on the cutting power, but also on the final quality of the machined 
surface. (2) The shear force acts on the workpiece by means of cutting wedges (teeth). With 
increasing number of teeth, an almost proportional decrease in the primary profile, 
i.e. essentially also the surface roughness, was found. (3) A similar surface quality as in 
the case of face milling can also be achieved by transversal sawing. This fact depends on 
the actual cutting model, the type of wood, the type of saw blade and the feed force. 
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Depending on the indicated chip length, the quality of the machined surface deteriorates, 
which is also caused by wear of the cutting tool. 
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ABSTRACT 
 

In this study, three samples taken from the planks of the Yenikapı 29 shipwreck were 
analysed. Firstly, the maximum water content (MWC) and basic density values of the samples 
were calculated. MWC of the IK13-1 was 164% and the MWC of the SK6-1 was 87%. 
Because of these low MWC values, samples could be classified as non-degraded. When the 
SEM images of these two samples were examined, it was understood that the IK13-1 sample 
was non-degraded but the SK6-1 sample was penetrated with corrosion product and could not 
be classified as non-degraded. With these analyses, the XRF method was used to measure 
the iron amounts of the samples. The iron amount of the SK6-1 was 32.3% and the corrosion 
accumulation in this sample was also proved with XRF. In order to avoid incorrect results, 
multiple analysis techniques should be used for determining the physical condition of 
the waterlogged wood near the corroded parts. 
 
KEYWORDS:  Basic density, maximum water content, SEM, waterlogged wood, Yenikapı 
shipwrecks. 
 

INTRODUCTION 
 

During burial under water and/or wet land for many years, the wood transforms into         
a waterlogged form. Due to this transformation, the physical and chemical properties of 
the wood change. At first sight, the excavated waterlogged woods seem to be in a good 
condition because the pores of the wood are saturated with water. This sight can commonly be 
misleading and the wood in waterlogged form might as well be degraded. The age of 
the wood, species of the wood, intended purpose of the wood, the ambient conditions under 
which it is buried and the time it spends under these conditions affect the degree of 
the degradation of the waterlogged wood.  In addition, the chemical and biological 
degradations of the wood cause the changes in the physical condition of the wood. Therefore, 
the determination of physical and chemical condition of the waterlogged wood is crucial for 
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understanding the degradation process of the waterlogged wood. In addition, the waterlogged 
wood is classified according to its degradation degree.  A classification system, which relates 
maximum water content (MWC), is commonly used (Broda et al. 2015a,b, Koman and 
Feher 2015, Christensen 1970, De Jong 1977, Fix 2015, Grattan 1987, Hamilton 1996, 
Hedges 1990, Florian 1990, Kaye and Cole-Hamilton 1998, McConnachie et al. 2008, 
Dollarhide 2019). In addition, several techniques are used in order to determine the physical 
condition of the waterlogged wood. For instance, physical resistance monitoring techniques 
such as pin test, Pilodyn, Sibbert drill, and electrical resistance monitoring,  wood-water 
amount related analyses such as MWC, basic density (BD), loss of wood substance, and 
visual analyses techniques such as optical microscope and electron microscope are used in 
order to determine the physical condition of the waterlogged wood (Grattan 2000, 
Ogilvie 2000, Rodgers 2004, Jensen and Gregory 2006, Gregory et al. 2007, Capretti 
et al. 2008, Heritage 2010, Macchioni et al. 2012, Pizzo et al. 2010, Babinski et al. 2014, 
Oron et al. 2016, Kılıç and Kılıç 2018, Romagnoli et al. 2018, Han et al. 2020).  Furthermore, 
a combination of these techniques can be applied.  
 37 shipwrecks, which are located in Istanbul, are considered as the world’s largest 
medieval shipwreck collection. The shipwrecks were excavated by Directorate of Istanbul 
Archaeological Museums and conservation studies of the 31 of these shipwrecks have been 
carried out by the Istanbul University Yenikapı Shipwrecks Project (Kocabaş 2015). 
The members of the project undertook the conservation process of the shipwrecks. One of 
the important steps of these conservation processes was the determination of the physical 
condition of the wooden parts of the shipwrecks. The MWC and the BD values 
of the waterlogged woods were calculated in order to understand the physical condition of 
the waterlogged woods. The studies, which were conducted on Yenikapı shipwrecks, showed 
that there was an inverse proportion between MWC and BD values of the waterlogged wood 
and MWC values of the highly degraded woods were higher (Kılıç and Kılıç 2019). 
On the other hand, inorganic residues, which penetrated into the structure of the woods, could 
cause failure in these values (Kılıç 2017).  For instance, corrosion products such as corroded 
nails could penetrate into woods. The basic principle of the MWC analysis is calculating 
the amount of the water inside the woods. Highly degraded woods have more gaps inside 
the wood. Normally, these gaps of the waterlogged wood are filled with water and the amount 
of the water inside the wood indicate the physical degradation level of the waterlogged wood. 
The water can be removed easily with heat and the MWC value can be calculated using 
differences between the weights of the wood.  On the other hand, iron corrosion products are 
stable and cannot be removed with heat. Therefore, the weight of the wood, before and after 
having been put in an oven, was similar. Corrosion products which have penetrated the gaps 
in the woods cause failures in the MWC and the BD calculations. In general, the wooden parts 
which were penetrated with corrosion products can be identified easily by naked eye 
observation. Therefore, the results could be ignored easily (Kılıç and Kılıç 2019). 
On the other hand, corrosion product can only penetrate the core of the wood. In this situation 
the parts of the woods contaminated with iron corrosion products cannot be identified easily. 
In order to determine iron corroded areas, SEM can be used as a monitoring technique. 
SEM is a useful tool for the investigation of the surface appearance of waterlogged wood 
(Charola and Koestler 2006). SEM images with high resolution can provide a determination 
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of the accumulation of the iron corrosion products inside the gaps of the wood. In addition, 
XRF analyses were done in order to determine inorganic compounds in the woods. 
The Yenikapı Shipwrecks Project handled hundreds of waterlogged wood pieces from dozens 
of shipwrecks, so the simplicity and the cost of the analysis techniques are very fundamental. 
On the other hand, there are important points to be considered in order to make these simple 
calculations correctly. Samples taken near the corroded parts of the woods have low MWC 
values due to the iron compounds in the samples. Therefore, the aim of this study is 
the determination of deviations in the samples which have low MWC values via SEM images.  
 

MATERIAL AND METHODS 
 

The study was done on the samples of YK (Yenikapı) 29 which is one of the 37 Yenikapı 
shipwrecks. YK 29 is a merchantman, and it is dated to the 8–9th century based on 
stratigraphy (Fig. 1). The shipwreck’s extant length is 7.90 m and width 4.5 m. The planks of 
the ship were nailed to the frames with iron nails (Kocabaş 2015).  

 
Fig. 1: Photo-mosaic image of YK 29 shipwreck (left), representation of the sample taken 
points on the drawing of YK 29 shipwreck (right) (IU Yenikapı shipwrecks project archive). 
 

Samples were taken from 3 different planks (IK11-1, IK13-1, and SK6-1) which were in 
the desalination tanks at the IU Yenikapı Shipwrecks Research Laboratory.  In order to 
calculate MWC and BD values, small pieces, not less than 1 g, were taken (Fig. 1). Before 
the measurement, the dirt on the surface of the samples was cleaned. These waterlogged 
samples were weighed in air and in water. Then, samples were oven-dried to a constant 
weight and finally weighed again. An analytical balance with an accuracy up to 0.0001 g was 
used for weighing (Kılıç and Kılıç 2019). The following equations were used in order to 
calculate MWC and BD values (Babinski et al. 2014). 
 

MWC= 100× (mw-md)/md                                                                                                                                         (1) 

BD = md / Vw                                                                                                                                                                      (2) 
 
where: MWC - maximum water content (%), BD - basic density (g.cm-3), mw - mass of 
waterlogged sample (g), md - mass of oven-dry sample (g), and Vw - volume of waterlogged 
sample (cm3). 



 
 
WOOD RESEARCH 
___________________________________________________________________________________________________ 

 

1049 
 

In order to examine the physical condition of the samples in detail, SEM (Scanning 
Electron Microscope) images of the samples were taken with a FEI Quanta 450. Samples 
were prepared in transverse section direction (approximately 0.5 - 1 cm3) with razor blade for 
SEM. After these analyses, XRF analyses were done in order to determine iron amounts of 
the samples. XRF analyses were carried out on a Spectro xSort handheld XRF Analyzer. 

 
RESULTS AND DISCUSSION 

 
The MWC and the BD values of the samples are presented in Tab. 1 (Akgün 2020). 

The samples, which were taken from IK13-1 and SK6-1, had low MWC values and high BD 
values. In addition, the MWC value of the sample, which was taken from IK11-1, was higher 
and the BD value of the sample was lower. The wood species of the samples is cypress 
(Cupressus L.) (Akkemik 2015).  

 

 
Fig. 2: SEM images of the samples. a-c: cross-section of the sample taken from IK13-1, d-f: 
cross-section of the sample taken from SK6-1, cross-section of the sample taken from IK13-1, 
g-i: cross-section of the sample taken from IK11-1. 
 

According to MWC and BD values of the samples, the sample taken from IK13-1 should 
be recognized as highly preserved due to low MWC value. The sample taken from IK11-1 
should be recognized as highly degraded due to high MWC value. The MWC value of 
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the sample taken from SK6-1, was remarkably low for a waterlogged wood sample and 
the BD value was higher than the density of fresh cypress wood (the density of the fresh 
cypress wood is 0,45 g.cm-3) (Akgün 2020). Due to the suspicion caused by this value, it was 
decided to perform SEM. In order to determine the physical conditions of the samples, SEM 
images were taken.  

When the SEM images of the sample taken from IK13-1 were examined, it was observed 
that the wood was highly preserved, and tracheid, ray, and tracheid tangential wall of 
the  wood were almost intact. The SEM images of the sample showed that there was almost 
no degradation on the structure of wood cells (Figs. 2a-c). When SEM images of the sample 
taken from SK6-1 were examined, it was observed that SK6-1 was covered with iron 
corrosion products so the woody tissue could not be observed (Figs. 2d-f). When SEM images 
of the sample taken form IK11-1 were examined, the degradation of the wood cells could be 
observed. Especially, collapse of the wood cells could be detected (Figs. 2g-i). 

After these SEM observations, XRF analyses were done in order to measure the iron 
amounts of the samples (Tab. 1). 

 
Tab. 1: MWC values of the samples. 

Sample MWC (%) BD (g.cm-3) Iron amounts of the samples (%) 
IK11-1 441 0.20 3.7 
IK13-1 164 0.45 0.4 
SK6-1 87 0.71 32.3 

IK and SK: Plank. 

 
Moreover, an additional sample was taken from a part which was distant from 

the corroded area of the SK6-1 wood and SEM images of the sample were taken in order to 
have an idea about the physical condition of the SK6-1 wood (Fig. 3).  

 

 
Fig. 3: SEM images of an additional sample taken from SK6-1. 
 

When the SEM images were examined, the distortion occurring in the wood structure was 
observed. These images gave an idea about what might happen if the wood was not filled with 
corrosion products. For this reason, it is necessary to examine the woods with very low MWC 
values and very high BD values via microscopic methods especially via SEM. 
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CONCLUSIONS 
 

The Yenikapı shipwrecks project handled hundreds of waterlogged wood pieces from 
dozens of shipwrecks, so the simplicity and the cost of the analysis techniques used for 
determination of the physical condition of the woods are very fundamental. With the help of 
determining the physical condition of the woods, conservation procedure of the wood can be 
maintained successfully. MWC and BD values can be calculated easily and economically but 
any contamination can cause incorrect results. In order to avoid any erroneous sampling due 
to the excessive number of the wooden parts, the size of the wooden parts of the shipwrecks, 
the sampling conditions (samples can be taken when the samples were in the desalination 
tank), and the sampling should be inspected well. Nevertheless, should be specifically 
examined with further analysis techniques such as SEM and XRF especially the wooden parts 
of the shipwrecks which were near the corroded iron nails. Iron corrosion products are stable 
against heat. In addition, the weight of the wood was similar before and after heating. 
Therefore, corrosion products which have penetrated the gaps in the woods cause failures 
in the MWC and the BD calculations. This study presented that usage of multiple analysis 
techniques is very beneficial for determining the physical condition of the waterlogged wood 
near the corroded parts.  
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ABSTRACT 
 

CAD software and FEM analysis were used to modify the drum of threshing machine into 
machine for chopping wood residues. The operating parameters that affecting the performance 
of the chopping machine are drum speed (450, 1000 and 1200 rpm), three stages of serrated 
disk arrangement clearance between drum flail knives (0.7, 1.5 and 3 cm) and three levels of 
feeding capacity (W1   300, W2 = 360 and W3 = 420 kg.h-1). The developed machine was 
operated by the addition of two types of knives (sharp free knives + serrated discs) to the 
original knife existing already in the machine. The machine was evaluated in terms of 
production capacity, cutting efficiency, power requirements and energy consumption. Using 
the modified (serrated) saw disk mill and flail knives reduced the energy requirement for 
chopping and raised fine degree of the chopped materials and solve the clogging problem. The 
cutting productivity and cutting efficiency raised with reducing the clearance between flail 
knives (0.7, 1.5 and 3 cm) while the power requirements and energy consumption reduced. 
 
KEYWORDS: CAD, FEM analysis, chopping machine, serrated disc mills, knives sharps and 
wood residues. 

 
INTRODUCTION 

 
The first step towards solving residues problem, in order to be used as lignocelluloses raw 

materials in several industries, is to cut, crush and mill these residues using hammer mill 
machines to minimize the volume (Bejo et al. 2009). Ariavie et al. (2010) stated that, the fine 
particles of biomass improve density and the quality of briquettes. A briquetting plant used to 
produce the briquettes from residues essentially have hammer mill consists of a rotating shaft 
with free- swinging hammers, which reduce the size of particle to a predetermined size. Anup et 
al. (2012) used the hammer mill hammers like projection mounted on a shaft. The hammer 
revolves at high speed to chop the materials fed into pieces by beating. The one end of shaft 
coupled with blower to transport the chopped material from mill.  
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CAD (computer aided design) means that is a project assisted by a computer. CAD is 
the use of computer technology to aid in the design of a product. CAD system develop project 
functions, mainly based on the design of the item which one wants to create by using a series of 
tools provided by a data processing system to improve the efficiency and speed of the 
operations which are usually made by hand. CAD offers solutions reduce product 
time-to-market and improve communication efforts between design and production. Cellulose 
is one of the highly abundant natural polymers found in earth. It can be extracted from several 
sources including bagasse, wood, cotton, pineapple leaves and sisal fibers amongst others 
(Linganiso et al. 2019). Several authors state that the wood density varies not only by tree 
species but also with the vertical or radial location within the trunk or in the tree crown (Husch 
et al. 2003, Tomczak, and Jelonek 2013) followed by the annual rings width, the proportion of 
early and late wood, the tree age and the site on which the tree grows (Zeidler and Borůvka 
2016, Schönfelder et al. 2017 and Jelonek et al. 2009). 

The main objective of this research is to modify the performance of hammer mill 
equipment during cutting and crushing wood residues. 

 
MATERIAL AND METHODS 

 
A local hammer mill machine was developed for chopping wood residues. Development of 

cutting rotate drum was provided in three arrangement steps: (1) knives have been replaced by 
other knives with sharp edge, (2) knives have been replaced by knives with sharp edge 
beside  (9 inches) saw disk which have been set on the rotating drum, and (3) knives have been 
replaced by knives with sharp edge beside (14, 12, 9 inches) saw disk mills. The machine was 
modified from old drum to the new one as shown in Fig. 1 to be more suitable for chopping 
many types of residues. Each knife is fastened by four bars and rotates with high speed 
corresponding to a lower speed of feeding drums. The swinging knifes were fitted to the flange 
by four bars and bolts.  

 

a) b) 
Fig. 1: a) The old drum under study before modification and b) after modification. 
 

The action of these knifes interacted between themselves actions to help in cut the 
materials easily, reduce the impact force and prevent the straw around the drum. All disks with 
different diameters rotate with the main shaft at the same high speed. The maximum force 
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required to cut the wood sample in a direction perpendicular to the growth of the tree fibers 
Kováč et al. (2014), Kuvik et al. (2017) and Krilek et al. (2015). 

 
Factors under study  

The developed machine was evaluated at drum speed, clearance between drum knives, 
feeding capacity and stages of serrated disk arrangement. According to literature data 
(Srivastava et al. 2006, CIGR 1999), in reference to this information, machine productivity, 
power consumption, consumed energy and cutting efficiency were evaluated at each 
combination of variables. 

 

Tab. 1:  Experimental plan for evaluating the machine. 
Variables Levels 

Drum speed, rpm 450, 1000, 1200 
Clearance between drum knives, cm 0.7, 1.5, 3.00 
Feeding capacity, kg h-1 W1 = 300, W2 = 360, W3= 420 
stages of serrated disk arrangement Stage 1, Stage 2 , Stage 3 

 
Finite element modeling using of CAD software 

Computer aided design of machine was made by using “SolidWorks” software. Typical 
dimensions of the machine such as blade size, distance etc. and their 3D models can be easily 
made in short time. Input commands are provided for cutting tool features such as tool 
diameter, length of cut etc. Finite element modeling (FEM) was used to conduct a simulation 
study for stress analysis. A numerical model of chopping machine was created by using 
three-dimensional software. Deformation under static analysis was found, maximum strain 
values were obtained. The static results were analyzed and verified by simulation.  

 
The properties of wood residues 

The chopping machine was tested with different variety of wood with width in range 
4-15 cm, length 18-50 cm and thickness 4-10 cm at 7.3% moisture content on wet base obtained 
from carpentry workshops. The samples were taken periodically from the machine outlet and 
placed in polyethylene bags. The samples were even dried at 70°C for 48 h (Nwaigwe et al. 
2012) by using electrical oven. Moisture content (MC) was determined according to Eq. 1: 

  
        MC = m – m0 / m   (%)                                                                                            (1) 
 
where: MC - moisture content %, m - sample weight before drying, m0 - weight after drying (g). 
 

Performance evaluation of the developed machine 
Evaluation of the hammer mill was performed taking the following measuring parameters:  
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Machine productivity 
El Shal et al. (2010) mentioned that actual capacity of the machine is the actual rate of 

productivity by the amount of actual time consumed in operation (lost + productive time). Lost 
time is considered as the time spends in refilling the machine hopper, simple repairs and 
interruptions. Machine chopper productivity (P) was calculated by using Eq. 2 (Mady 1999): 

 
P = W × 3600 / T        (kg.h-1)                                                                                    (2) 
 

where: W - mass of the sample (kg), T - time (s). 
 
Required power and consumed energy 

El-Hanfy and Shalby (2009) stated that, the average of cutting length reduced and 
the distribution percentage of short pieces raised by rising the cutting speeds and overlapping 
between fixed and rotary knives. 

Power consumption (Pc) was determined by measuring the volume of diesel fuel required 
and refueling the machine tank after finishing the operation time. The power was calculated 
by using Eq. 3. The consumed energy (CE) is power per unit productivity; it was calculated by 
the using Eq. 4. (El-Fatih et al. 2010): 

 
Pc =    FC × ρf × LCV × 427 × Ƞm × Ƞth   / 3600 × 75 × 1.36             (kW)              (3) 
 
CE  =  Pc / P             (kW.h.kg-1)                                                                                (4) 

 
where: FC – fuel consumption (l.h-1), ρf – fuel density (Diesel 0,85 kg.l-1), LCV – lower calorific 
value of fuel (11000 kcal.kg-1), thermo- mechanical equivalent (427 kg.m.kcal-1), Ƞm – engine 
mechanical efficiency (85% Diesel engine), Ƞth – engine thermal efficiency (25% diesel 
engine). 

 

Cutting efficiency 
Nwaigwe et al. (2012) noted that, the efficiency of the modified chopping materials mill is 

given by using Eq. 5: 
  
Em = (Amount passing sieve / Total weight of sample) × 100                                    (5) 
 

RESULTS AND DISCUSSION 
 

Finite element modeling 
The applied mechanism here is impact loading where the time of application of force is less 

than the natural frequency of vibration of the body. Since the hammers are rotating at high 
speed, the time for which the particles come in contact with the hammers is very small, so here 
impact loading is applied. Swinging instead of hammers was used to avoid the hammers from 
getting stocked in case a hammer comes in contact with a material it cannot break at first 
impact.  
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A solid model is the complete type of geometric model used in CAD systems as sown at 
(Figs. 2 and 3). The shaft is considered to be subjected to torsion and bending. The model is 
considered for the horizontal shaft impact chopping to find out the relation between the feed, 
the crusher and the output parameters. Attrition method has the material scrubbed between 
the hammers and the screen bars. Attrition consumes more power and causes heavier wear on 
hammers and screen bars. Many studies have been investigated on elastic constants of wood 
through using different testing methods (Aira et al. 2014), non-destructive method (Tomazello 
et al. 2008, Xu et al. 2020), and resonant beam technique (Gerhard et al. 2020).  

 
Fig. 2: Model analysis of the knife, disk and flange deformations in Ansys Pro. 

 

  
Fig. 3: Model analysis of the drum deformation, shear stress and principal stress in Ansys Pro. 
 
Evaluation of the productivity with wood residues 

The data in Fig. 4 shows that the cutting productivity raised with rising the cutting drum 
speed and reducing the clearance between flail knives (0.7, 1.5 and 3 cm).  

   

 
Fig. 4: The relationship between cutting drum speed and productivity at three levels of feeding 
capacity (w1,w2 and w3) for wood residues at 7.2% moisture content. 
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Power requirement 
The data in Fig. 5 shows that the power requirements reduced with rising cutting drum 

speed while the power requirements reduced with reducing the clearance between flail knives 
(0.7, 1.5 and 3 cm). The results show that the power consumption and energy requirement for 
cutting different residues was raised with rising drum speed, feed rate and moisture content 
but the power consumption and energy requirement were reduced by rising the concave 
clearance, the results agree with Arfa (2007). 
 

 
Fig. 5: The relationship between cutting drum; speed and power requirements at three levels of 
feeding capacity (w1,w2 and w3) for wood residues at 7.2% moisture content. 
 
Energy consumption 

The data in Fig 6 show that the energy consumption reduced with rising cutting drum speed 
and with reducing the clearance between flail knives (0.7, 1.5 and 3 cm).  

 

 
Fig. 6: The relationship between cutting drum speed and energy consumption at three levels of 
feeding capacity (w1,w2 and w3) for wood residues at 7.2% moisture content. 
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Cutting efficiency 
The data in Fig. 7 show that the cutting efficiency raised with rising the cutting drum 

speed while the cutting efficiency raised with reducing the clearance between flail knives 
(0.7, 1.5 and 3 cm). It was possible to separately observe the amount of cutting force for 
cutting knifes thickness Kováč et al. (2014), Kuvik et al. (2017) and Krilek et al. (2015). 

 

 
Fig. 7: The relationship between cutting drum speed and efficiency at three levels of feeding 
capacity (w1,w2 and w3) for wood residues at 7.2% moisture content. 
 
   CONCLUSIONS  
 

From the above mentioned study, it can recommend that: (1) The addition of the serrated 
disc mills and the distance between reduce sharp flail knives themselves support the process of 
cutting force. (2) Using the modified (serrated) saw disk mill and flail knives reduced the 
energy requirement for chopping and raised fine degree of the chopped materials. (3) Reducing 
the serrated disk arrangement clearance between drum knives (0.7, 1.5 and 3 cm) solve the 
clogging problem and reduced the energy requirement for chopping and raised fine degree of 
the chopped materials. 
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ABSTRACT 

  
This study focuses on trade of hardwood products in selected countries of Eastern Europe, 

specifically the Czech Republic, Slovakia, and Hungary. It was supported by a survey 
conducted with companies producing products made of hardwoods. It monitors trade trends 
in the wood products industry, specifically focusing on lumber, wooden veneers, furniture 
production, musical instruments, and wooden accessories. It also addresses the current and 
potential import and use of the US hardwood lumber in these countries. The study is also 
pointing out the shortcomings of the monitored markets. The online questionnaire and 
follow-up phone calls were used to obtain information from companies in countries of interest. 
Results showed that 83.3% of Czech respondents already use imported hardwoods in their 
production, followed by Hungary (69.2%) and Slovakia (54.6%). Despite the relatively high 
values of imported hardwood products, the overall results show that there is only a small 
potential for an increase in import of the US hardwoods in the wood products industry in chosen 
countries. The utilization of tropical hardwood species will continue because of their superior 
properties for specialized products such as musical instruments. Results also point out 
the grooving importance of certified hardwoods, their utilization, and trade.  
 
KEYWORDS: Hardwood trade, hardwood products, US hardwoods, Eastern Europe. 
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INTRODUCTION 
 

Over the last two decades, ongoing economic globalization has brought considerable 
changes in how wood products companies use and trade the material for their production. 
This study aimed to better understand the supply and trade of hardwood resources, such as 
lumber veneer, and finished products, such as furniture, in the selected countries of Eastern 
Europe, with the vision to facilitate potential opportunities for better international cooperation. 
Despite the pronounced downturn in many hardwood markets during this time, some evidence 
suggests that the smaller, customized manufacturing sector has fared better than the more 
traditional mass producers (Bumgardner et al. 2007, Buehlmann et al. 2008, Lihra et al. 2008). 
These smaller, customer-oriented manufacturers offer customized services and products and 
serve niche markets (Anderson 2006). However, their aggregate material consumption 
increases the importance of hardwood lumber producers (Luppold and Bumgardner 2008). This 
situation is very similar in Eastern European countries where the wood products industry plays 
a vital role and is represented mainly by smaller customized manufacturers. These producers 
need a steady supply of material to produce high-quality products, which they sell locally and 
globally.  It is believed that adequate material supply should be available from local resources 
since Eastern European countries are highly forested. For numerous reasons, some producers 
are experiencing a shortage in the material supply of their choice and seeking imported 
resources. Hardwood lumber consumption and trade are difficult to measure. Estimates of 
consumption for individual industries exist based on survey data (Forbes et al. 1993), but these 
estimates are only snapshots and are not current. It is also essential to understand that 
the international hardwood lumber market seen can change quickly. The market that existed in 
the 1990s is not the same market the wood products industry faces today (Grzegorzewska and 
Sedliacikova 2021 Grzegorzewska et al. 2020). The systemic transformation that followed 
the collapse of communist regimes in the early 1990s in European countries of the so-called 
Eastern Bloc affected all areas of the economy, including forestry and forest products (Zälïtis 
2015). Nevertheless, forest-based sectors in these regions continue to contribute significantly to 
the quality of life and sustainable natural resource utilization. For example, given the current 
state of the forestry and forest-based sectors in Slovakia, innovation trends in these sectors are 
oriented toward efficient wood processing, technological innovations, new software solutions, 
better services, and other approaches (Orazio et al. 2017, Hajduchova et al. 2016). The wood 
trade manners and market decisions on the Slovakian market were also researched and 
presented (Halaj et al., 2018).  Due to the growing global demand for wood and wood products, 
it is crucial to be competitive in the international market to use the potential gains of this 
increased demand. The raw material path is relatively long, as wood is processed into the final 
products and delivered to a consumer. It passes several production stages and different markets 
until the final product fulfills the consumers' needs (Parobek et al. 2014). In environmentally 
sensitive markets, forest products' competitiveness can be influenced by factors related to 
the origin of wood material from sustainable and renewable sources (Paluš and Kaputa 2009). 

Trade is usually associated with large economies, but also for small and vulnerable 
economies, exports and imports are essential in sustaining growth and external viability. Their 
long-term survival is dependent on their ability to compete with exports of similar products 
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from other countries on the international market. It is also known that a nation engaging in trade 
gains has a comparative advantage not because it can produce goods or services cheaper but 
because it is relatively more efficient than other nations in producing these goods or services 
(Carvalho et al., 2009). The importance of globalization in the development of world markets 
has been evident in recent decades, and its impact can be observed as well on the wood products 
market. Several studies reflect the global changes in industrial wood and wood products 
markets (Hurmekoski 2013, Buongiorno 2015, Zhang 2012, Dragicevic 2017, Knauf  2017, 
Latta et al. 2016, Wear et al., 2016). Economic growth represents one of the most important 
factors, which creates ideal conditions for timber market development. Following the theory of 
derived demand, the demand for wood depends on the demand for final wood products 
(Parobek et al. 2014). 

The set of economic and political decisions have also impacted the whole wood market 
sector. The EU industrial wood and wood products trade is nearly 50% of the global trade. 
Therefore, the EU represents one of the world's most robust trading blocks. There was 
a significant shift in wood flows in Eastern Europe, namely in the Czech Republic. 
The exported volume of roundwood from the Czech Republic increased by almost 43% 
between 2015 and 2017, and it was the largest export of raw roundwood among all EU 
members. The share of the EU's import of roundwood worldwide has been stable over the past 
five years and reached about 40%. The share of exports was about 30% (Dzian et al. 2019). 

The overall scope of this study is to find out more about how forest products companies in 
Eastern Europe source the material for their production and if there is an interest to expand their 
trade of hardwood resources (import or export) to other markers.  The online survey was used 
as the primary tool to collect information from targeted companies to determine if they are 
producing their products from domestic or imported wood products, their raw material 
preferences, trends in management, and marketing practices.  
 

MATERIALS AND METHODS  
             

Steps of survey creation and data collection 
The surveying process was preceded by secondary research, which aimed to target 

companies involved in producing hardwood products in selected countries of the Czech 
Republic, Slovakia, and Hungary. The database included companies producing and displaying 
on their website products made of hardwoods such as veneers, musical instruments, or 
hardwood accessories. The created database of companies included only publicly available 
information, company name, contact person and their job title, company headquarters, date of 
company establishment, number of employees, and turnover, if available. The industry experts 
and industry association representatives in all targeted countries reviewed the created 
hardwood products company database. This step was followed by developing an online 
questionnaire. The initial e-mail was sent to selected companies to acquaint them with the 
research scope and obtain permission to send them additional e-mails with the actual web-based 
questionnaire. Altogether, 80 companies were approached to participate in this survey, 
representatives from the secondary and the tertiary wood products sector, which are companies 
producing and trading targeted hardwood products. Surveying took place in the official 
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languages of each addressed country. Two e-mails with a link to the online questionnaire were 
mailed to companies, with a one-week separation between mailings. The response rate after the 
first e-mail was low at 13%. A week later, the second e-mail was sent immediately after a 
telephone call reminder, reaching out to the previously contacted company representatives. 
This approach was very successful and yielded a high response rate (on average, 45%). Some 
company representatives were friendly and agreed to participate in an extended phone 
interview, discussing the given topic further. This information was collated and reported in the 
result section. 
 
Questionnaire structure 

In a qualitative study, as in research methods in general, rigorous data collection 
procedures are the main factors that influence quality and trustworthiness (Kitto et al. 2008) 
and critically influence the study results (Gibbs et al. 2007). Eastern European wood product 
manufacturers producing or having the potential to produce their products from hardwoods 
imported from other markets (including popular tropical wood species) were examined by 
voluntary questionnaire. A systematic literature review was carried out (Campbell et al. 2014), 
exploring empirical and theoretical scientific papers or research reports that focused on 
developing semi-structured interview guidelines. In the end, the final version of the 
questionnaire containing 18 questions was developed.  

All collected information was identified, grouped, labeled, and sorted into sub-categories 
based on their similarities and differences. After these steps, sub-categories were further 
grouped and allocated to the main studied categories, covering various methodology phases 
(Elo and Kyngäs 2008). 
 

RESULTS AND DISCUSSION 
 
Firm characteristics 

In total, 25 Czech (CZ), 25 Slovak (SR), and 30 Hungarian (HU) companies participated in 
the survey. The response rate in the Czech Republic was 48%, in Slovakia 44%, and in Hungary 
43.3%. The overall response rate of the questionnaires was 45%. There were 36 valid 
questionnaires and one incomplete and therefore excluded this questionnaire. Almost half of 
the responses came from the production sector of manufacturing furniture, interior products, 
and parquet flooring (47.2%). Other respondents were producers of veneers (11.1%), musical 
instruments (13.8%), and lumber producers (13.8%). A small range of addressed companies 
was also involved in the production of wooden accessories (8.3%) and shipbuilding (5.5%). 
Regarding the geographic location, the highest concentration of respondents from the Czech 
Republic (75%) was located in the eastern part of the country. In Slovakia, almost half of the 
responding companies came from the western half of the country and the other half from central 
Slovakia. In Hungary, the responding companies are located in the country's center, close to 
the country capital. Companies were divided by size into micro enterprises, small enterprises, 
medium enterprises, and large enterprises, following the EU regulations. The most suitable 
criteria for determining the enterprise's size were the number of employees (EU regulation) or 
the company's annual turnover. Company size was defined base on the number of employees. 
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The results showed that companies' ratio, with the variable number of employees in the Czech 
Republic and Hungary, is better represented than in Slovakia. While focusing on products from 
solid wood or veneer, small and medium-sized businesses are dominant in all three targeted 
countries. Thirty respondents were classified as micro-enterprises, with up to 9 employees. 
With the increasing number of employees, the number of businesses was decreasing. However, 
large enterprises of 100 to 500 employees were also found in the Czech Republic and Hungary. 
It could be concluded from collected responses that the addressed companies engaged in 
the production of secondary wood products, such as furniture, wood accessories, parquet, or 
musical instruments, were of a small or medium size. On the other hand, primary wood 
products companies, those processing logs, veneers, or other semi-products, usually have a 
higher number of employees (one Hungarian company had over 500). Employees' annual 
turnover can be a very delicate subject, even though this is one of the criteria that every 
enterprise must disclose through its financial statements. In addition to specific turnover 
intervals, there was an option not to answer this question, but it was answered by 16.7% of 
respondents. However, 50% of respondents reported an annual turnover below 2 million €. 
Another 33.3% reported the annual turnover in the range from 5 to 10 million €. The rest of the 
companies selected a turnover above 10 million €. 

 
Import of foreign hardwood species 

A significant number of respondents (69%) reported that they import foreign wood species. 
The lowest balance was reported in Slovakia (54.4%), while the highest in the Czech Republic 
(83.3%) and Hungary (69.2%). The question about foreign hardwood species' utilization 
included temperate hardwoods and other tropical hardwood species, mainly those coming from 
Africa and Asia. The most popular wood species were American black walnut (60%) and 
mahogany (44%). Regarding the US hardwoods, 70% of Czech and 83.3% of Slovak 
respondents reported working their experience mostly with American black walnut. 

In comparison, 44.4% of Hungarian respondents used Hard maple, as is shown in Fig. 1. 
It is also important to note that some Czech and Hungarian companies also import a low 
quantity of local hardwood species. Specifically, species such as European beech or Pin oak. 

 One of the objectives was to learn about US hardwood species and their proportional 
representation in production by selected countries. Thus, from a total of 36 respondents, 69.4% 
reported experience of working with US hardwood species. Fifteen firms (60%) reported using 
the American black walnut (Juglans nigra), followed by Hard maple (Acer saccharum), which 
was identified by eight respondents (32%). In contrast, seven respondents (28%) reported using 
the Northern white/red oak (Quercus Alba/ Quercus nigra). However, American black cherry 
(Prunus serotina Ehrhart) and hickory (Carya ovata) were reported as the least used wood 
species. American black cherry was selected by four companies (16%) and hickory only by two 
companies (8%). Importing foreign wood species was attributed to their exceptional 
appearance and superior properties, reported by 48% of companies. Responses showed that 
40% of the surveyed companies import foreign wood species for strategic (marketing) reasons, 
mainly the interest of their customers. However, specific results differ in each country and 
almost in every company. The most frequent reason was the customer demand,  selected by 
36% of respondents. Three Czech companies producing wood accessories, musical 
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instruments, and veneers chose foreign species for their superior structure/texture compared to 
the domestic hardwood species. One company mentioned that they import wood species from 
abroad precisely because of better acoustic/resonance properties. 

 
Fig. 1: Imported wood species from abroad by EU countries (CZ, SR, HU). 
 
Production characteristics 

Respondents were also asked to comment on their production and the type of imported 
hardwoods. 65.2% of respondents import wood in the form of lumber, and 56.5% of surveyed 
companies import and used hardwood veneers. In respect of hardwood logs import, 
the semi-finished products category was selected only by 17.4% of respondents. It should also 
be noted that out of 25 companies, just about 8%, only trade and do not process the imported 
commodities. To evaluate the import of the US hardwoods, it was necessary to exclude 
companies that import tropical wood species from other continents. The remaining results are 
not 100% decisive, as most companies import in addition to the US hardwood species also other 
tropical wood species. For example, if a company reported working with American black 
walnut and mahogany, they reported a product type importing solid wood and veneer. 
We wouldn't know which wood species were imported for what type of products. The results 
showed that the most imported product type of the US hardwood species is lumber, reported by 
61.1% of companies from a total of 18 companies. Furthermore, a significant imported product 
type was the US hardwood veneers (55.6%). The last negligible type of products is 
semi-finished products (16.6%) and furniture (5.5%). 

The following question was related to the perception of better physical and mechanical 
properties of foreign wood species, mainly concerning musical instrument manufacturers. 
Thus, the responses received were quite surprising; even though none of the Hungarian 
companies works in the production of musical instruments, many responded that foreign wood 
species have better physical and mechanical properties than those of domestic wood species. 
These respondents work mainly with tropical wood species, such as mahogany, teak, wenge, or 
iroko, so this statement belongs to those species. The only company from the furniture 
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manufacturing sector that works with Hard maple reported better physical and mechanical 
properties than domestic wood species. Altogether, 40% of the surveyed companies said the 
physical and mechanical properties of foreign wood species are better; the remaining 60% do 
not consider that the US hardwoods have better physical and mechanical properties than the 
domestic wood species. 
 
Business environment and customers  

Regarding the results, up to 64% of 25 respondents were buying foreign wood species 
through trade party representatives. Direct trade with the manufacturer/producer was reported 
by 32% of companies, and 4% of respondents chose not to answer this question. More than half 
of the companies buy foreign wood species through third-party representatives, which bear 
witness to an underdeveloped international trade. In the case of the US hardwood products 
supply, a minimum quantity of goods to the buyer may be determined, which must be loaded on 
the means of transport to ensure meaningful logistics. For this reason, transportation costs are 
increasing, and thus direct trade for the addressed countries is almost unrealistic. For long-term 
contracts, the deliveries' sequence can be managed through shipping consents (consensus 
letters), regulating the balance and continuity of supply concerning the buyer's storage and 
processing capacities (Paluš 2013). Trade party representatives are located primarily in 
Western European countries, specifically Germany, England, and France, where the US 
hardwoods business is already part of the developed wood sector.  

Respondents were also asked if they are selling products made of imported wood species 
internationally. The survey showed that 76% of respondents’ trade abroad their products of 
mentioned wood species. This situation could be because there is a lack of demand for these 
products on the domestic market, or a higher price of the final product, targeting more affluent 
customers. This could mean that such a clientele could stagnate in the country where these 
products are produced.  If the company imports foreign timber, then processing it into a product 
and exports that product to the external market, under ceteris paribus, the company becomes 
more competitive on domestic and foreign markets. The remaining 24% of the addressed 
companies do not export their products made of imported wood species, which would mean the 
exact opposite of the reasons mentioned above. Regarding US hardwoods, the results have the 
same tendency; 78% of respondents and US hardwood species users stated that their products 
are also exported abroad. All Hungarian companies export products made of imported material 
abroad, which can be seen as a lack of demand from Hungarian customers.  

The following results are related to sales trends in the woodworking industry, concerning 
the activities with the imported wood species and commenting on a global perspective. Given 
the question about performing sales, the results could predict regarding specific industry's area. 
The results showed that the Czech and Hungarian companies prefer to operate via the B2C 
(business to customer) model, while Slovak companies also sell via B2B (business to business). 
75% of the surveyed companies realized their sales through B2C and 55.6% through B2B. 
Hungarian companies do not sell online. Online sales were mentioned by five Czech and two 
Slovak companies. It is also important to note that some companies perform their sales in 
variable ways. Hungarian companies also stated that they were using another way of selling 
their products but did not specify the method. In the case of trading and processing the US 
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hardwood species, the results are changing only slightly, shown in Fig. 2. In the Czech 
Republic, sales through the B2B model are dominant, but on the other hand, we see the highest 
number of online sales. Of course, online sales are not performed by companies that process 
veneers or lumber, as they are bulky semi-finished products and subject to further processing. 
Thus, companies automatically introduce online sales by producing products such as 
accessories, furniture, or musical instruments. The B2C model is still dominant in Slovakia and 
Hungary, so consumers are the target group. 

 

 
Fig. 2: Sales performance overview based on responses from US hardwood species processing 
companies. 
 
Sustainable forest management  

Forest management and certification play a supportive role in realizing wood production 
by evaluating social, economic, and ecological objectives. The number of certified forests is 
increasing rapidly worldwide. The results show that more and more companies prefer wood 
material of known origin and thus certified wood. Only 27.8% of responding companies from 
three countries said they did not care about the wood origin. This may result from several 
limitations on certified raw materials in Eastern EU countries. Final consumers create public 
opinion, but demand is created at the level of buyers of certified wood. Two certification 
systems, FSC and PEFC, were used prevalently by the respondents. These two certifications are 
strongly enforced in the countries of Europe. Some companies claim that they require both 
PEFC and FSC. Up to 57.7% (Fig. 3) of companies said they required an FSC certification, 
15.4% required a PEFC certification, and 23.1% said they needed a different certification. Only 
one of the companies named CITES certification as an alternative. Focusing on the results 
obtained from woodworking firms utilizing US resources, the results are as follows. The largest 
percentage of respondents use the FSC certification, 66.7%. Four companies require PEFC 
certification, which is 26.7%. The remaining 26.7% use unknown certifications. 
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Fig. 3: Wood certification overview responded by addressed companies. 
 

CONCLUSIONS  
 

The main goal of this research was to evaluate the current and potential use of foreign 
hardwood species in chosen EU countries. Mainly small and medium-size wood processing 
companies were involved. The survey results showed that there is already ongoing business 
with well-functioning trade and use of foreign wood species. It showed that 83.33% of Czech 
respondents already use imported hardwoods in their production, followed by Hungary 
(69.24%) then Slovakia (54.55%). Compared to the Czech Republic and Hungary, the lower 
percentage of imported hardwoods users in Slovakia could be attributed to sufficient domestic 
resources. American walnut is the most popular foreign wood species on the Czech and Slovak 
markets, and up to 60% of respondents expressed interest in this type of wood species. Hard 
maple is recognized and valued by Hungarian companies, followed by Black cherry and 
hickory. The results also showed that 48% of the US hardwoods are imported due to their 
unique structure and properties that the other wood species cannot replace. 40% of their import 
is attributed to strategic reasons, such as particular demand from customers. The work aimed to 
determine if there is a direct business connection between the producer of US hardwood species 
and the users in Eastern European countries, but this question did not yield very positive results. 
Up to 77.78% of respondents said that they are importing US hardwoods through sales 
representatives, which means that import runs through the intermediate links in Western 
Europe. Because of this, shipping costs are increased. Transport costs will also be increased in 
direct trade between producer and user if the capacity of transfer is not met. 78% of the 
surveyed companies said they exported products made of US hardwoods to the external 
markets. The Hungarian market is focusing mainly on external markets, thus ensuring greater 
competitiveness. The Czech Republic and Slovakia focus their production mainly on 
the domestic market. The second outlet of the questionnaire was focused on a potential trade 
with the foreign wood species. In this survey, 11 respondents were involved, of which only 
19% expressed interest in a possible trade with foreign wood species. This interest came from 
the Hungarian companies, which expressed interest in the US hardwood species such as 
American walnut, Hard maple, and other African wood species. The vast majority of addressed 
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companies that do not yet work with foreign wood species and are not very interested came 
from Slovakia. A similar response was also recorded in the Czech Republic, where companies 
expressed low interest in foreign wood species. 

The application of tropical wood species is still essential in producing musical instruments, 
such as decorative veneers on the back and side of the guitar. Tropical woods with the highest 
density (mahogany or wengé) are used for guitar components and so-called bridges. However, 
the distinctive texture of tropical wood species from afar is not as popular as before, and the 
current production represents around 2%. The risk of imports is associated with logistics, 
whether the economic crisis is also one reason for low use.  
In terms of sales, it was expected that the bulk of sales would happen through the B2C 
mechanism, in which the highest emphasis is placed on the targeted customer. This hypothesis 
was confirmed since the B2C mechanism prevailed in every studied country, where 
the predominance of small and medium-sized enterprises is most common, and this mechanism 
most profitable. The growing importance of online sales was observed mainly in the Czech 
Republic but also in Slovakia when respondents launched online sales. Of course, online sales 
are challenging for some companies dealing with bulky products. However, with smaller 
products such as furniture, musical instruments, or wooden accessories, the online sale could be 
an excellent move and an advantage to combat growing competition. 

In recent years, the awareness of sustainable forest management is on a growing trajectory, 
which is also very strongly reflected in the responses about the importance of the origin of raw 
material (wood). In the Czech Republic and Slovakia, it is possible to speak unambiguously 
about the interest in certified wood products, while it is not so clear in Hungary. Their forest 
areas are so far not prevalently certified. Only in 2016, Hungarian Forest Certification 
Non-Profit Ltd. became a member of PEFC certification. Currently, no forests in Hungary are 
certified by PEFC. Nevertheless, the PEFC and FSC chain of custody management is used in 
Hungary, mainly due to the large export of their products abroad. However, it should be noted 
that the demand for certified wood and wood products is increasing every year.  This statement 
is based on statistics of ever-growing areas of certified forests and a new chain of custody 
certificates, especially FSC certification. 
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