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ABSTRACT

The article deals with durability of woodurability of wooden structures and surface
modification of wood. We are trying to elimimethe factors causing degradation of wood with
the use of photocatalytic materials. Those miate are efficient UV absorbers and they are
able to destroy biological aggressors alBloe planar particles of titanium oxide TLi@ere
chosen for the purpose of our research and apphea wooden surface. In our case, we used a
water solution of TiQ The main goal of our work was sbudy the interaabin between planar
particles of TiQand wood matter. The samples of pine wd@idiis sylvestriswere monitored
for 255 days and subsequently evaluatedguisin electron microscope. The use of Jlwas
compared with reference material and a reference commercial coating.
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INTRODUCTION

Wood is the oldest building material edfe of transferring both tension and compression
(Thelandersson et al. 2003). Wood also has ageoy strength to weight ratio. The problem is
biological degradation of wood as a natural mat€Blass et al. 1995). Due to that durability
considerations are important in ensuring pprapriate life for wooden structures. Durability
iIssues imply that the designer has an expectatf performance of the wooden structures for
a given number of years - usually the servicedifthe structure. Responsible design is focused
to appropriate wooden species, sizes thatvatlte satisfactory performance and appropriate
treatment. The protection of wood takesnypndorms including proper detailing. They are
mainly directed towards the prevention of moisture access.

Although wood as raw material has wide utifisa in many industrial sectors, its use is
compromised in some applications due tmealraw-backs resulting from its variability both
between and within wood species as well iss inherent physical-chemical properties
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(e.g. anisotropy, hygroscopicity). Wood performasiably in density, strength and durability,
while it is susceptible to degradation by UV-ligbhemicals, fungi and insects when in humid
environments. Moreover, wood lacks dimensional stability because of its property to swell and
shrink when being in variable moisturendlitions, caused by the large number of hydroxyl
groups in the wood structure (Blass et al. 1985dtective systems ensuring durability of
wooden structures take many forma3:design for durabilityb) chemical treatment where
natural durability is not enough, oy maintenance and monitoring (visual, semi-destructive).
Nevertheless, it is also necessary to take amtwount that preservative treatment may affect
the strength and stiffness properties of wood (Blass et al. 1995).

One of the semi-destructive methods fomaleation of wooden structures is based on
measurement of material resistance against itetrof an indenter. The damage of a wooden
structural member is small after the testse @hthe well-known devices is Pilodyn 6J Forest
that penetrates the surface layers of wooden elelnyes short pin with thielp of an internal
spring. It is possible to determine wood densitd even the related mechanical properties
based on the input of the depth of the pin penetration (Hasnikova et al. 2014).

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

One of the innovative methods particularlytable for long-term continuous monitoring of
stress in wooden structure is the use ofbaefioptic sensor. The technology of Fibre Bragg
Grating (FBG) sensor is an optical system usedhe same purposes as strain gauge sensors.
However, unlike strain gauges, deformatioaasurements and information transmission are
realized by means of light. Energy requirenseaf the system are therefore reduced and
the system is significantly more resistantmost potential sources of interference, including
electromagnetic interference. The fibre optic seisessentially an optical fibre equipped with
a special grating (the so-called Bragg gr@}j which is produced for example by UV laser
firing during fibre production. It is a very sithagermanium doped portion of the optical fibre
which, in the case of joining this fibre withetlstretched body, changes its optical properties in
a defined manner, and thus it is possibleneasure very precisely the elongation of the body.
On one fibre there can be several indepenBB@ sensors, each measuring a different place on
the construction and working at a different wiawngth. 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 principlee@iection of centrawavelength of light by
the Bragg grating. A part of the emitted lighignal passes through the grating and a part of
the light spectrum is reflected back. In theasuring unit, it is compared to the reference
(unloaded) grating tuned to the samevelangth, the deformation is obtained from
the difference of values. In the case of avlgemade wooden member, the sensor can be
inserted into its body. If an existing wooden memlbr even historical structure is to be
monitored, the sensor can be attached to its surface (Velebil et al. 2016).
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Durability of wood

Under ideal conditions wooden structures banin use for centuries without significant
biological deterioration (Thelandersson et24103). However, when conditions are not ideal,
many of wood species need a preservative treattadrd protected frorthe biological agents
responsible for wood degradation, mainly fungi amkcts. There is also one simple rule for
design of wooden structures - “keep wood dry”tHis case, the good detailing can be used to
reduce biological hazard. Maintenance is alsoy important during the service life of
the structure.

Each type of biological hazard has its own ek conditions that increase the risk of
deterioration. Many of them include high levelfsmoisture. For example, fungal attack on
wood is accelerated by the following conditions: moisture content between 20% and 25%,
freely available oxygen, temperature range in & @0°C (ideally 25-40°C), a ready supply of
food containing sugars and carbohydrates. (flee wood itself, particularly sapwood)
(Blass et al. 1995).

Wood and wood-based products shall eitherve adequate natural durability for
the particular application, or be givenns® preservative treatment. The new EN 335: 2013
gives general definitions dfse classes (previously called Hakalasses) for different service
situations to which wood and wood-based products can be exposed.

Surface modification of wood

From a chemical point of &w, the wood consists of cellulose, hemicellulose and lignin,
while the wood cells also contain at a lesseemxother components like tannins, resins, oils,
fats, terpenes, flavonoids, quinines and alkisldHunt et al. 1938). The properties of wood
surfaces are influenced by polymer mpioology, extractive chemicals and processing
parameters and conditions in end-useshe 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 shbubrolong lifetime of wooden structures.
The main role of the group protective matexibased on photocatalysis is to protect wood
before color changing, moulds and fungus. Thetrspread photocatalytic materials for wood
protection are Ti@ ZnO, CeQ (Subrt 2014) and W§(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 poroussistant material (Minabe et al. 2000).
Furthermore, the article deals with the use of;Ti€cause it is the most available material with
photocatalytic properties (Chen et al. 2009).

Material for chemical protection of wood by Ti@as chosen planar particles of FiO
because it is possible to prepare as photoactive (crystalline) and non-photoactive (amorphous)
(Bahtat et al. 1992). We are expecting thatuse of the planar particles of Bi®ig. 1) could
be one of the method to ensul@rability of wood and wooden structures during their planned
service life. This will strengthrethe confidence of users (e.g. engineers and architects) and
boost the use of wood also in conventional fiedflgpplication like building structures etc.
The goal of our work is study intetaan between planar particles of Ti@nd wood matter.

In our study, we want to observe the dire¢eraction between wood tissue and particle of
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TiO,, so we used an aqueous solution of ;JTie 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 T¥®Photo: electron microscopy CTU, Prague).

After the application of TiQ the planar morphology was proved by electron microscopy
(Fig. 1). On the picture is possible to see thasilrface of the particie not plain but wavy and
also it is not completely continuous. The hateser 20% of the surface and aggregates cover
10%. Holes and aggregates in this amounth@ negative impact on the UV absorption of
the material as was proven by UV-VIS spectroscopy.

In the next part of the article is presentegl tise of chemical protection of wood in the form
of TiO, in comparison with the commonly used commercial protection of wood and
unprotected wood.

MATERIAL AND METHODS

Materials

The tested wood was pin@ifus sylvestris from the forest area in Central Europe.
The wood was protected in thetio of a coating. Planar Ti(particles were used as chemical
protection of wood. It was 8% aqueous solution of TgOwhich was evenly applied on
the wood surface. The preparation of TiGtself was taken from the article by
Svora et al. (2020), where elemental compaositand structural characterization are also
described. Alkyd stain SynolacTM 6005 W fro@ray Valley Ltd. was chosen as
a representative of commercial chemical gctibn of wood and was chosen for comparison
according to EN 927-3: 2002. Alkyd stain SyaolM 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 descthe effect of wod protection using Ti&which
were exposed to the outside environment285 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 Efficieuildings. Tab. 1 shows the identification of
individual samples with methods of protecti The samples were continuously visually
monitored (Fig. 2) and subsequently, after 2iys, 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% TiO, solution

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

Microscopic sections were used for eleatmicroscopy. A small portion of the sample
was taken from the wood surface and enclosmmgpoxy resin (EpoFix kit from Struers).
Subsequently, the sample was ground aniéshped to achieve the required roughness for
electron microscopy and elemental microanalyisighe first step, silicon carbide foils with
a roughness of 500 graiasi> were used for 2 min, followed by foils with a roughness of
1200 grainsm? and 2000 grains/chrfor 4 min and 4000 graimsn? for 12 min. The entire
preparation was performed on Tagrin 25 from Struers with a pressure on samples of 5 N and
performed without the use of water as a wettagent. The sample thus prepared reached
the flatness required for analysis. Finally, sa@mples were sputtered with 3 nm platinum.
Platinum created a conductive layer on theaswgfof 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 describestinface and microstructure of the tested wood.
The article uses a combination of opticahd electron microscopy with elemental
microanalysis. The experiments methods wpesformed in the Laboratory of Electron
Microscopy and Micro-analysis at the UnivgysCentre for Energy Efficient Buildings in
Bust hrad. The Axio Zoom.V16 microscope from ZEISS was used for optical microscopy.
This is a stereo zoom microscope and a laegd was used to study and describe the surface of
the tested samples.

The electron microscopy was performedngsthe scanning electron microscope (SEM)
with a Schottky cathode FEG SEM Merlin frad&ISS. Energy dispersive spectrometer (EDS)
from Oxford Instruments was used for qudiita 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 BEanalysis, the microscope settings were as
follows: resolution 1024 x 768 pixels with an aage time per pixel of 9 ps, a working distance
of 8.5 mm, acceleration voltage 20 kV, curréeninA, and EDS setting were as follows:
resolution 2048 pixels, frame live time 79 secomidane count 4, process time 3 and the pixel
dwell time 25 ps.

RESULTS AND DISCUSSION

Optical microscopy

The surfaces of the tested samples can beisdgg. 3. The color of the wood surface can
be seen with a protective coating for setsafmples 2 and 3. Sample with a commercial
protection (Set 2) shows no changes during exy@ot the external environment. The surface
of the sample without protection against UV detation (Set 1) shows color changes which are
caused degradation of wood by external enviremmThe color of wood changed from yellow
(natural color) to brown for latewood and gihpatina 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 |latesvwere caused by different bulk densities.
The earlywood is more degraded than latewoodadalite lower density and thus, a deeper light
penetration into wood. A smaller color change efteat also be observed for a sample with
TiO, protection (Set 3). These results are @iast with other studies dealing with UV
degradation of wood (Cogulet et al. 2016). Howeitanust be noted that these findings were
reached for the white sprucBi¢ea glaucd and samples were exposed in a QUV accelerated
weathering tester from Q-Lab (USA) for 2000 h.

Electron microscopy

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

Change in the microstructure of samplehwiit UV protection (Set 1) due to degradation
by UV radiation can be seen (Fig. 4). Theceding part of earlywood can be seen in
the microstructure of the sample, whichnmre 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 radiatiasm described in a study by Rowell (2005).

Fig. 4. SEM images of reference sample withauprotective layer (Set 1), cross-section,
magnification 250 x and for cutout 1k x: (Barlywood 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 pm thick.
The microstructure does not show any significamanges in the cells due to the protective
coating and thus UV radiation did not causgrddation of the material. Protective layer,
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opaque pigmented coatings, act as very effectiveadhation screen. This is an effect that has
been described in several studies (George et al. 2005).

Fig. 5: SEM images of sample with a comnadrprotective layer (Set 2), cross-section,
magnification 250 x and for cutout 1k x: (1) egwood 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 T§@dSet 3) can be seen orgFb. Protection layer of TiO
has a thickness of approximately fin. The protective layer of Ti#is not visible in
the microstructure after exposure to the emdeenvironment for 255 days and damaged wood
cells of earlywood tracheid can be seen in the microstructure.

Fig. 6: SEM images of sample with Tifrotective layer (Set 3), cross-section, magnification
250 x and for cutout 1k x: (1) earlywood tracke(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 candamsn the Fig. 7. The commercial protective
layer and the 3% aqueous Ti®olution layer were rich in iron and titanium, respectively.
Therefore, these chemical elements were examined in the microstructure.

Fig. 7: Elemental microanalysis of samples watlprotective layer — BSE detector magnified
1k x with EDS element maps (yellow — iron, greefitanium), a) exposure time 0 days,
b) exposure time 255 days.

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

Samples with a protective Tiayer (Set 3) show a high titanium content in the layer with
a width of approximately 5 um. Furthermore, #né no titanium in the lumen and in the entire
microstructure, which means that the wood has not been impregnated. Therdti€xtive
layer is not integral after exposure of the sanplihe external environment and this results in
a partial degradation of the wood cells. Thigheseffect of a weakomnection between the T;O
layer and the wood surface. An aqueous solution of W& used because after evaporation of
the water, the Ti@particles are bonding by Van der Wdaalses (Hu et al. 2014). The Van der
Waals forces have a low binding effect and, as a result,pa@icles are gradually leached out
of the sample surface by rain. This statetmenin agreement with the knowledge about
the weak connection of particles by Van deaadlé forces (Santamarina 2003, Santos et al.
2020).
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CONCLUSIONS

Durability of wooden structures is one tie critical limit states which should be
considered. Wood protection should be caroet in accordance with the requirements for
the specific applications. The protectiornafod takes many forms including proper detailing.
The effect and interaction betweemed mass and amorphous titanium dioxide ;M@re
investigated in order to improve the qualitysafiface finish of wooden structures. Coatings
with planar particles of titanium dioxide weused for dispersions applied on wooden surface
in a transparent layer. The researched wood was Binaq sylvestris which was exposed to
the external environment for 255 days and comxbavith a reference sample and a commercial
coating. Based on the results, it can be concluded(f)ahe cells of the reference wood were
destroyed by the external environment for 255 d@)ssommercial protective coating reliably
protected wood(3) the protective layer of 3% TiQwater solution was not integral and thus
the wood cells were damagdd) the low integrity of the Ti@protective coating was caused
by the lower bonding of the resulting Van der Waals forces.

Work in progress deal with testing newod samples, which are protected by J@Oating
in a solution of water glass and acrylatetie case of a water glass solution, the inorganic
porous structure is created and particles am@snded 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 investigedene morphological (fibre length, fibre diameter,
cell wall thickness, Runkel coefficient, flexibility efficient, slenderness coefficient, rigidity
coefficient, Luce's coefficient, solid coefient), physical (dry wood density, volumetric
shrinkage) and chemical (cellulose, hemiceBelolignin, ash and acetone soluble extractives
contents) composition of KonaZigiphus spina-chrisfiwood 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 inspectioreeded that the species was diffuse porous, with
distinctive growth rings, simple preformai plate, with polygonal openings, and banded or
diffuse-in aggregates parenchyma. The avevafiges of wood dry deity, fiber length, fiber
diameter, cell wall thickness, Runkel coefficiefiexibility coefficient, felting coefficient,
Luce’s coefficient, solid coefficient, rigidity coefficient were 0.926, 52.1, 77.85, 0.57,
163 x1¢ p® and 0.48. Cellulose, hemicellulose, ligniacetone soluble, extractives, ash
contents werd3.34, 19.98, 33.9, 6.42 and 2.78%, resp.

KEYWORDS: Konar wood Ziziphus spina-christidensity, fiber, morphological properties.

912



WOOD RESEARCH

INTRODUCTION

Konar tree Ziziphus spina-christiis widely distributed in the Middle East and Iran
southern provinces due to its compatibility witie unfavorable environmental conditions like
dehydration, high environment temperatupests and diseases. Konar tie@ deciduous
hardwood species. Konar zone covers Africsliddle 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 hardg 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 fadder for livestock, stock-proof hedge, living
fence and timber. However, new applicatiasfsKonar species such as the production of
activated carbon (Abshirini et al. 2019), protloic of cellulose nanocrystals (Hindi 2017),
production of silver nanopatrticles (Alajmi et 2019), and production of surfactants to increase
the extraction of oil wells (Shahri et al. 2012yéalso been reported. Konar wood is very hard
and resistant to termites (Lizardi-Mendozae®8l16). For this reason, it is a superior species
for producing posts, roofing beams, tool hasdiutensils, artistic woodwork, cabinet making,
and windows in regions with high possibility of termite attack.

Forests sources in Iran have been recentlyrdgined 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 beecently gained much attention. Therefore,
understanding the properties of drought-tolerant wemeties in arid regions is necessary to
optimize their usage as well as encourage fangsers to cultivate them. One of the industries
consuming Konar wood in the southern regionkant is boat construction which is increasing
the number of such boat construction compaaiethe moment. This led to increasing in
the wood demand for this wood species. In additiaipbus spina-christiwood species like
Prosopis spicigeraTectona grandis and Acacia nilotica were also applied in the boat
construction industry. Schirarend (1991) mead some anatomical properties Aziphus
jujube and Ziziphus mauritianaHe reported that 28 and 10 vessels per square millimeter,
142 and 125 m, vessel diameter and 352-41@h, vessel length irZiziphus jujubeand
Ziziphus mauritianarespectively. The average value of fiber diametetiziphus jujubeand
Ziziphus mauritianavere 1002 and 780m, respectively. Gupta and Saxena (2011) studied the
wood microstructure of the Rhamnaceae family wischative to India. It was stated that the
wood species in Rhamnaceae family are diffuseymowith distinct growth rings boundaries. It
was reported that the mean value of vessel freqieessel diameter and vessel length, were
5-37 mm, 110-145m, 352-577 m, resp. These values for the mean fiber length and fiber
diameters were 903-10181 and 14-17 m, resp. To our bekhowledge, no studies have been
conducted on the wood properties of Konar ti&eiphus spina-chrisfiin Iran. Considering
the importance of Konar tree preventing soil erosion and desertification, resistance to pests
and drought as well as its wide distribution apgleation in different industries especially in
the boat construction industry in the southpants of Iran and Middle East, identifying and
understanding the wood properties of Konar seems necessafyziplsus spina-christhas
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considerable potential, the goaltbé 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 precipitatiod temperature of the study area are 220 mm
and 32°C, resp. Three 7-year ditiphus spina-christhormal 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 x 5 x 20 mm weré from each disk. The wood was softened by
boiling to remove extra air, followday immersion in distilled water. 20-30n thin transverse,
radial and tangential sections were cut with a sliding microtome, bleached, stained and rinsed in
an ethanol series (50, 95 and %)Quntil all traces of excess staman ethanol series (50, 95
and 100%) until all traces of excess stain aader were removed. After bleaching, staining
and dehydrating, sections were mounted im&da balsam for subsequent microscopic
examination using optic microscope. The description of the anatomical characters followed the
IAWA "List of Microscopic Featurefor Hardwood Identification" (IAWA 1989).

Biometric properties

Separation of individual woaiibre was performed using Franklin (1964) method through
which a wood specimens with the dimensiorlbfx 10 x 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 tdisd water. In the next step, shacked and
the biometric parameters, as fiber length fiber diameterD), cell wall thicknessW), lumen
diameter §) were evaluated by light microscopic. Freach slice, at least 50 fibers were used
for the measurements. From the data, the aearagphological 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: B /D?*+d? (5)
Solid coefficient: (Bd?) xL (6)
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Physical properties

Wood samples were prepared from the diskdrom Konar stem. In detail, samples with
dimensions of 30 x 20 x 20 mm were prepared in accordance with ISO 13061-14 (2016) for
the investigation of oven-dry density amdlumetric shrinkage and volumetric swelling.
Sample dimensions were measured in gisaturated) and oven-dry condition with a slide
caliper; oven-dry mass was determined withedectric balance to an accuracy of 0.01 g.
Volumetric swelling was calculated using thendnsional change from the green to oven-dry
condition. The physical properties were calculated according to the following equations:

Do=Py / Vo (g:ms) (7)
v=(Vs—Vo)/ Vo (%) (8)

where:Dy - oven dry density (gm®), ., - volumetric swelling (%)Ys - volume in the saturate
state (cm), Vo - volume in state of oven-dry (&n Py - weight in state of oven dry (g).

Chemical properties

The chemical constitutes were performed adogrtb the TAPPI test methods: Cellulose
(T 257 cm-85), the lignin (T 222 om-98), ashZT1 om-93), and solubility alcohol-acetone
(T 204 cm-88). The cellulose content of oatoa was determined according to the nitric acid
method (Rowell et al. 1997). All measurementsenepeated three times, and the mean value
was used.

RESULTS AND DISCUSSION

Wood anatomy

Microscopic analysis of the axial planes clgandicates that wood is diffuse-porous, with
distinctive growth rings (Fig. 1). Vessels aredted next to radial rows. Mean diameter of
the vessel is 124.5 ym. Vessel diameter for the majority of the European wood species is much
higher, namely ranging from 100 um (beech) to 400(pak), what classifies these vessels as
extremely large (Wagenfuhr 200&hd about equal to those Diziphus jujubeandZiziphus
mauritianawith 142 and 125 um, respectively (Senend 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 singpeformation 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 &i2Bgsides
vessels, there are fibre cells present as weklitwlassifies Konar mod as wood consisting of
fibre with tracheid to minutely bordered pits (F&). Axial parenchyma is present as well. It is
banded or diffuse-in aggregates, include 4dls in the tangential direction (Fig. 3).
Distribution of rays is 4 to 5 rays per tangential mm. Average ray high was measurad.402
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 diametemmin diameter and cell wall thickness were
measured 1109, 14.24, 7.43, 3.44 um, resp. Fiber<lassified into three groups (IAWA
1989): (1) short fibers with a length less 900 wif2) fibers of medium length between
900-1900 pm including Konar wood with an avezdiper length of 1570 um and fibers longer
than 1900 pm.

Morphological properties

In addition to classic wood anatomy mea&snents, detailed biometric properties were
determined according to Franklin methodaifklin 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 Wéhickness. Runkel ratios higher than one are
characteristic thick-walled fibres with stiffelesser flexibility and difficult to collapsing
properties, creating bulky structures withe lower bonded area and higher porosity
(Ezeibekwe et al. 2009). The Runkel ratio lowearttone describes fibres with flexibility and
wet plasticity and a greater conformability degree. Thus, due to more flexibility, quickly
collapsing and forming a structure with thegker bonded area and good strength properties, the
fibres Runkel ratios lesser than one is suédbi fibrous networking and bonding (Mehdikhani
et al. 2019). The Runkel ratio of Konar wowds 0.926, being very close to value 1. Another
factor describing the propertiestbi fibre is Luce factor. This parameter is derived from fiber
diameter and lumen diameter, directly affebtdius sheet density and pulp digestibility. Fibers
with low Luce’s shape factor values give betteechanical strength of its pure and composite
structures (Kaur and Dutt 2013). Luce factar Kmnar wood was 0.57, being in the range of
the Eucalyptus species (Ohshimakt2005). Solid factor directlgffect fibrous sheet density.
Similar to Luce’s shape factor, species witkv Isolid factor values give better strength of
paper. At Konar wood fibreSolid factor of 163 x 1Qu*was determined. Rigidity coefficient is
also recognized as wall coverage ratio or wwadiportion: This parameter is an indicator for
bending resistance and is related to fiber fligikyb 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 thigalue of 52.1 was measured. Felting ratio is also
known as slenderness coefficient. AKonar 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 dgnand volumetric swelling for Konar wood.
Density of the Konar wood was 0.6tm*, between density of European beech (Ccéng)
and Elm (0.56 gm®). 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).

Dry density Longitudinal Tangential Radial Volumetric
Wood properties (g.cni®) swelling swelling swelling 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 canresolved from Tab. 2. Ash content of 2.78%
was measured. Ash content is wood species) ftemperate zones is much lower, ranging
between 0.17% (European beech) and 0.51% (@akgea 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 oh#& wood (according to TAPPI test methods).

Wood properties Cellulosel 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 exantplealyptus pellitacontains only 0.25% of
lipophilic extractives (Arisandi et al. 2020), whi®énus pineacan contain up to 15% of solvent
soluble extractives (De Angelis et al. 2018gllulose content in Konar wood was 43.34%.
This value is in the range typical for wooarn temperate zones, that ranges between 39%
(poplar) and 49% spruce. For example, cellulosetent is some other wood fibers is much
higher, namely 64% (hemp) or 76% (flex) #i¥sen and Gamstedt 2013). Lignin content was in
the range typical for hardwood species as well (33.9%).

CONCLUSIONS

Konar iziphus spina-christiwood grown in Iran is a diffuse porous hardwood with
a semi-heavy density. Its anatomical propertiesnot differ meaningfully from congeneric.
Ash content is lower than that the wood species from temperate zones but lignin content is in
the range of other hardwoods. Konar fibers wobé classified as elastic, thin wall fiber
resources with felting factor similar to sefiods (70-90). Konar fiber can provide suitable
formation and compactness with good bonding abititgD cellulosic structures (paper and
composites). It is suggested that in furtherestigations on the natural durability of Konar
wood against fungi, insects, and termites.
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ABSTRACT

The subject of this paper is an experinaérdnd numerical analysis of the stability
of the wall panels with one-side board shesaghior timber structures. The reinforcement of
the panel is provided using glued timber conigdsshaped element consisting of a web made
of a wood-based desk embedded into flange®lkd timber. The mechanism of the behaviour
of these panels, mode of the failure amdiable procedure to determine the buckling
load-bearing capacity not been fully exploredfan This work describes the behaviour of
the wall panel under vertical load and the metbbfailure using experimental and numerical
analysis. The reduction coefficiet was determined, which can be used for a simple
calculation of the buckling capacity of a wall panel.

KEYWORDS: Timber structures, wall pandistud, one-sided board sheathing, stability,
experiments.

INTRODUCTION

A modern and responsible lifestyle feead on sustainable production, higher living
comfort, low environmental impact and highality of production generally brings new and
new challenges in the field of civil engineeribgwhich it is necessary to adequately respond
professionally. In the field of fire resistanoé 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 firee research of ribbed panels with one-sided
cladding with a wood-based board took place in regears at the Facultf Civil Engineering
of the Czech Technical University in Prague.

The light timber frames are one of the shaised construction systems for timber
structures. Research and experiments of walklsausing studs with a classical rectangular
cross-section were performed in history mémes. The reinforcing load-bearing capacity of

921



WOOD RESEARCH

the walls was determined using advancedhods several times in the past (Brandejs 2006,
Girhammar and Kallsner 2009, Kallsner andh@mmar 2009). Another problem that was
solved is e.g. anchoring methods and its stgfof wall panels (Jara 2018, Tomasi and Sartori
2013) and sheathing-to-framing connectionar{&@i and Tomasi 2013, Premrov and Kuhta
2009). Furthermore, experiments of wall panelsengerformed to show the effect of openings
on the overall load-bearing capacity of thesements (Silih and Premrov 2010, Silih and
Premrov 2011). The load-bearing element inllvanels is often a timber stud with a
rectangular cross-section, its behaviour duliragling and various failure modes depending on
the load is described in (Backstrom and Kliger 2008, Backstrom et al. 2009).

To improve the thermal technical propertifsthe wall panel, it is possible to replace
the classic stud with a rectangular cross-sedfiitim a stud with an I-shaped cross-section, or
I-stud. Elements with an I-shaped crosstisecare now commonly used for beams, i.e.
an element in a horizontal position, or I-beafRacher et al. 2008ara et al. 2014, 2015).
For I-beams, it is sometimes necessary t&kem@und, square and rectangular openings for
installations. The influence of holes on tlead-bearing capacity of the beam has been
presented in many publications (Zhu at 2005, Guan and Zhu 2009, Jara et al. 2015,
Afzal et al. 2006). Another possibility of kiag 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-sectioa also commonly used in wall panels with
double-sided sheathing. I-studs are prone to los&bflity by deviation (buckling) in the plane
of the wall. The stability of #sse panels is ensured by double-sided board sheathing. Stability is
not ensured, when one-side sheathing burnsgdotihg fire or sheathing is not made from
a load-bearing material. The aim of this workasclarify the behaviour of wall panels with
a one-sided board sheathing and with an |-sthagpess-section consisting of a web made of
a wood-based desk embedded into flangéssolid timber. The sheathing-to-framing
connections were performed using steel stafdlbe.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 valugshe coefficient of heat transfer U (W?K™) across
the walls that correspond to normative valfedow-energy and passive houses according to
ySN 73 0540-2 (2012).

MATERIAL AND METHODS

The buckling capacity of the wall panel 8en was determined by experimental and
numerical analyses. Before performing experitag preliminary analytical calculation and
numerical model were created for the purposéhefestimation of the behaviour of the wall
panels. The particular steps which have bperformed before the experiment including
the calculation of the buckling capacityascordance 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-shapexsstsection 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 detailedchgption of the preparation of the experiment,
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execution of the experiment and evaluation of rdsults were presented in (Celler J. et al.
2019). For completeness of this paper, basiaméion 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 adaptettie real construction. The dimensions of
the wall panels are 1250 x 3000 mm. 6 samplekefvall panel section were tested: I-studs
with a cross-sectional height of 240 mmg@mples) and 300 mm (3 samples) were used.
The wall panel was placed at the test area gatterfad with textile straps and loaded (Fig. 2,
on the left), the deformed wall panel is showrig. 2 (on the right). The load was applied to
the I-stud through the upper frame plate madenfthe OSB board and the steel distribution
board.

Fig. 2: Wall panel placed to the test area:caometry and front view (on the left), deformed
structure: buckling of the freeafihge 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 correspondedhe 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 matetésits were performed for wood and OSB boards.
The description of individual experiments ane tfesults of material tests were presented
in (Celler J. et al. 2019). The results of mateteats were compared with the results obtained
in the literature (Dolejs 1997, PoSta 2015).

RESULTS AND DISCUSSION

An important part of the entire wall paneti® connection between the held timber flange
and the sheathing from the OSB board.isThconnection is made using steel
staples. In the experimental part, the load-ingacapacity of the staple joint for cutting and
pulling out was determined.

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

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

The average value of the maximum appliedéas 5.71 kN at a displacement of 6.75 mm.
For the validation of the numerical model, gtiéfness of the staple joint in the shglfrs exp IS
determined from the performed experiments asatrerage value of the stiffness of individual
test specimens. The average value of tHfnass of the staple joint in the she&rsexp,s IS
1241 Nmmi*.

Axial capacity of staples: six test specime&vese prepared from a timber prism and OSB
board, which were cut from the wall paneBonnection of prism and OSB board using one
steel staple. The dimensions of the individec@hponents and the whole sample are in Fig. 4.
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Fig. 4: Dimensions and arrangement of the sgmcimen for performing the staple joint to pull
out the staple.

The average value of the maximum appfede is 361.6 N at a displacement of 0.85 mm.
For the validation of the numerical model, stgfness of the staple joint for extractigy exp
is determined from the performed experingsemis the average value of the stiffness of
individual test specimens. The average value efstiffness of the staple joint for pulling out
Kyexps is 807 Nmm™.

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

Based on preliminary calculations and misgdehe static calculation program SCIA
Engineer working with the finite element thed was chosen for the resulting 3D numerical
model, which in the current version contaamlsthe necessary tools for numerical analysis,
taking into account nonlinearities of all kinds.elimodel was modified and validated based on
performed wall panel experiments, staple joint experiments and material tests. The dimensions,
arrangement and material design of the irdiial 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 thdividual components are shown in Fig. 5.

Fig. 5: 2D-elements numerical model: axonométy the left), dimensions of the model and
individual components (bottom, right).
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The 3D model is created using slab-wall elements modelled using the centerline and
thickness of the element. Boundary conditimasresponding to the performed experiment
were introduced in the model. The semi-rigachoection between the flange of the I-stud and
the sheathing is created using an internaitjon 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 oe tisplacement according to the performed
experiments. Geometric imperfection - the initatvature of the free flange of the I-stud and
the side timber prisms was introduced intorti@del using a horizontal line load. A mesh with
the size of the elements of a finite elrh mesh measuring 30 x 30 mm was created on
the whole model. The load was consideliedseveral ways. Finally, the line load to
the centerline of the flanges and the web ofltbieid was considered for the numerical model.
For the analysis of the structure, a nonlinealculation was performed, taking into account
the initial imperfections of the structurasing the stability calculation. A modified
Newton-Raphson method was chosen for thelimear calculation, which is sufficiently
accurate and fast for the given type of model.

The deformed structure was drawn for indual nonlinear combinations. For the I-stud
with a cross-sectional height of 300 mm (headter I-stud 300), deformed structures were
drawn for loads of approximately 30%, 70% d@d% 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 correspondsd@gperiment. As the load increases, the free
flange of the I-stud, including the web, becammore significantly deformed, which again
corresponds to the experiment, where the donideiormations occurred on the free flange of
the I-stud.

Fig. 6: I-stud 300 - deformed structure for hiaear 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 structurahenfree 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 diagrarfrom 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 speaimmkan I-stud 300 and distance of steel
staples of 100 mm is 88.5 kN. For the numerioaldel, the maximum force at the top of
the load-deflection diagram is 89.0 kN.

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

Fig. 8: Comparison of load-deflection diagrarfrom 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. tdition, for the I-stud test specimen with the
smallest measured imperfection, the smallesadcss of steel staples are used. For this reason,
the result of the numerical analysis is compavéh a test specimen 242, in which the distance
of the steel staples is 100 mmmdaalso 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 numericabdel, the maximum force at the top of
the load-deflection diagram is 94.0 kN, whictbi$% 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 diagrdorsan I-stud 240 and an I-stud 300, it can be
seen that for I-stud 240, the inltlaranch of the load-deflection diagram corresponds more to
the experiment performed than for I-st@@0. 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 anduenerical model, a parametric study was
prepared. At the beginning of the paramedtiady, the load-bearing capacity of the wall panel
section with dimensional modifications forethtested I-stud cross-sectional heights was
determined. Based on the results of the patac study, the analytical calculation was
validated and verified.

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

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

Subsequently, the reduction coefficieky*,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 aeieed by back analysis of the analytical
calculation and the results of the numerical ysial The reduction factor was determined for
the method of analytical calculation of the flattplauckling perpendicular to the "z" axis, i.e.
the deviation of the cross-section in the wall plane.

ky =1.08 -h/Am (-) Q)
where:k; - reduction factor (-)h, - 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 intccount the reduction factok;, is plotted in a graph, in which

the dependence of load-bearingaecipy of the wall panel cross-section and the panel height for
I-stud 240 and 300 are plotted (Fig. 9).

Nez=Ks - Kez- A - ficod () (2)
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where:k;- reduction factor (-} .- buckling coefficient for deflection of the wall cross-section
perpendicular to the "z" axis, ie the plane of the wall (-p - effective cross-sectional area of
the wall panel (mR), ficoq- design value of compressivaestgth parallel to the fibers of
structural timber of strength class C24nii?).

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

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

The validity of the formula for calculatingegioad-bearing capacity of a segment of wall
panel is for panel heights in the range of 2600 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 reinforcememtmed by a stud with an I-shaped cross-section
and a one-sided board sheathing under vertieal 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 thellveiepending on the rigidity of the connection of
the sheathing from OSB board to the I-stud flangiag 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 thansiard (DIN 1052: 2004-08 2004). It is 100 mm for
the tested specimens.
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The results of experiments on the sectionwalll panels show that the influence of
the initial geometric imperfections is cruiciar the load-bearing capacity on the buckling.

In particular, the deflection of the free I-studniig 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-beariogpacity of the wall panel was performed for
various failure methods (deviation of the ssesection from the wall plane and in the wall
plane, spatial buckling). Based on the resultshef parametric study and back analysis of
the analytical model, the reduction coefficiekt“,was determined, which can be used for
a simple calculation of the buckling capacdl a wall panel consisting of a load-bearing
element with an I-shaped cross-section with ddeesboard sheathing. In simple terms, the use
of this reduction factor can be recommendediall panels with a height in the range of 2600
to 3200 mm, for the axial distance of #dt625 mm and a given type of I-stud with
acrosssectional 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 compésn was prepared with dicyandiamide,
phosphoric acid, boric acid, borax, urea and magnesulfate and it was used to process
veneers which were then to prepare the plysk Meanwhile, heat release and smoke release
from combustion of plywood were tested byane calorimeter, including heat release rate,
mass loss rate, CO yield, @@eld 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 averagmthrelease rate, total heat release, average
effective heat of combustion, total smokeeesde, CO yield and oxygen consumption of the
plywood with fire retardant treatmentere decreased by 63.72%, 91.94%, 53.70%, 76.81%,
84.99% and 91.86%, respectively. Moreover, thegnmvth index of plywood treated by fire
retardant was relatively low (3.454 kWst) and it took longer time to reach the peak heat
release rate, accompanied with slow fire spreadlhe fire performance index was relatively
high (0.136 s-kW™) and it took longer time to be iied, thus leaving a long time for
escaping at fire accidents. The fire hazarglgévood 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 woadsources 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-basedgis. The output and demands for plywood which
is a major material for indoor decoration are inareasignificantly. However, plywood is
a type of flammable material (Chung 2010¢iolas and Siau 1973, Qu 2011). Once plywood
IS ignited, the fire will spread quickly and releaslot of heats to acezhte 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 extinguiste tfire, thus making it extremely easy to cause
considerable economic losses and serious casualileerefore, fire retardant treatment of
plywood has the important practical significan(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 radati convection and conduction. Smoke hazard
refers to the damages caused by smoke and gases to life and environment (Altun et al.
2010, Dong and Xu 2019). Fire hazard is essent@atlymprehensive manifestation of potential
heat risks and smoke risks of materialbddg et al. 2014, Xue at. 2006, Son et al. 2012).
Therefore, research and development on fire retardant treatment of plywood are focused on
decreasing heat release and smoke release. Spudie=d that nitrogen-series fire retardants
and phosphorus-series fire retardants are clarsiot of low price, small volatility and low
toxicity. These two series of fire retardahts/e good flame retardation, but independent use of
these fire retardants fails to achieve satisfying effect. Boron-series compounds are equipped
with inflaming retardation, smoke suppressi anti-corrosion and mildew prevention and
insect prevention (Chu et al. 2017, Zhan@let2016, Zhou et al. 202&artal et al. 2007).
Magnesium salt has good flame retardation armhgtsmoke suppression effect (Pan et al.
2014, Cao 2019). To endow good flaretardation 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 slasized by supplementation and synergistic
interaction of different components.

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

Materials

Masson pingPinus massonianhamb.) with a size of 2200 mm (length) x 130 mm
(width) x 2.5 mm (thickness), density 0.48rg*> 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%&8a
(with a purity of 99%) and magseim sulfate (with a purity of 99%) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (PR Chiakpther chemicals mentioned in this work
were reagent grade. Powdery urea formaldehgsdie (C360), which was used by mixing with
water (mass ratio of resin power to wateas 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-experimentsctimpositions of the flame retardant were
4% dicyandiamide, 6% phosphoric acid, 2.268&tic acid, 2.25% borax, 1% urea and 0.5%
magnesium sulfate.

Treatments of Pinus massonianareneers with fire retardant

Pinus massonianaeneers were dried in an oven (1DAB electric blast drying oven) at
60°C £ 5°C until reaching constantigiets and then moved out and stored in glass drier to cool
down to the room temperature, weighted and f&nin vacuum chamber. The fire retardant
was poured into the chamber until 5 cm highantthe 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 gbwtlgt piece of filter paper.
The wood samples were put in indoor environtrfen 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 witb@uble-sided adhesive loading of 22@/gwere rested
at room temperature for 15-20 min. The assethiseneers were then exposed to single-layer
hot press unit (XLB type) at Shanghai Rubber Miaety Plant and pressed with a pressure of
1.5 MPa at 100°C for 15 min to obtain a plywopahel. The moisture content of control
plywood was 16.6%, and that of flame retardant treated plywood was 13.5%.

Evaluation of combustion performarce and smoke suppression performance

Cone calorimeter tests were performed acogrdo the procedures indicated in the 1ISO
5660-1-2015 standard using a Fire Testiechnology cone calorimeter FTT2000 (Fire
Testing Technology Ltd., UK). The plywood pam&s conditioned in the laboratory at 20 +
2°C and relative humidity of 65% + 5% forday and then cutting into specimens with
dimensions of 100 mm (length) x 100 mm (widtH)Oxmm (thickness) prior to testing. The fire
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scenario was comprised of four steps: igmtigrowth, fully developed, and decay. The tests
were conducted with 50 kWi 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 hedéase from per unit area of material
combustion and it reflects the rate of heagask of materials during combustion, HRR, peak
HRR (pk-HRR) and average HRR (av-HRRY)e often used to evaluate combustion
performances of materials and they all careaftlegree of material combustion and output of
volatile combustibles. These three indexes candeel to evaluate spreading trend of flames
and rate of fire hazard. The smaller HRR, pRR{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 plywoodstsown in Fig. 1. Seen from Fig. 1 that
the HRR curve of plywood with fire retardatmeatment 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 acciddés. pk-HRR of plywood without fire retardant treatment was
187.13 kWm?, which was 40.93% higher than that of plywood with fire retardant treatment
(110.53 kW.nif). The av-HRR of plywood with fireetardant treatment was decreased by
63.73% to 39.48 kWwh? compared to that of plywood without fire retardant treatment
(108.85 kWm®). HRR, pk-HRR and av-HRR of plywood with fire retardant treatment were
decreased significantly than those of plywoodhwitt 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 tbtadts 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 baleated better by combining HRR and THR
(Mo et al. 2007). The THR curve during combastof plywood is shown in Fig. 2. As shown
in Fig. 2, heat release begun to be generhieglywoods with and without fire retardant
treatment at about 30 s. THR curve of plywosithout fire retardant treatment increased
quickly as time went on, while THR curve of plgad with fire retardant treatment increased at
a stable rate. These also proved the conclusioHA&8&¥. 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. TERplywood without fire retardant treatment
was 69.21 Min? and the THR of plywood with fire retardant treatment was 5.581%)J
showing a difference of 91.94%. This demonstréted plywood with fire retardant treatment
had a small THR during the daustion process, which reflected the very significant
flame retardant efficiency. Fire retardanéatment decelerated the growth of surrounding
temperature of ignition point in fire accidestgnificantly, 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) refergthe 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 plywoodhwfire retardant treatment was
5.44 MJkg™*, which was 53.70% lower than that ofwbod without fire retardant treatment
(11.75 MXkg™). That was because the fire retardantld inhibit pyrolysis of wood effectively
and decrease the output of combustible volatiles, thus decreasing EHC significantly.

937



WOOD RESEARCH

Fig. 3: The EHC curves of plywoods.

Mass loss (ML) and residual mass (Mass) of plywoods

Mass changes before and after the combusfiphywood are shown in Tab. 1. The ML of
plywood without fire retardant treatment sv&2.04 g, which decreased to 8.97 g for plywood
with fire retardant treatment. This reflectddat fire retardant could inhibit plywood
combustion effectively and made it difficult fptywood to develop pyrolytic reactions, thus
decreasing ML. The Mass of plywood withdue retardant treatment was 18.17%, which
amounts to 85.92% for plywood with fire retardasatment. This indicated that fire retardant
inhibited combustion of plywood and accelerated the char-formiegtraus increasing Mass.
As a result, fire retarding plywood also couldimtain strength in fire for a long period and it
was difficult to collapse.

Tab. 1: The combustion mass change of plywoods.

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

Smoking properties analysis

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

TOC of plywood with fire retardant treaent was 3.6974 g, which was 91.86% lower than
that of plywood without fire retardant treatmig45.4428 ). It was because fire retardant
accelerated char-forming rate of plywood, decre#iseformation of combustible volatiles and
inhibited combustion.

TSR, COY and C&X of plywood with fire retedant treatment were 25.99°m?,
0.0178 kgkg' and 0.6036 kg™, which were decreased by 76.81%, 84.99% and 38.70%
compared to those of plywood withdiire retardant treatment (112.09'm?, 0.1186 kg™
and 0.9847 kgg'). TSR, COY and CgY of plywood with fire réardant treatment were
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decreased to different extents, which couldekplained as follows. Borides and magnesium
sulfate in fire retardant had excellent smakepression performances and decreased the
possibility of smoke asphyxia or toxicity-inded 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 (mm?) COY (kg.kgh) COY (kgkg?) 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 gtbwindex (FGI) were applied to evaluate
potential fire hazards comprehensively. FGleaett the fire spreading capability of plywoods
when they are exposed to high-heat environmimg.higher value of FGI indicates the greater
risks of fire accidents (Fig. 5). FPIflects the tendency of combustion of plywoods.
The smaller value of FPI indicates the smaflee hazards (Cao 2019, Zhang et al. 2015,
Huang et al. 2019).

FGI values of plywoods with and withofite retardant treatment were 3.454 k\W-si*
and 6.148 kw-nf-s?, indicating that fire retardartould decrease pk-HRR of plywoods,
prolong the time to reach the pk-HRR and deedéefire spreading. FPI values of plywoods
with and without fire retardant treatment are 0.136%&W ™" and 0.106 s-mkW™, resp.
This reflects that fire retardant prolonged idpaition time of plywoods and increased the time
for escaping from fire accidents.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 compitisn was prepared with dicyandiamide,
phosphoric acid, boric acid, borax, urea and magnesulfate and it was used to process
veneers which were then to prepare the plysk Meanwhile, heat release and smoke release
from combustion of plywood were tested dogone calorimeter. Results showed tfRt:The
plywood with fire retardant treatment had thetter flame-retardant performance and smoke
suppression effect as well as the stronger char-forming capability compared to plywood
without fire retardant treatmen(R) The average heat release ratdal heat release, average
effective heat of combustion, total smokeeesde, CO yield and oxygen consumption of the
plywood with fire retardant treatmentere decreased by 63.72%, 91.94%, 53.70%, 76.81%,
84.99% and 91.86%, respectivellg) The fire growth index of plywood treated by fire
retardant was relatively low (3.454 kW#sY) and it took longer time to reach the peak heat
release rate, accompanied with slow fire spreadidy.The fire performance index was
relatively high (0.136 s-ikW™) and it took longer time to be ignited, thus leaving a long time
for escaping at fire accident®) 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 cosie timber concrete ceilings and their
uncoupled alternatives based on a pwatic study by comparing the finaeflections
of individual variants and at the same time coasidy according to the ultimate limit state.
It includes a comparison of coupled and wmgded 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 achieveamaptimal variant, thanks to more accurate
consideration of theequired boundary conditions du as the complexity oinstallation
or fire resistance. The purpose of this papéo isimplify the optimal selection of the ceiling
structure based on the suitability of the supporting structure.

KEYWORDS: Composite structureeiling, cross laminated timhember, shear connectors.
INTRODUCTION

At present, the accent is on thgage of materials and structutleat leave alttle carbon
footprint as is possible. As widely known, wood is the nsb suitable basic construction
material. As part of wood-based materialCisT too. CLT is relatively new material, it was
developed just at the end of*™@entury (Brandner et al. 2018).is commonly applied as
structure member as ceilings or walls in mghlidorey buildings or stictures with requires
longer span like congress halls|lgaes, or school¢Ceccotti 2002). High material resistance
compared to the weight is main benefit in edes like CLT panels. Each segment consists of
three-, five- to seven- layers of lamellas. Eéyer is applied perpendicular to layer before
(Aicher et al. 2001). It is rule, #h outer layers must be in tkame way as main load capacity
(Bajzecerova et al. 2018). In some cases, CLT Ipaaseceilings may be insufficient. To use
most of the potential of thestructures, it is necessary tppdy shear connectors. It is well
known that by applying a couply, the ceilings can be moreztive by coupling appropriate
materials and components, e.g., timbeeam with concrete deck (Surovec and
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Slivanky 2015). Coupling ensures theinteraction of individual mateials and ncreases
the loal-bearing @pacity andigidity of the structug (Jiang ad Crocetti 219).

By creating acompositecross-sectin, it can le ensuredtie interacton of twoelements
(Fig. 1) (Ahmed and Tsavdaulis 2019).This phenaenon carbe verifiedbased onhe course
of nomal stressealong the leight of thecross-sectin (Lukasewska et al2008).

Fig. 1: Longitudiral section ¢ the locaton of the copling by €if-tappingscrews.

In the contek of this stdy, it is specifically the interonnectionbetween tmber and
concreé elementsTo securghe couplig, it is pasible to us mechanieal couplingby self-
tappingscrews asvell as gooving (yajka and Birkovi p2013) (Mai etal. 2018),notched
conecbrs (Yuche and Croetti 2019) (oebus et la 2017) orgluing. The study isaimed on
the usge of screvs that bbong to thecategoryof flexible mechanichshear canectors,
especidly: RothoBlaas CTC9 mm thikness at 2d mm (Roho Blaas GnbH, 2021 Screws
and canectors fotimber 2@1). The soews are aplied at an agle of 45°

MATERIAL AND METHODS

Composite beamtimber-concrete ceilng

At the bottan of the cr@s-sectionare used tnber beam as constiction beans (T) of
strengh class C24The crosssectionaldimensionsare variedand compeed in stug. Width
(W) of beams n this stug is used lte same,namely 1® mm. A ement-chifpoard of
constat thicknessof 28 mmis used forthe formwork. The oncrete lagr, which s used as
part ofthe compaite cross-ection, is asigned tohave a cornsnt thickress (Hon) of 50 mm
with one row of einforcement that is usd only toavoid excesive confgion of theconcrete
(EN 192-1-1, 2@4). The sene load wdth of 1m s used in his variant.The effectve width
is identcal to the dad width Fig. 2).

Fig. 2: Cross-sectin of compsite beantimbe -corcrete ceilirg.
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Composite slab timber-concrete ceiling

Solid timber panel from cross laminated timPeLT) is used as part of a coupled cross-
section and provides a support function and furtteglaces the need to use formwork
(Fig. 3). The study uses panels intended foriaaibn to ceiling strucires, which means that
the outer layers of the CLT panel are in the lordjeection of the slab and at the same time in
its direction with higher load-bearing capacifjhe 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 wildtand effective width are equ&oncrete of the same strength
class C20/25 of constant thickness with one obweinforcement is used as another material
in the composite ceiling.

Fig. 3: Cross-section of comgtesslab timber-concrete ceiling.

Non-composite variants oftimber-concrete ceiling

For verification efficiency of coupling werereated non-composite variants. To verify
the effectiveness of the coupling, uncoupled vasiavere created. In bBocases, the coupling
by self-tapping screws were tnapplied, the following boundarmgonditions were maintained
as in the previous variants.

Test set-up

The analytical study is prepargdthe MS Exceprogram. Algorithm consists of different
material parameters and geometric parametarghe calculation isnecessary to account
differences between used cross-sections. Wsednts have equal values of surface loads
consisting of imposed load (2 kiv'), and predefined loads as load from load-bearing and
non-load-bearing walls (2,78 kiN%), and load of layers of floor (1,2 kN') expect for self-
weight load. These values changes based oohhege in the thickness and density of used
wood-based material (EN 199111-2002). In first step, themethod is necessary to apply in
the variant with CLT panel (EN995-1-1, 2004). Based on thigethod, it is possible to take
into the account the efficiency of individualyers and express the corresponding moment of
inertia of the effective cross-section ofettfCLT segment. Subsequently, the method of
idealized cross-section is applied, which is dase the creation of an idealized cross-section
originally consisting of several materials. Thesult can be achieved after calculating with
the partial coefficient, it is used to obtainegffive cross-sectional characteristics specified in
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the EN 1995-1-1 Annex B. Method is validrfoombination as for CLT and concrete as
timber-beam concrete structure.

The sample is assessed as part of the adsalysthe first step. The cross-section is
assessed for the ultimate limit state (ULS) ¥arious stress methods along the height of
the cross-section. The instant deflection asunt for serviceabilitylimit state (SLS).

In the next step is count is offset furtfer 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 effectiveseof a design e.g., type of material and
geometrical parameters, quanti#tyd type of shear connectolsad width and effective span
of the ceiling structwe (Dias et al. 2015).

Deflection is one of the factors that deteresirthe ability to use. Exceeding the values
does not say that the structurellapses, it expresses comfamd the possibility of use.
Excessive curvature of roof can cause sdendces to malfunction (Ataei et al. 2019).

Since deflection alseorresponds to the tim®ue to the effect of time, the joints are
loosened, and these results are an increase ialthady instant deflaon and thus the final
deflection created (Hassaniehal. 2017, Kan6cz and Bajzecea 2012, Khorsandnia et al.
2015). By comparing instant deflection in Figsz 4nd final deflection in Figs. 8-11 it can be
seen increase in deformation. This has thecethf reducing the scope of the use of span.

Also, it is known that the thickness of theusture affects the final deflection of the
structure. The effect of improving parametefsceiling can be seen gradually in Figs. 4-7.
It is shown that the coupled slab ceiling isrmeffective and can be applied to a range of
approximately 9.5 m. On the other hand, a beam-edupéiling can only be applied up to
a span of approximately.5 m with a load width of 1 m. @pled variants are more efficient
as uncoupled variants and is possible to overcome a longer span.

800,00
700,00
600,00 e T200x120
. 7
= 500,00 LA — — = T220x120
o2
E 400,00 e . T240x120
. - g — .- T260x120
= 300,00 et e .
..... P - T280x120
200,00 et e .t
’ e 2 - w_limit
...... - =
100,00 L T
0,00

Spanm]
5 55 6 6.5 7 75 8 85 9 95 10

Fig. 4: Comparison of instant deflectiodepending on thickness of noncoupled beam-
concrete and length of span.
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Fig. 5: Comparison of instardeflection depending on thicks®e of coupled beam-concrete
and length of span.
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Fig. 6: Comparison of instardeflection depending on thicknesfsnoncoupled CPT-concrete
and length of span.
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Fig. 7: Comparison of instant deflection depeavngon thickness of cowgad CLT-concrete and
length of span.
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Fig. 8: Comparison of final deflection depengion thickness of noaapled beam-concrete
and length of span.
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Fig. 9: Comparison of final dkection depending othickness of coupledean-concrete and
length of span.
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Fig. 10: Comparison of final deflection depemglion thickness of nongpled CLT-concrete
and length of span.
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Fig. 11: Comparison of final deflection depemglion thickness of coupled CLT-concrete and
length of span.

It is necessary to consider assessmentsailtimate limit state as well as usability. As it
is obviously presented in Figs. 13 and 14, timeay be case where the conditions are fulfilled
only for SLS (EN 1991-1-1, 2002). In Fig. 12 gmesented distributionf bending stresses
cross the height afross-section.

Fig. 12: Cross-section of CLT amtistribution of bending stresses.

Similar cross-section of 240 mm thickness wa®mafor 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 valuestes along the cross-section comparing to
CLT slab variants. Stress at the upper edgth@fconcrete section can be observed multiply
values in the evaluation [82.1% is the difference betweeaupled and non-coupled timber-
concrete beam, in favour of coupling variaBelected samples of beam variants show
exceeding stress limits. It can be eh&d that in the case of the coupled beam variant was
a decrease of almost 100% compared to the noncoupled variant of value 214.6%. Exceeded
values can be seen in evaluation of finalet#ion. Noncoupled timber beam variant reach
values of 230%. Decrease thfis value to 63.2% is by ugj shear connectors in coupled
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timber-concrete beam variant. Requirement for limit state of final decline is fulfilled. It is
clear, that coupling elements are sigeafitly improving segment according to Tab. 1.

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

Coupled timber-concrete ceiling Non-coupled timber-concrete ceiling
Cross- | SLS-end Cross- o SLS - end
; ULS - end of service life| of service ; ULS- end of service life| of service
section life section life
HT WT ]:ElL/ ]EM/ fmd+ mea)[ Wfin/ Wiim HT WT ]:llL/ ]ZM/ fmd+ 2fma>[ Wfin/ Wiim
cd D.J/ft.0od vd cd ./ ft.0.d vd
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 0.65¢ 2.898
240| 120| 0.302| 1.199 0.437 0.632 | 240 | 120| 0.523| 2.146 0.614 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 0.55 1.507

Values of stresses at the upper edge of conpagteof section oflifferent 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. Coupléd €oncrete slab has 7.%2capacity instead of
13% by noncoupled CLT-concrete slab. Strairoater part of timber segment is decisive
factor. Requirements for ULS and SLS in ca$eCLT variants are satisfied. Decrease in
values is not so observable as in case of bearants. Coupled variant has decrease of values
5.7%. It is due to higher efficiency skabs involved theinigher stiffness.

Tab. 2: Evaluation of assessmenCafT-concrete variants with 5 m span.

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

Cross- ULS - end of service life SLS-endof Cross- ULS - end of service life SLS-endo

section service life | section service life
JZM/ fmd"' Zma>[ . . ]!.L/ ]EM/ fmd+ 3ma>[ . .

H CLT ]!..L/fcd ]2|/ ft.O.d fvd Wfln/ Wiim H CLT fcd ]2|/ ft.O.d fvd Wfln/ Wiim
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 0.0838 0.171 280 0.050 0.276 0.098 0.234

Tab. 3: Evaluation of assessmenCafT-concrete variants with 8 m span.

Coupled CLT-concrete ceiling Non-coupled CLT-concrete ceiling
SLS - end
Cross- ULS - end of service life SLS ) enq of Cross- ULS - end of service lif¢ of service
section service life | section life
bl fat W A
Hor | Ll fed by f Zmal fug Win/ Wiim Heur £ fmat B f Wiin/ Wiim
A 1t0.d cd ft.O.d vd
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| 0.15( 1.370
260 0.362 0.644 0.133 0.724 260 0.154 0.782| 0.15] 1.137
280 0.325 0.593 0.134 0.622 280 0.129 0.707| 0.14B 0.957
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In this comparison were used samples afards as beam and slab ceilings showed in
(Tabs. 1 and 2) with the same span of 5 m. @afants are not suitable for shorter spans as it
was presented and have potential for considgfagher span and loads. Longer span would
be more appropriate for variants consistingCofT panels. For example (Tab. 3), exceeded
capacity can be seen in coupled and noncou@letl concrete slab with 8 m span. Overall
fulfilled conditions for SLS and ULS are cofefed in coupled CLT concrete variant.
By comparison values of capacity with casenofcoupled variant values are higher by 137%
and are no more suitable for SLS. These emlare 51.9% higher than coupled variant.

In case of ULS the decisive stresses capaciiy the lower part of CLT panel. Capacity is
suitable, but it has higher percentagage than other assessments.

It is not only resistance or load-bearing &eipy that should be taken in consideration
during decision-making about thgpe of ceiling structure @b. 4). The design may be
suitable for these factors, but it is necessargosider others, e.g.,qerement of structure
thickness of each storey, because the thickness of ceiling can also strongly influence total
building costs. Advantage of using slalhTCsystem is not only low thickness and good
rigidity, but also simplicity of placementc¢hnical equipment of buildings, because of
the absence of protruding beams (Bajzecerova and Kandcz 2017).

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

Alternatives Non-coupled Coupled timber beam Non-coupled Coupled CLT-
timber beam concrete ceilin CLT-concrete concrete ceilin
Parameters concrete ceiling 9 ceiling 9

Length of span
Thickness of ceiling
Time of realisation
Fire resistance

price I

Level of difficulty in making the ceiling structure is another indicator. It is necessary to
use formwork while using the beam system. Whlassic formwork is used, it must be also
removed afterwards. This aspect remains evehdarcoupled variant vene the application of
a considerable number of shear connectoes added to the entire assembly process.
Necessity to install formwork is eliminateshile applying the slab system. In terms of
implementation, it is the simplest and least latuasivariant. This system can be made more
efficient by using shear connectors, but & #xpense of laboriousness in laying the self-
tapping screws.

In fire situation, compared tsteel or concrete is timbexs material more effective.
Timber not prone to lose strength after reaclairgrtain 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 outedesiof timber protectssurface (Makovicka
Osvaldové et al. 2016, Chen et al. 2021). It ipanmant to note, that section does not lose its
resistance abruptly but continubuéViakovicka Osvaldova 2020).

During the research of a suitable variant, iaiso necessary to consider the financial
complexity. It is obvious that the cheapest Wwélthe application of the simplest solution - the
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beam ceiling noncoupled, but it is inefficiemay. The usage of CLT panels can make
construction considerably more expensivet bevertheless it is possible to realize ceiling
structures with larger spans. It is also regdito consider the necessity of using the shear
connectors. Price of self-tappisgrews is not negligible due tbeir quantity and quantity of
additional work. Also, must be account necessftysage temporary pports while applying
coupled variants.

CONCLUSIONS

Coupling appears to be an effective way to achieve higher strength of the ceiling
structure. While comparing the beam variaftsvas found that the proposed coupling was
able to eliminate the stresses to approximakaif the values compared to the uncoupled
variant. The slab variants have been founbeannecessarily oversized at 5 m spans. Further
research will need to focus on the use ahsier boards (Van Thai et al. 2020). It would be
beneficial to focus on the effectivenesstioé coupling, in which cas a higher degree of
coupling could also be verified. Alternatively,rifg other methods of coupling (Kandécz et al.
2013). Coupling with the aid of screws appetarde a highly laboriouslternative and it
would be appropriate to compate coupling efficiency also with the variant where the shear
connectors would be used as a perforated| strip shear coectors or grooves.
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ABSTRACT

This study examined the properties of gaments connected by beech and self-tapping
screw composite dowels (group C). As a castfrhe components connected by beech dowels
and self-tapping screws individualiyere tested. The test results indicated that the properties of
the components connected by beech dowelsu(@B) were better than those connected by
self-tapping screws (group S), except the ductdagfficient, final displacement, and energy
consumption. On the other hand, the main failonodes of groups B and S were the broken
beech dowel and the bent self-tapping screspeetively. For group C, two peak values could
be found which were larger than the nmaMm load of groups B and S, respectively.
The properties of group C were better than ¢hok groups B and S, except that the final
displacement and energy consumption wereatied 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 scresmposite dowel, shear performance.
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INTRODUCTION

With the development of wood based engimeematerials, especially laminated timber
and cross-laminated timber (CLT), selppeng screw (STS) connection was studied
(Chen et al. 2019). Meanwhile, traditional wood dasmeére also used to connect the CLT as
a green and low carbon alternative (Hao et al. 2BADet al. 2020, Li et al. 2020). Furthermore,
a new wood dowel friction welding technologyas another attempt (Bocquet et al. 2007,
Bocquet et al. 2017, Girardon et al. 2014, Satoshi et al. 2017).

For the properties of components connected Iy, $ie lateral resistance performance of
hex-head STS joint was better than that afwiail joint except deforming ability (Sun et al.
2019). Considering the thread, the maximum loiagtrews with both double-threaded sections
and fully threaded shanks were higher thandhafssingle-threaded screws (Yeh et al. 2014).
In the field of connecting the glulam, STS was ofised with steel plate. Komatsu et al. (2019)
studied the relationship between predicted nelirbehaviors and observed ones. On the other
hand, the influence of the angle of inclined s@avas a research highlight. It was found that
Tomasi model could be used to analyze tleeraodulus of steel-wood joints when the angle
between 45° to 90° (Lu et al. 2020). Howevertha other study, an insertion angle of 30° had
a larger stiffness and strength than a 4%jl@ (Mirdad et al. 2019, 202®g. Furthermore, if
the length of STS was longer, the joint coulcr@ase the screwed in depth, then a higher shear
properties obtained. Meanwhile, in this papéfang et al. (2020) proposed to use tapper
washers to steady the inclined screws.

Based on the application of STS in the CIWith the increased diameter and length,
the shear strength could be improved (Sulligaal. 2018, Dong et al. 2018). The stiffness and
strength of specimens increased with the ine@hsngle too (Brown et al. 2020, Chang et al.
2019). Compared to the mortise-tenon connecitioid_T, the STS connections failed before
the damage of CLT, while the mortise-tenconnections did not failed (Lin et al. 2019).
According to the Eurocode 5 and the studyoksain et al. (2019he group effect was 0.9n
for all joints under static loading. In casecgtlic loading, a more pronounced group effect was
observed that can be expressed %% (n was the number of connected joints). Besides,
self-tapping screws were used to connectwtbheden parallel chord trusses. Fatal pull-out of
self-tapping screws occurred by accomgpag with bottom chord bending failure
(Komatsu et al. 2018).

With the extending of using time, the crackf the glulam and mortise-tenon joints
occurred. Several researches have beewiext the reinforcement by STS. The STS
reinforcement could improve the capacity ofilglm 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). Jadtaal. (2005) have found that the capacity of
the reinforcement beams could improve 508mpared to the unreinforced beams.
The compressive behavior increased obviodistythe 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 jointsg Bth percentile value of the capacity of beams
with half-lap joint and round dovetail jointirdorced by self-tapping screws could reach
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75.8-76.7% and 75.9-77.5% of thatloé intact beams, respectively (Li et al. 2019). Song et al.
(2018) studied the lateral performance of ititadal heavy timber frames with mortise-tenon
joints retrofitted using STS. The retrofitted frames exhibited smaller stiffness, larger
deformability, higher damping ratio, and similaresigth degradation from primary cycles to
trailing cycles. In the research of Sun et(2018), it concluded thatest| plates and STS are
suitable for the strengthening of mortise-tenomtgy 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 thatfires of STS and wood dowel. In the study of
Zhu et al. 2017, 2018, 2019), the wood dowel ctnddroken by twisting. On the other hand,
Liu et al. (2019) found that the twisting wdube avoided when compressed wood was used,
and the pullout resistance of compressed woodiewel rotary friction welding could be
increased. While in this paper, the twistigigould also be avoided by using beech dowel
instead of birch dowel, and the new composite@atructural 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 mrteimgth, were fabricated from beech wood
(Zelkova schneiderianaCrownhomes, Jiangsu, China). The dried density at 2% MC of
the beech dowel was 703'if. Self-tapping screws (Moregood, Shanghai, China), 5.2 mm in
diameter and 70 mm in length, was covel®d hot galvanizing. Spruce-pine-fir (SPF;
Crownhomes, Jiangsu, China) slats witle gdimensions of 89 mm (width, W) x 38 mm
(thickness, T) x 300 mm (length, ere used as substrateseTdir dried density at 9.7% MC
of the larch was 495 kg~

Specimen preparation

Group B (two beech dowels group): the wood salhss with the dimensions of 89 x 38 x
300 mm were pre-drilled with holes 10 mm irmamheter and 70 mm in depth. Next, the wood
dowels were welded into the pre-drilled holasthe 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 screvggoup): the wood substrates with the dimensions of
89 x 38 x 300 mm were pre-drilled with holesn® 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 @epth using a drilling machine. Then the self-tapping screws
were screwed into the pre-drilled holes. Meanwhile wood substrates with the dimensions of
89 mm x 38 mm x 300 mm were pre-drilled withég®IlLO mm in diameter and 70 mm in depth
using a drilling machine. Next, the wood dowwlsere welded into the pre-drilled holes in
the substrates to create bonded joints higa-speed rotation of 1500 rpm (Fig. 1b). Three
specimens were prepared for each group.
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89

300

(a) (b) (c)
Fig. 1: The size of shear performance stsafa), 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 resistantieeo$pecimens was tested using a universal
testing machine (Fig. 1c, WDW-300E; Jinan Popwil, Jinan, China) at a speed ofrinfhm

Analysis method of characteristic value
All the force-displacement curves were obtdifiem the shear performance tests. Then

each force-displacement curve was analyzed bysisahethod of characteristic value (Fig. 2).
According to this analysis, seven parametgnrch were maximum load (Pmax), ultimate load
(Pu), yield load (Py), initial stiffness (Ki), ductility coefficient)( energy consumption (S) and
final displacement (Du) could be calculatedTiabs. 1-3. From Fig2, six lines could be
calculated and derived from the force-displacement curve. They were listed below:

| - the line connected by the points @rhax and 0.2max;

Il - the line connected by the points @dax and 0.2max;

[Il - move the line Il to the tangent point of the force-displacement curve;

IV - draw a horizon line at the intersectiof line | and Ill, 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, @)da(Dy, Py), the slope of the line was initial

stiffness Ki;

VI - draw a line created thehadow area of figure which was equal to the area created by

the force-displacement curve, X-ray, and the K=Du, the ratio of Du and Dv was ductility

coefficient .
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Pmax -
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Dy Dv Du

Displacement

Fig. 2: Analysis method of characteristic value.
RESULTS AND DISCUSSION

The analysis of the curves and failure modes

All the curves of specimens were showeéio 3. From Fig. 3a, all the maximum loads of
group S were located at the displacement raid@®-25 mm. From . 3b, three differences
could be observed. First of all, the maximlmads of all the groups B were located at
the displacement range 5-11 mm which were namshller than those of the groups S. Second,
when the loads were reached to the maximulmeyahey were decreased sharply to the zero.
In the study of Hao et al. (2028hd Li et al. (2020), broken wood dowels were the main form
of failure during the shear test. The simp&senomena were found in Fig. 5a, the broken beech
dowels were the main failure modes of group®\Bile 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 adtewve failure modes of groups S. The failure
modes of self-tapping screws were in accordavite Dong et al. (20183nd Lin et al. (2019).
Third, the data diversity of groups B was muatgéa than that of groupS. The properties of
self-tapping screws were similar to each otresrduse the self-tapping screws were made from
metal which was isotropic material. But beech wood was anisotropic material.

From Fig. 3c, one obvious difference coblel found. Two peak values were observed.
The first peak value was located at the ran§®-10 mm. And the second peak value was
located at the range of 20-25 mm. The failavedes 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 deveelcurred simultaneously. On the other hand,
combined with the two peak values, the be#dolels were broken when the curves reached to
the first peak value. The self-tapping scremere bent to the limit state when the curves
reached to the second peak value.
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(@) (b)

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

(@) (b) (c) (d)
Fig. 4: Failure mode of group S-1 (5;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| S1-2] s-13] S21 S2p s2i3 s41 Ss42 Sh3
Maximum load 2910 | 3.150] 3.1300 5910 5740 6.540 11.300 12/350 12.520
(kN) 3.063(0.133) 6.063(0.421) 12.057(0.661)
Yield load 1.340 | 1.316] 1.4300 3.010 2.555 3.023 5.330 5.065 5/660
(kN) 1.362(0.060) 2.863(0.267) 5.532(0.298)
Ultimate load 2420 | 2.627] 2640 5216 5000 5550 9.865 10/360 10.895
(kN) 2.562(0.123) 5.255(0.277) 10.373(0.515)
Initial stiffness 0.294 | 0.219] 0.366] 0.404 0.457 0.288 0.903 1.099 0/897
(kN'mm™) 0.293(0.074) 0.383(0.086) 0.966(0.115)
Ductility coefficient 3.761 | 3.134] 4.283 2467 2920 1.788 3.189 3.446 2[798

3.726(0.575) 2.392(0.570) 3.144(0.326)

Final displacement 30.948| 37.529 30.908 31.838 31.912 34.503 34/354 32.490 3B.973
(mm) 33.128(3.811) 32.751(1.518) 33.772(1.195)
Energy consumption | 64.938] 82.850 72.058 132.41 132p6 137,96 289.97 2§7.75 3D4.04
(kN Bim) 73.280(9.019) 134.21(3.248) 293.92(8.834)

values 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 B41 B42 B4B

Maximum load 3.690 [ 2.380] 2.860] 6.560 7.610 8.900 13.200 12]050 13.900
(kN) 2.977(0.663) 7.690(1.172) 13.050(0.934)
Yield load 1.945| 2.052] 1.647| 4.440 3.690 4.910 7676 7.322 5p12
(kN) 1.881(0.210) 4.347(0.615) 6.870(1.104)
Ultimate load 3.068 | 2.128] 2.478] 558) 6.348 7.630 11.620 10]253 14.533
(kN) 2.558(0.475) 6.518(1.036) 11.469(1.148)
Initial stiffness 0.982 | 0.804] 0.873] 0.946 1477 1946 1953 2.185 1634
(kN'mm™) 0.886(0.090) 1.456(0.500) 1.924(0.277)
Ductility coefficient 2300 ] 2.378] 1.892[ 1543 1.865 1975 1562 1.895 1420

2.190(0.261) 1.794(0.225) 1.626(0.244)
Final displacement | 7.185| 6.292] 5.370 9.103 8.008 7.745 9.205 8.895 10,886
(mm) 6.282(0.908) 8.285(0.720) 9.692(1.053)
Energy consumption 17624 10570| 9.792| 33.366 37.175 44.1p8 73.415 67/139 88370
(kN thm) 12.534(4.094) 38.223(5.457) 76.308(10.904)
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Tab. 3: Shear performance of group C.

Parameters ¢l -2 c-4

C11 [ C1-2] C13] Cc2- C232 C2B c-4j1 c42 c43
Maximum load 4.030 | 4540 4.12d 10.040 9.280 10.300 19.520 18510 15.500
(kN) 4.230(0.272) 9.873(0.530) 17.843(2.091)
Yield load 1.862 | 1.890] 2.400 4.634 4.766 4.776 9.640 9.404 8l832
(kN) 2.051(0.303) 4.725(0.079) 9.292(0.415)
Ultimate load 3576 | 3.747] 3601 8457 7.832 8.967 16.613 16[232 13.326
(kN) 3.641(0.092) 8.419(0.568) 15.390(1.798)
Initial stiffness 1.055 | 0.881] 0.695 1805 1502 1775 2.625 1917 1/882
(kN.mm-1) 0.877(0.180) 1.694(0.167) 2.141(0.419)
Ductility coefficient 8214 | 4198] 4614 4796 3.455 4.446 3.373 2957 3252

5.009(1.064) 4.232(0.696) 3.194(0.214)

Final displacement | 21.061 | 17.847 23.911 22.417 18.019 22.464 21345 25.039 2B.028
(mm) 20.940(3.034) 20.987(2.570) 23.137(1.849)
Energy consumption__69.254 | 58.904 76.766 170.2B1 120.702 178|779 302.040 337.707 259.691
(kN Bm) 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 maximimad increased with the number for all
the groups which was illustrated above (kiual. 2015, Hossain et al. 2019). The maximum
loads of groups C were higher than those otigs B and S individually, but lower than the sum
of groups B and S. On the other hand, the sepeaé# values were existed in groups C beside
the maximum loads. The sum of the two pedkesmwas much higher than the sum of the group

B and S.

From Fig. 6b, the initial stiffres of groups S was the lowest. While the initial stiffness of
groups B was a little lower than that of group$-f@m the curves of Fig. 3, in the displacement
range of 0-5 mm, the curve shape of groups € similar to that of groups B which increased
sharply. The curve shape of groups S increatmaly. Based on these phenomena, the initial
stiffness of groups S was much lower thaat thf 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& 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 $.tke same groups, the final displacement of
different connector number did not shavious 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 coeiint was the highest, because the final
displacement of them was higher than thagriups B, the initial stiffness of groups C was
higher than that of groups S. On the other htdreinitial stiffness increased with the connector
number (Liu et al. 2015), while the final digpement did not showed the obvious change with
the connector number. Based on this, the ductbsfficient showed the downward trend with
the connector number. From Fig. 6e, the chagngsiend of energy consumption was similar to
that of maximum load in Fig. 6a.
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(@) (b)

(b) (d)

(e)
Fig. 6: The difference of maximum load (a), idig&ffness (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, &daC was studied below (Xue et al. 2020).
The value of group B-1, and B-2 was sexahe value of group S-1, and S-2 was set, and
the value of group C-1 and C-2 was set.ahen the linear equation in two unknowns could be
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observed. And then using the formulas, the dated values of groups C-3 could be found in
Tab. 4. On the other hand, the errors between cacNalues and testing values could also be
found in Tab. 4. The errors of the parametefyield load, initial stiffness, and ductility
coefficient were higher than 10%. So this enadilon method could not be used in these three
parameters reasonably. However, in the other fiarameters, this analysis method could be

a good choice, especially the maximum lo#ite 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 futsiiedy, more evidence of the relation between
groups B, S, and C could be explored:

Maximum loadz 0.57x 0.835y (1)
The second maximum load: 0.707x 0.575y (2)
Yield load:z 0.052x 1.053y (3)
Ultimate loadz 0.674x 0.748y 4)
Initial stiffnessz  2.566x 1.839y (5)
Ductility coefficient:z  0.195x 2.619y (6)
Final displacemenz 0.606x 0.138y (7)
Energy consumptiorz  0.579 2.062y (8)

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

Parameters Maximum load The secondimam load Yield lad 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 di Final Energy
isplacement| 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, ultimateath and initial stiffness of groups B were
better than those of groups S. The ductilityeficient, final displacement, and energy
consumption of groups B were lower than thokgroups S. The main failure mode of groups
B was the broken beech dowel. While for groupth8,bent self-tapping screw was the main
failure mode(2) The maximum load, yield load, ultineatoad, initial stiffness, and ductility
coefficient of groups C were better than thosgrfups B, and S. Two peak values could be
found in groups C. The first and second peak valugre larger tharhbse of groups B and S,
respectively. The final displacement andegyy consumption of groups C were located
between those of groups B and(8) The linear equation in two unknowns have be found
between groups B, S and Cctiuld 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 buynmosition and enclosure effects, free burn
vs. ISO 9705 room, were evaluated from the peatipe of instantaneous (HRR) and total heat
(THR) released by the fuel packages. It i@snd that both of the evaluated factors have
impact primarily on HRR — the peak rangingrfr 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 observedqekxiery similar amounts of fuel were burned.
The thermal feedback within the enclosure seetaduk partially counteracted by the lack of
oxygen, resulting in slightly higher HRR in free-huest following the first peak. The findings
of the research are applicable to fire hazard prediction by fire modelling.

KEYWORDS: OSB, thermal feedback, oxygen concetintrg heat release rate, room corner
test.

INTRODUCTION

Agglomerated wood, or sheet wood matarialre extensively used in construction,
furniture manufacture and many other industries. As per the Global forest products facts and
figures report 2018 (2019) reconstituted pan@xSB, particle boards and fibreboards)
dominate other product categories in NorthA&merica and Europe. In addition, OSB and
particle board had the fastest growthpneduction, increasing by 25% and 13% respectively
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over the period from 2014 to 2018. Most of thiswth for both products occurred in Eastern
Europe including the Russian Federation.

OSB (oriented strand board) boards are nfemia compressed-oriented wood strands in
layers (usually 3) combined by adhesivesilmope, the boards are mostly produced from pine
and spruce, but for production is possibleise wood with density between 350-700 ki:m
Individual strips of coniferous woodeabout 0,4-0,8 mm x 6-25 mm x 75-130 mm. Longer
strips are used for surface layers, smaller oregdhe middle of the board (B6hm et al. 2012).
Their strength depends on used glue and thickness. Although the production companies in
North America are still use PF adhesives igger share, PMDI, a mixture of monomeric
diphenylmethane di-isocyanate and methylendged oligo-aromatic isocyanates (Lay and
Cranley 2003), is the primary adhesive systead in OSB production in Europe (Grunwald
and Stroobants 2014, Grunwald 2014). Other typeguaf used in proddion of OSB are urea
formaldehyde (UF), melamine urea formaldeh{fdiéJF) of phenol-formaldehyde (PF). There
are two standard formats of OSB boards solouinregion. The basic dimensions of the board
with groove are 2 500 mm x 625 (675) mm. Thmehsions of the plain-edge board are
2500 mm x 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 C®Betjling to
EN 300 (2006).

Fire properties and hazards

The boards are usually classified accogdito EN 13501-1 to reaction-to-fire class
D-s1,d0 (yYSN 73 0810 2016). This base clagsifion is established in through
the Classification without further testing (CWprinciple. In case of OSB boards fulfilling
EN 300 requirements, with a minimum density of 60@rk§ and a minimum thickness of
15 mm, they may be classified as D-d8@,for applications excluding flooring and:Bs1 for
flooring applications (Commision decision @7 January 2003 establishing the classes of
reaction-to-fire performance for certagonstruction products. Notified under document
number C(2002) 4807 as amended). Furthemmé&ion on CWFT for wood-based products
may be found in (Mikkola and Ostman 2004, Ostman and Mikkola 2006).

Since some applications require better pexformance, the market offers OSB boards
with better reaction-to-fire classes,ge board called Kronospan OSB Firestop with
reaction-to-fire class B-s1, dO.

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

Apart from construction material, OSB boara® also used to make furnishing. It is
therefore necessary to understand fire hazaadsociated with such use. Important
characteristics, from the fire-spread perspecinvelude the combination of critical heat flux
and time to ignition. (Martinka et al. 2020)aswined various OSB configurations and found
the time to ignition to be as low a8 s for the radiant heat flux of 19 l&V? and the lowest
critical heat flux to be below 10 kivi"®. Unlike massive wood elements (Dubravska et al.
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2020), sheet wood products, including OSB mapitome to twisting and bending particularly
at lower thicknesses, leading to early disintegration of protective char layer.

When considering fire hazards in enclosuiess important to be able to predict fire
severity based on the limited experimental datailable. Kadlic (2018) investigated various
possibilities of prescribing burning fuel itemsdadiscussed differences in modelling results
when free-burn and enclosure data were ua&le (2019) proposed a mathematical approach
to account for the enclosure effects on fuathages and combustible constructions. This
model accounts for thermal effects, vent mixing flow and oxygen concentration. Still, the
appropriate experimental setup and dataesgmtation 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 mdrd complex research “Pyroboard” focusing on
the computational modelling of pyrolysis astiould serve for data validation. The main
objective of the project is to describe thgrolysis and burning of agglomerated wooden
materials through a range of parameters colleloyenhicro-, mid- and full-scale experimental
research. This will allow proper mathematical modelling of wood burning.

The test specimens are made from Oriestemhd board (OSB) satisfying requirements of
EN 300. Since the objective was to establish pinoperties for plain furniture, no further
materials are included in fire tests. Tesupetepresents an office desk with drawers under
the desk next to its right leg and a shelf cabion the right side of the desk: Office desk
consists of desk 1 600 x 800 mm with two fabkegs 800 x 800 mm and board trestle 1600 x
400 mm. Chest of drawers 400 mm wide, &M 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 lodecrease 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 kégn"
Thermal conductivity at 20°C 0.19 + 0.02aw'& "
Specific heat (dry) at 20°C 1.18%g"& ™

The boards were joined together mechanicalth acrews. Fire source that simulates fire
of atrash bin is a gas burner put under the tdlble heat output of the burner is constant 30 kW
and the duration of the ignition period is 480 #{8). The whole process was done in the Fire
laboratory of University centre of energy eféiot building of Czech Technical University in
Prague, where the Room corner test apparetunstalled. Room corner test (ISO 9705-1.:
2016) consists of a small room (3.6 x 2dand 2.4 m high) with one door opening and
the exhaust hood 3.0 m x 3.0 m in front of the roBxhaust fumes proceed to the analysers to
obtain data of the heat release rate, so dparatus can serve as a furniture calorimeter.
Ventilation unit has maximal volume flow 3.5#&l* (approx. 13.000 frper hour).
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There were four constellations executed diffgrfirstly in the test setup location itself
where the smoke and temperature accumulaigorerucial 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 shouldnbgre noticeable while installation under the
exhaust hood where the fumes go straight tosémilation is similar to well-ventilated open
spaces with larger area to heat up (Fig. 1). dissumed the fire inside the single-person office
is more intensive and fast€2) The burner was put either to the left next to the left table leg or
to the right side of the working space nexthe drawer chest (Fig. 2). Various location was
chosen just to see whether any difference of the heat release occurs.

Room corner test (RCT) sgt. Well-ventilated hood setup.
Fig. 1: Indicative display of test configurations.

As mentioned before, the ventilation ofettspace, or exhausting the heated fumes
respectively, seems to be crucial and can affedesteesult in several ways. It is needed to say
that due to calculation processes any changtefvolume flow during the test results in
the change of HRR (measurement error aboutob¥%ore when the test is over ventilated).
Constant flow is therefore favoured. The dimswas nevertheless which flow. On the one
hand, higher volume flow, especially in the igmitiphases of the well-ventilated test, entrained
the flame causing a significant delay of the flaapeead. 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 awell-ventilated test: the room test setup had
constant volume flow 60% (around 2.@3;51), the well-ventilated test setup started at 30%
(2.0 nf’e’sil) and after 500 s, when the furniture svdefinitely ignited, the volume flow
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increased to 80% (2.8%'"). And there were situations whemen such volume flow was not
enough to exhaust all the fumes and had to be increased to 100%.

Fire experiment has no pre-set durationstTstarted in T= 0 s with ventilation on
according to the test setup and datlection, time step was setite 3 s. After 120 s, the gas
burner was ignited (T = 120 s) and burned 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 test start, data collection
extraction capacity @ 60% 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 furnit@adorimeter, such as heat release rate,
smoke production rate or optical densityyface temperature at 10 points of the model
furniture were collected (Fig. 2 and Ta®). Cable thermocouples type K, 2x0,5 frwith
mineral insulation were used. Tip of the thecouples were shielded by 3 mm thick mineral
fibre board. In this article, only thermocouples T02 a TO3 will be discussed.

Fig. 2: Test setup with thermocouples location.
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Tab. 3: Thermocouples T02 a TO3 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 tdsirns conducted inside the 1ISO 9705 room are
shown in Fig. 3. The results were shifted bagki20 s to discount the pre-burn period when
the gas burner (ignition source) was off. Afterimitial delay of approximately 100 s there is
a growth period until the first peak. The maximbiRR values reached for this scenario were
1132 kW (at 524 s) for ignition on the left sidied 874 kW (at 510 s) for ignition on the right
side.

Fig. 3: Room corner test results for officerfilure made from OSB; dotted line represents
a t-model fit with . = 0.00293 kW-¥ (slow) and. = 0.0042 kW-& (custom).

The results from the second series ofbeshs conducted as free-burn tests under the hood
are shown in Fig. 4. The results were agaifteshback by 120 s to discount the period when
the gas burner (ignition source) was off. Afterimitial 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 - 100t the first peak is reached. This peak is
associated with the fire spread under the ags&hd rapid release of flammable pyrolysis gases
from its surface as it is heated underneath. Juiesequent development of fire and HRR is
driven by progressive collapse of the furr#uThe second prominent peak in the RCT_L
scenario is caused by fire development on tleévels side. When fire was initiated on the right
side (RCT_R) the peak is not as prominent.

Similar trends in HRR and the overall develaof fire was observed in tests conducted
in well-ventilated conditions under the hood, seg Bi Due to the lack of thermal feedback,
the effect of the enclosure, the developtngimase is prolonged, nonetheless after reaching
approx. 375 - 400 kW there is a steep increas¢RR until the first peak is reached. There is
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also a difference in the peak HRR betweenhilver 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 freenbtasts. The contribution of the burner is
subtracted from the analysed HRRs, i.e. theaspresented in Figs. 3 and 4 represent net heat
release of the OSB furnishings. The burner #ancontribute to the initial flame spread on
the OSB surfaces, however, it was not possible tottuainis effect. It is expected that shorter
duration of ignition period would delay the ensof exponential growth period described
below.

An overview of the main fire severity paranmstes provided in Tab. 4t may also be seen,
that the total released amount of heat doedlifiigr significantly. Over the considered period
of 2 100 s (35 min), the difference betweenrttaximum and minimum THR is 61 MJ, which is
approximately 3.6 kg of fuel, assumirger = 17 MIkg™. This is less than 10% if
the minimum THR is considered a baseline.

The first difference that is apparent wheosmparing HRR shown in Figs. 3 and 4 is
the prolonged fire growth stage up until appr400 kW. The fire growth until 400 kW takes
about 100 - 150 s longer in tests under the hoodlikely due to the lack of thermal feedback,
since the heat in the fire and smoke plumexisacted 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 surfadehe furniture heat up more rapidly, aiding
the flame spread.

Fig. 4: Free-burn test results for office furnmiumade from OSB; dotted line represents
a t-model fit with . = 0.00293 kW-¥ (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) 1132 874 1017 1154 1143
Time to peak (s) 524 510 580 560 583
Time to IMW (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 kytémperature development on the top and
bottom surfaces of the desktop (Fig. 5). It n@yseen that there are significant temperature
differences in the temperatures on the bottate sf 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 bwexperiments (HOOD). Tid airflow affects
the heat transfer patterns under the desksamzk approx. 70 - 75% of the produced heat is
transferred through convection in the firmdlasmoke plume (Heskestad and Delichatsios 1989,
Karlsson and Quintiere 2002).

Hence the combined effect of reduced thérfeadback and increased heat removal in
the free burn experiments, appears to cause skoegrowth and delays the first peak. Due to
very transient nature of the flow patter(mven between the experiments in the same
configuration) it is, however, difficult to quantithese effects precisely. The steep increase in
HRR seems to corelate with the charring temperature of vg8i°C — for RCT scenario at
approx. 480 s and for HOOD scenarios 560 s and 628ectively. It must be noted, however,
that there are multiple other factors affectthg growth phase, e.g. structural deterioration,
which are difficult to quantify. The greatereak (1 132 kW) for the configuration with
the burner on the left side may be attributed opbsition of the desk — the left side is in the
corner of the room, i.e. the flames are enclasedwo 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 chaeaistic from the fire safety engineering
perspective. It may be approximated as an exponential fun¢fionpdel, which follows
(Heskestad and Delichatsios 1979):

Q Dt - 1)
where:Q— heat release rate (HRR) (kW) fire growth rate coefficient (k&'), t —time (s).

There are four standardised fire growthte coefficients (NFPA 72 2017): slow
0.00293 kW™, medium 0.01172 k&', fast 0.0469 kV&'>, and ultrafast 0.1876 ki/>.
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These fire growth rate coefficient are dcheteristics of various products and occupancies
(PD 7974-1 2003, Mayfield and Hopkin 2011, BS 9999 2017).

Thet? fire growth model was fitted to the experimental data. From the standardised fire
growth rate coefficients, = 0.00293 kVi 2 (slow) follows the development stage the closest,
dotted lines in Figs. 3 and 4. In tkhase of the RCT tests, the value .ofvas increased to
0.0042 kWs'2, since the time to reach the peaRRi was underestimated. As indicated in
Fig. 3, the custom fire growth curve is stillatvely close to the sw fire growth curve
(about ¥2 of the slow medium band). Overall, the expments indicate that there is a
relatively slow fire growth stage for this type of furniture and initiation source.

Mayfield and Hopkin (2011) fitted th# fire growth model to a well-ventilated free-burn
experiment with an office furniture setup, and thmynd the fire growth phase also to be rather
slow. In fact, for the investigated period 50@ 2 1200 s, they derived = 0.0003 kVés'2,
which is an order of magnitude lower than fae #low fire growth rate. For an unsprinklered
reception area they derived: 0.003 kW' for the investigated period 18 < 1400 s, which
may be considered almost equal to the slow fire growth rate0(00293 kVé'?). 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 wemecorded by (Walton and Budnick 1988). Again,
significant variations were present, particlydretween 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 = 0.0042 kW-&.

As regards the overall fire severity, theradsclear trend. HRR and RHcurves in Figs. 3
and 4 indicate somewhat less severe coursegeofor scenarios in which the burner was on
the right side, both in the enclosure agll as freeburn. The decay phase, however,
compensates for this (longer and/or higher HRiRp certain extent. There are competing
effects of heat balance (thermal feedbackl 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 direatly 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 ia ffee 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 whattlie extent of HRR enhancement by thermal
feedback within the enclosure. Babrauskdsirley et al. 2016) discusses various aspects
affecting thermal feedback and states, thatethis approx. 20% enhancement possible for fires
in the 100 - 1000 kW range. The effect is alspendent on the proportion of fuel surface able
to “see” radiating surfaces, gases, and flames. Sined¢ested fuel packages had large surfaces
facing “inside”, e.g. shelve compartments, desklerside, drawers, etc., thermal feedback
enhancement of heat release rate is expdotée limited. As Pokorny and Malerova (2017)
and Pokorny and Gondek (2016) note, the ltieation (corner, wall and free standing) and
ventilation conditions have a significant impacbo, which is in line with the findings
summarised in (Wade 2019).

CONCLUSIONS

As part of a greater research project, thiggraliscusses the differences in fire behaviour
of office furniture made from OSB boards wHenated inside an enclosure and directly under
an extraction hood (free-burn). The test enclesand extraction system are as per the room
corner test (RCT), specified by ISO 9705.

After piloted ignition (30 kW burner) thelevelopment of fire was observed with
the objective to identify them main factocausing the differences. The purpose for this
comparison was the accuracy and mutual replaceabilgyclosure and free-burn test results.
Very often such results are applied as desigrirfifige engineering, which may lead to under or
overestimation of fire hazards. The investigafi@ohiture set-up comprising a desk, chest of
drawers and a shelving unit is typical for dfce occupancy or home workstation. Differences
were found both due to the location of tharner (ignition source) as well as burning
environment — enclosed vs. free-burn. Althougé tbtal heat released remained relatively
consistent, THR8875 + 30 MJ.

The instantaneous heat release rate, evew shows significant variability for both
ignition and enclosure conditions. The fildRR peak is delayed by about 50 - 60 s for
free-burn conditions. On the other hand, dedpséer peak onset, the following HRR appears
to be less severe for RCT (enclosed) tests. I ggbt side ignition (chestf drawers), the peak
HRR does not even reach 1 MW. It appears, thatthermal feedback effect enhancing the
burning rate is limited due to the geometry of thel (significant internal surfaces) and the
oxygen-deprived atmosphere inside the esate hampers fire development and burning
rate. As regards applicability to fire modellifgy fire hazard predictions, the data obtained
provide a useful insight on the variability assted with more complex geometries of solid
fuel packages. Although there are options twdal burning rate enhancement in various fire
models (B-Risk, FDS) one should be carefnit to over- or underpredict fire severity.
In particular, zone models offer only a limitedpability for fuel geometry representation (2D
and 3D simple rectangular shapes) andlibming rate enhancement models are sensitive
particularly to the amount and orientation of surface exposed to radiating heat.
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IN GLULAM CONNECTIONS WITH INCLINED SCREWS

YIFAN LIUY, ZIYIN YAO?, FEIBIN WANG!, HUI HUANG?, ZELI QUE"
INANJING FORESTRY UNIVERSITY
P.R. CHINA
2JIANGXI ACADEMY OF FORESTY
P.R. CHINA

(RECEIVED APRIL 2021)

ABSTRACT

The effects of edge distances on stiffnesgglmam connections with inclined self-
tapping screws were studied in this papgmder four anchorage angles (A-45°, A-60°, A-
75°, A-90°) and three edge distances (HG-EG-D, EG-@) conditions, the shear-tension
tests were carried out on the timber structurenections with inclined self-tapping screws,
and the stiffness and other properties of ¢banections were tested. Based on the results,
the effects of edge distances on stiffnessimgovere quantified using the equivalent energy
elastic-plastic (EEEP) model. The results shothed the edge distances had a certain impact
on the yield mode and load-carrying performarof the joints. Within a certain range of
variation, as the edge distance increased,ttfiress of the connections increased gradually,
showing a positive correlation. The stiés of specimen EG-2D is 4.41 kN-Mm
The stiffness of specimen EG-4D is 10.04 kN-Thwhich increaseby 128% compared with
the specimen EG-2D. The stiffseeof specimen EG-6D is 12.08 kN-minwhich increases by
174% compared with the specimen EG-2D. Hesvethe ductility coefficient, yielding load,
and energy dissipatingave no significant change. Within a reasonable edge distance, only
ductile damage occurred.

KEYWORDS: Inclined self-tapping screw, edgistances, edge distances, stiffness, glulam.
INTRODUCTION

Modern dowel-type fasteners, self-tappi screws (STS) have higher strength and
stiffness compared with a traditional screw,iathis widely used in mass timber structure
(Blass and Bejtka 2001, Ringhofer et al. 2015)remvs in Fig. 1. This type of screw mostly
features a continuous thread over the wHelggth (fully-thread) which leads to a more
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uniform load transfer between the scremd the wood material (Dietsch et al. 2015,
Jockwer et al. 2014). In recent years, many grpntal (Yang et al. 2020, Zhang et al. 2019)
and numerical studies (Brandner et al. 20&8hcern 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 &#010, Bejtka and Blass 2002, Wang et al. 2019,
Komatsu et al. 2019, Yang et al. 2018, Qualet2020, Lu et al. 2020, Teng et al. 2020,
Chen et al. 2020, Chang et al. 2019). Blass antkdérst clarified and proposed theoretical
equations for the load-carrying capacity o€lined STS joint based on Johansen's theory
(Johansen 1949). However, the inclined STS magee complex behavior in laterally loading
condition which governed by the embedment beairaof the timber, withdrawal action on

the screw and rope effect for large defatibns. 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, 2008)e 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 connecfor design at serviceability limit state ‘(hm™);
is the density of the timber (kg®). The values ofl 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-drilliagd 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 equatinatiable to accurately evaluate the stiffness.
Therefore, Tomasi et al2Q10) further proposed the mechanic-based model to estimate
the properties of STS connection. It can be expressed as:

3)

982



WOOD RESEARCH

where: is the connector stiffness for lateral loading;is the connector stiffness for
withdrawal loading; is the angle of inclination of the STSjs the friction coefficient of
the wood element.

According the Eg. 3 the stiffness of tlisnnection can be seen by the two p#rtd
lateral stiffness and the withdrawal stiffnesshed screw. The lateral and withdrawal stiffness
were affected of two parameters which tie interface friction of wood element and
the inclined angle of the screw. As thagke changes, these two stiffnesses contribute
differently to the overall stiffness of the conhien. For example, the angle of inclination is
0°, the overall stiffness of the node is thertieal component of the screw, which is
completely borne by the compressive bearinfinstss of the screw. This trend can also be
reflected in the Fig. 2. The figure showed thress for the screw subjected to shear-tension
stress versus the inclination angle for theecagere the friction coefficient has different
value. The “willow leaf” enclosed area represdhts node stiffness of the self-tapping screw
subjected to shear-tension stress could appear possible area.

Fig. 2: The influence of the inclination)(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 screwilschange differently under the influence of
different margins, end distances, and group effects.

The above research did not even addressetiye distance effect of the stiffness for
the STS. For the real project, the calculatformula given in the standard Eurocode 5
(EN 1995-1-1, 2009) has restrictions, the edgtadices, end distances, and spacing lead to
more complex mechanisms of the STS. Tégper aims to introduce and experimentally
verify the effect of edge distance on the s&fa of the timber structure joint connected with
STS used the glulam material.

983



WOOD RESEARCH

MATERIAL AND METHODS

Materials

The specimens were fabricated in fagttrat glulam made of Douglas fiPg¢eudotsuga
menzies)i, of strength class SZ1 according & 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 0:688. g
The manufacture of glulam prassing with adhesive spread 250§, compacting pressure
1.0 MPa, pressure time 4 h, processing temperature 25°C.

The self-tapping screws are FTLD (producimber) cylindrical head with full thread
structure. The diameter x length of selbpiing screws is 6 mm x 140 mm, as showing in
Fig. 3 and Tab. 1. Withdrawal and bending testgied out on the self-tapping screws in
compliance with LY/T 2377-2014 (2014).Y/T 2059-2012 (2012), and ASTM F 1575-17
(2017), the average result withdrawal strength is 25.79'Mdm?, 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 stanHardcode 5. The samples usually study in
push-out tests, for example, it consistdved lateral wood (70 x 90 x 300 mm) elements and
a central one (140 x 90 x 300 mm), h&ddether by self-tapping screws) The different
anchored angle of single inclined self-tagpiscrews 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 (B 2G-D, EG-@D).

In the study, the influence of the screw @&ngivo 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 @2 mm), 4D (24 mm), 6D (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 specimengh different angles and edge distances.
Units (mm).

Test protocol and instruments

The protocol of the push-out test was refeeed in American standard ASTM D1761-12
(2012) the deformation speed of the mechanical test machine was set thBiimga 50%)
by monotone displacement control of this téstder 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, folinear variable differential transformer
transducers (LVDT) and mechanical load senaoquisition 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 Figlt is significant to know the yield point
when the plastic deformations occurred in seisiim seismic design, plastic deformations are
allowed for ductile structures. Therefore,ist 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).
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Fig. 6: The load-slip curves of specimerisig.7: The load-slip curves of specimens
with different anchorage angles. with different edge distances.

There are several methods around the weoldjuantify these properties for timber
structures. In this paper adopted the edamnaenergy elastic-plastic (EEEP) curve method
that usually analysis the shear walls INTAAE2126-19 (2019). The bilinear curve represents
the accurate elastic-plastic behavior of thareection. 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 tefined 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 curvettie bilinear curve directly. The first line of
the bilinear curve corresponds to the initiaffséss and yield load. Once the vyield load is
defined, the yield deformation can be deteed. 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 cesvand bi-linear models of specimens with
different anchorage angles. The stiffness of tid je the largest at 45°, and as the anchorage
angle increases, the stiffness of the joint gradwddiyreases. 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 curvehis energy dissipation of this joint during
the test. In terms of energy dissipation, as #mchorage angle of the self-tapping screw
increases, the energy dissipation of the joirreases. In order to show this difference,
the initial stiffness, yield load, ductility coeffamt and energy dissipation of the joints were
calculated quantitatively by pick point software (Karube et al. 2001).

Fig. 9: The properties of specimens withig. 10: The dissipation of energy of
Jifferent anchorage angles. specimens with different anchorage
angles.

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

Anchorage Maximum Initial stiffness Yield load Ductility Dissipation of
angles test ID load (kN) (KN-mm™) (KN) factor energy (KNmm)
A-45°-AVG 11.09 (£1.16)| 23.87 (x13.44 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(x1.85) 84.00 (+5.81)
A-75°-AVG 17.83 (+1.28) 6.84 (+1.32) 9.40 (£0.8Q)  7.09 (+2.03)  250.96 (+75]50)
A-90°-AVG 16.23 (+0.94) 1.62 (£0.58) 8.31 (x13.7p) 4.62 (£1.19) 574.76 (x65|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 increasseif-tapping screw angle, initial stiffness is
on the decline. In Tab. 2, the average d thitial stiffness of the specimen A-45° is
23.87 kN-mnt. The average of the initial stiffas of the specimen A-60° is 13.38 kN-mfm
compared with the A-45° which was reduc&®l9%. The average of the initial stiffness of
the specimen A-75° is 6.84 kN-mim Compared with the A-45° that was reduced 45%.
The average of the initial stiffness of the specimen A-90° is 1.62 kN;mwhich 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 foelding load, the specimen of A-60° has
the maximum value. In the same condition, thdimed angle 45° is always easy to yield.
Compared with energy dissipation, Fig. 10 shtwestrend of exponential growth, the energy
dissipation is a positive correlation with anchorage angle.

When single the angle is considered chandimg effective length of self-tapping screws
deep into the main material also changesatTf why the bearing capacity values of A-45°
are low. On the other hand, the effectivegéh 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 increasdoad, the self-tapping screw first bears
the bending resistance of the glulam under themadif the force. When this action increases
with the increase in force, the reaction foofethe screw cap also increases gradually, and
finally presents the failure mode of pulling dbe 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 increas load and displacement, this joint
transitions from the elastic stage to theaspkc stage. At the beginning of the yield
displacement point of the specimen, the ciragloccurred along with the sound. The sound is
more intense near the maximum load, and #edhof 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 specimensFig. 11, the failure mode can be observed.
For A-45° specimens there are no significantingfes 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 elemisrghort, which caused the effective length of
the embedded main wood element was not endugthis case, the withdraw capacity was
much bigger than the yield capacity of teerew. The self-tapping screw of the A-60°
specimen was bent at the shear plane, and ticgtéisge appeared. The self-tapping screws of
the A-75° and A-90° specimens were bentbath sides of the connection, and two plastic
hinges appeared. The bending degree of 9% specimen was greater, and the bending
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symmetrical distribution occurred at both sid#fsthe 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 wigsed with a bilinear model to extract
the properties of specimens with different ediggance (Fig. 12). As can be seen from Fig.
13 and Fig. 14, the initial stiffness showed wpward 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 initialftess of the specimen EG-2D is 4.41 kN-thm
The average of the initial stiffnes$ the specimen EG-4D is 10.04 kN-riinThe average of
the initial stiffness of the specimen EG-6D is 12.08 kN:ifhe trend of average yield load
and average ductility factor is relatively unmifm while the average energy dissipation of
the specimen EG-4D is the largest (124.57rki), and the average energy dissipation of
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EG-6D is the smallest (83.63 kN-mm), wh decreases by 32.9% compared with
the specimen EG-4D.

Fig. 13: The properties of specimens with Fig. 14: The dissipation of energy of
different edge distances. specimens with different edge distances.

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

. Edge Maximum 'T““a' Yield load Ductility Dissipation of
distances test load (kN) stiffness (kN) factor energy (KNmm)
ID (kN-mm™) 9y

EG-2D-AVG | 16.23 (£1.12)] 4.410(+x0.48) 12.91(+3.83) 2.40 (x0,19) 96.10 (+11.91)
EG-4D-AVG | 18.65 (£1.07)] 10.04 (+3.22) 10.64 (x1.17) 4.73 (zx1[12) 124.57 (£9.78)
EG-6D-AVG | 17.55(£0.97)] 12.08 (¥4.83) 10.89 (+2.64) 4.24 (x2/[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 gam separated the specimen, and examined
the failure modes of different edge distancReesults show that the screw was a bend in
the shear plane of different edge distanges “@ne hinge yield” failure occurred. Moreover,
these results more remarkable in the speai EG-4D. The way of the screw and screw
failure mode in the members after a loadeath 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-tapmogews at four anchorage angles
(A-45°, A-60°, A-75°, and A-90°), three eddestances (EG-2D, EG-4D, and EG-6D). Using
the energy elastic-plastic curve method (EEEPHhot to study the effect of edge distances
on stiffness and other properties of the joint.

The results showed that the anchoragegles of STS had a significant impact on
the initial stiffness of this join with the increase of self-tapping screw angle, initial stiffness
is on the decline. In terms of initial fftiess, the specimen of A-45° is 23.87 kN-thrbut it
is the easiest to buckle, and has lowezrgy dissipation and ductility. The maximum yield
load at the specimen of A-60° is 10.45kN.r Rbe 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 distancesjnfi@l stiffness increased, and the yield load,
ductility coefficient, and energy dissipation were unifofithe stiffness of specimen EG-2D
is 4.41 kN-mm-1. The stiffness of specimE-4D is 10.04 kN-mm-1, which increases by
128% compared with the specimen EG-2Dhe 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 thiseash the effect of the edge distances has
a significant impact on the stiffness of the cection. The effective range of the STS has to
be considered in the future test.
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ANATOMICAL PROPERTIES OF STRAW OF VARIOUS ANNUAL PLANTS USED
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(RECEIVED APRIL 2021)

ABSTRACT

The aim of this study was to determine basiatomical 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. @heermination of the morphological features of
the fibers was conducted on the macerated naat&iber lengths, fiber diameters and lumens
were measured, and then the fiber wall kh&sses and slenderness ratios were calculated.
The result clearly showed significant differeneasong all fiber characteristics of the tested
plants. The strength and direction of thdatienship between the anatomical properties
determined in the study and the physicomea®mroperties 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 increasinggsi lead to continuous work on re-placing
the traditionally used patrticles in the productarparticleboards (Mirski et al. 2020). Mainly
trying to replace pine, spruce or birch chips watrticles obtained from other lignocellulosic
materials. One of the possibility is used stravamfual 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 amoohtstraw is observed as a residue from
agriculture (Meyer et al. 2018). The straw adreals, corn and rape is a by-product of
agricultural production. In the case of rape, thmaled to use straw results from the fact that
rape is still the basic biocomponent i foroduction of biofuels (Markiewicz and Mewski
2020). One of them is the usé 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 avemgmial surplus of straw harvested over
agricultural consumption equaled 12.5 million t¢gd2 Mtoe) (Gradziuk et al. 2020). Cereal
straw and other annual plants are diffefeotn wood, e.g. chemical composition. Depending
on the species cereal straw contains 45-59%6lose, 26-32% hemicellulose (pentosans) and
16-21% lignin (Paukszta 2006). Despite soménetogical difficulties, the incentives to use
straw for the production of particleboards arelawer price, wide availability, its lower
hygroscopicity, better thermal insulation and loweight density (Dziurka and Mirski 2013).
The concept of using these raw materialthabroadly understood wood industry is not new.
The first at-tempts in this area were madé¢hie 1960s. However, such boards have not been
produced on an industrial scale. These linotadi 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,ténms of mechanical properties and water
resistance, for boards used in the construction industry (Moriarty 2002).

The properties of oriented strand boardsSBY in which the wood was partially or
completely replaced with straw of cereals or rapere investigated by e.g. Cheng et al. (2013),
Mirski et al. (2016). Bekhta et al. (2013), Bdtpn et al. (2004), Hadzi and Hosseini (2014)
determined the properties of particle boardg/lich wheat straw was used as a substitute for
wood. Dziurka and Mirski (2013), Huang et @016) used rapeseed straw for the production
of boards. Research also shows that whitestard can be used as a substitute for wood
(Azizi et al. 2011, Bekhta et al. 2013, Boquillehal. 2004, Dukarska et al. 2015, Grigoriou
2000, Mo et al. 2003). Moreover, Kurokochi and S&1@15), Li et al. 2011) showed that rice
straw can be use. Wu et al. (2015) conductstidy of the properties of boards produced with
the use of corn straw, while Papadopoukasd Hague (2003) used flax and hemp.
Papadopoulos et al. (2004), Xu et al. (2004) ajzalied bamboo and kenaf as a substitute for
wood. Dukarska et al. (2012) for manufacturdiplaboards used evening primrose straw. An
interesting option is also the replacement of wpadicles with tomato and grape stalks, Kiwi,
coffee or tea waste (Bekalo and Reinh&@10, Guuntekin et al. 2009, Nemli et al. 2003).
Medium-density fibreboards (MDF) enriched witbrn or cotton stalk fibers were studied by
Kargarfard and Latibari (2011). The cited studiagried out in various research centers show
that not all lignocellulosic materials providee 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 conditiof@r the production of boards, as well as
the types of adhesives used, make it difficultanpare the properties of the produced boards
and to select the most appropriate substitutewémd. In the case of gluing straw particles of
annual plants, the presence of waxy sultgtanon their surface hinders the gluing of
the particles, which make worse the strengthwaatdr resistance of the boards. This problem
can be solved by using iso-cyanate-bapbtDI resins (Grigomu 2000, Mo et al. 2003).
For replace currently using materials, knowledgpecification of straand their influence on
particleboards properties is necessary.
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Until now, research related to alternative matentead of wood, especially straw from
annual plants used in the production of partimards or fiberboards, has focused mainly on
determining the physical and mechanical prdps-of boards made of these materials. One
of the factors determining the possibilities oihgsstraw from annual plants for the production
of panels is the varied anatomical structurthese materials. The comparison of the properties
of boards in which straw is the substitute favad 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 femtwof straw fibers of annual plants and to
determine the strength and direction of the retethip between the microstructure features and
the physicomechanical properties of the boadésermined 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 stravBréssica napusL. var. Napus) (Ra), triticale straw
(TriticosecaleWitt.) (Tr), rye straw $ecaleL.) (Ry), corn straw{ea mayd..) (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 favhbales. It has been crushed and stripped
of mineral impurities.

Methods
The morphological features of the straanatomical elements were marked on

the macerated material. Maceration was cawigdvith a mixture of acetic acid and hydrogen
peroxide (30%) in the proportion 1:1, at thenpeerature of 60°C fo20 h. From the obtained
macerates, microscopic preparations were miagiegth and diameter of the fibers as well as
the diameter of the lumens were measuredmFeach tested raw material, 30 fibers were
measured, and their diameters were determinggkavidest 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 oé thbers, were calculated. Measurements were
performed using a Primo Star light micrope (Carl Zeiss Microscopy, Germany) coupled
with a computer image analyzer (Motic InesgPlus 4.0, Motic In-corporation Ltd, Hong Kong,
China). The macrostructure of the longitudisaffaces of the tested lignocellulosic materials
was observed using a stereoscopic microscope made by Olympus (Olympus Poland) coupled
with a computer image analyzer usinge tiMotic Images Plus 2.0 program (Motic
Incorporation, Ltd., Hong Kong, China).

Statistical analysis was performed usingtiStica 13.0 software (Dell, Round Rock, TX,
USA). The descriptive statistics and one-waglgsis 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) takem authors previous research, a correlation
matrix was used.

RESULTS AND DISCUSSION

The straws of the examined annual plants difiéheir macro- and microscopic structure.
Rye, wheat, triticale and corn belong to the gresaed rape is a variety of cabbage. The most
important part of the straw is the tube-stthptalk, separated by elbows into segments called
internodes (Liu et al. 2018). Straw from annplaints is characterized by high morphological
heterogeneity. They consist of fibers and ots&uctural elements such as vessels and
parenchymal cells. The straw walls consist oé¢hlayers. The outer layer is made of a covering
tissue whose cells are characterized by serratgdse The middle layer is made of slender,
pointed bast fibers with thick walls. Apart froneth, 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 consmgsnly of parenchymal cells, vessels and bast
fibers. During the growth of these plantsgithparenchyma quickly disappears and the stalk,
except for the nodes, be-comes empty inside. &tception is maize, in which the nodes and
internodes are filled with parenchyma (spongy cdR@peseed, on the other hand, is a plant of
the type of cabbage, hence its straw has a strudiffeesnt from that of other plants and is not
suitable for fodder or bedding. The parenchymansesirable from the point of view of
adhesion and mechanical properties. From thetmdiview of suitability for the wood-based
panels industry, the bast fibers are thesmwaluable cells in the straw composition.
In the structure of the stem, the fiber is itssindurable structural element. In addition, they
have a favorable strength to density radiod have good thermal and acoustic insulation
properties.

The macrostructure images of the longitudsedtions are presented in Fig. 1. The tested
lignocellulosic raw materials differ in the stture of external and internal longitudinal
surfaces. The outer surfaces of the straw are $rand®n 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 m&gjlue) for greater strength. It should also
be noted that the particles of different strast®w 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

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

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

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

The results of the determination of the anatamnproperties