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CT Scanning of Logs — Analysis and Optimization for
Better Utilization of Hardwoods

Rado Gazo, Juraj Vanek, Michel Abdul-Massih, and Bedrich Benes

Department of Forestry and Natural Resources, Purdue University
West Lafayette, Indiana, USA

Abstract

The mission of the Hardwood Scanning Center at Purdue University is to increase the
global competitiveness of the United States hardwood industry and to conserve the
hardwood resource by development of manufacturing technologies which will enable
hardwood industry to “see inside a tree” and use this information to make better
processing decisions.

The Hardwood Scanning Center partnered with Microtek, GmbH of Italy in the
development of an industrial grade log CT scanner. World’s first three industrial CT log
scanners have been installed in last 12 months in mills around the world and we will
briefly discuss their application. The Hardwood Scanning Center also developed
visualization and optimization software for the hardwood veneer and sawmill operations.
This presentation will provide an overview of state-of-the-art in CT scanning of logs.

Keywords: Hardwood, log, CT, scanning
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Abstract

Black walnut (Juglans nigra L.) is an interesting species for wood processing worldwide
and it can be fully recommended for the European woodworking industry as well. The
quality of decorative veneer made from black walnut does not differ from the quality of
the commonly used veneer for veneering in furniture industry when correct thickness is
selected. In Europe selected introduced woody species suggest good perspectives in the
coming years and the future quality and volume of the production may be secured
providing systematic and intense tending of the forest stands takes place. Because of the
shortage of the high quality traditional raw material for decorative purposes, it is the time
to start to utilize the suitable minor trees from the European forests.

From the results of tests performed black walnut is an interesting species for veneering
industry and the veneer thickness of 0.6 mm can be fully recommended for furniture
industry and other purposes.

Black walnut is suitable for application in the furniture industry either as a replacement
for some commonly used woody species or as a woody species widening the assortment
of woody species utilized in furniture industry. The results obtained suggest that it is
possible to recommend its cultivation in larger areas upon properly managed stands. It is
still necessary to reach more accurate data on the nearest zoning and to realize a research
of consumer market in the field of utilizing veneer made of black walnut.

Keywords: wood veneer, decorative veneer, properties of veneer, black walnut

Introduction

Potential products including decorative veneers can be manufactured from hardwoods that
are considered as introduced (invasive) species (Brashaw et al. 2012). Because of the
growth of veneer industries and the reduction of timber supplies of the well-known veneer
species, the search continues for alternate species, either domestic or foreign. In screening
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for new veneer species, it is helpful to know which factors are important for veneer use
(Lutz 1971).

This paper includes the recommendations to use the species black walnut (Juglans
nigra L.) for the production of decorative veneer and veneering. Black walnut is an
important source of decorative veneer in the U.S.A. For Central European wood-
processing industry is black walnut an introduced species. Black walnut has it specific
interesting particularities: it is the only North American dark wood and in Europe it does
not have any natural pests while growing.

Botanic name: Juglans nigra, L.
Family: Juglandaceae
Other names used for species: American walnut, Eastern black walnut

Black walnut is sought after for its great beauty and toughness. It is fairly straight grained
but can be wavy with a course texture and a dark brown to purplish black color.
Heartwood can range from a lighter pale brown to a dark chocolate brown with darker
brown streaks. Color can sometimes have a grey, purple, or reddish cast. Sapwood is pale
yellow-gray to nearly white. Figured grain patterns such as curl, crotch, and burl are also
seen. Grain is usually straight, but can be irregular. Has a medium texture and moderate
natural luster.

Black walnut is a hard, strong, heavy wood that weighs 600 - 660 kg.m™ when seasoned.
The wood requires care in drying to avoid checking and degradation. It has good shock
resistance and is unusually durable. The timber works well with hand and machine tools,
with a moderate blunting effect on cutting edges. It holds nails and screws well, and can
be glued satisfactorily. Its workability is good and it glues well while holding it’s bending
properties (Barbu et al. 2014). It accepts natural wood finishes extremely well and can be
polished to a fine finish.

Materials and Methods

Raw material for this research has Slovak origin and it was taken from Arborétum
Mlynany. 12 veneer logs with a length of 140 cm and with a diameter of 29 — 32 cm were
dipped for a period of 2 months at the water temperature 20 °C. Veneers were
manufactured by off-center cutting in the Development workshops and laboratories of the
Technical University in Zvolen. By means of interrupted off-center cutting new and
interesting grains and textures of black walnut were obtained. Veneers with the
thicknesses of 0.6, 0.7, and 0.8 mm were dried up to a moisture content of 10 + 1 % by
drying at a temperature 100 °C.

Black walnut veneers were subjected to a number of technological test procedures. Our
aim was to determine the most appropriate thickness of off-center cutting (eccentrically
peeled) black walnut decorative veneer and values of optimal glue mixture spread which
is needed for veneering technology.

17



Proceedings of the 57th International Convention of Society of Wood Science and Technology
June 23-27, 2014 - Zvolen, SLOVAKIA

Specific Glue Penetration to the Veneered Area. The glue penetration to the veneered
area is usually determined on veneer specimens of the size of 250 x 300 mm. The most
common construction material used is particleboard (thickness 16 mm) and we had to
solve the proper glue amount (it was tested the range from 100 to 220 g.m in the glue
spread gradation of 10 g.m?). The evaluation of the amount of glue penetrated on the
veneer surface was done with the help of a net with mesh size of 5 x 5 mm. For each
value of the glue spread ten specimens had been pressed and the penetration was
evaluated in percentage of the total area.

Veneering with urea-formaldehyde glue was carried out under the following conditions:

- Press pressure: 0.6 MPa
- Pressing temperature: 130 ° C
- Pressing time: 4 min.

Moisture Absorption of Veneer. Essence of the moisture absorption determination of
veneers is to determine the equilibrium moisture content of the test specimens during
long-term storage of veneer sheets in an environment in which the desired temperature
and the desired relative humidity of air exists. The test is conducted under the terms of the
technical standard. The test specimens with the dimensions
50 x 50 mm in the number of 60 specimens were conditioned in a chamber at a relative
humidity of 95 + 2 % and at a temperature of 20 + 2 °C for 30 days. After completion of
the conditioning the weight of test specimens was determined with an accuracy
of = 0.01 g. The test specimens were then oven dried to zero moisture content at the
temperature 103 £ 2 © C. Moisture absorption nw (%) was calculated according to the
formula:

n, = mwm—_om°.100 (1)

w

where my is specimen weight after conditioning and mo is specimen weight after oven
drying.

Tensile strength of veneers perpendicular to the grain. Test essence is to determine the
tensile strength at maximum load which is exposed to the test specimen up to the failure
of its strength perpendicular to the grain.

Results and Discussion
Specific Glue Penetration to the Veneered Area. Results of the specific glue

penetration to the veneered area in dependence on the spread thickness are given
in Table 1.
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Table 1. Results of the Specific Glue Penetration to the Veneered Area in
Dependence on the Spread Thickness

\Veneer -2

Thickness Glue Spread (g.m™)

(mm) 100 | 110 | 120 | 130 140 150 160 170 180 190 200 210 220
0.6 - - - - | 0.022 | 0.015 | 0.019 | 0.051 | 0.030 | 0.066 | 0.093 | 0.256 | 0.586
0.7 - - - - - - | 0.010 | 0.020 | 0.040 | 0.063 | 0.100 | 0.103 | 0.563
0.8 - - - - - - - - | 0.003 | 0.001 | 0.073 | 0.116 | 0.146

The test results on glue penetration to the veneered area revealed no substantial glue
penetration within the spread range 140 — 160 g.m, inclusive of followed thicknesses.
Black walnut from the point of view of glue penetration to the veneered area proved good
properties. In actually used spreads there is no danger of devaluation of the veneered
elements. Glue spread 140 — 150 g.m™ was proposed for particleboard.

Moisture Absorption of Veneer. Results of the moisture absorption test are given in
Table 2.

Table 2. Statistical characteristics of moisture absorption of black walnut veneer

Thickness X ‘ Vx n
[mm] [%] [pcs]
0.6 21.24 7.21 60
0.7 20.92 8.16 60
0.8 20.67 7.56 60

(x — Average value; V- Variation coefficient; n — Number of measurements)

The values of moisture absorption of black walnut veneers move within the minimum
interval of 20 — 21 % and they are decreasing insubstantially with the increasing veneer
thickness. The variation coefficient of all measurements is at an acceptable level. The
value of moisture absorption is relatively low. However, it corresponds to the equilibrium
moisture content determined from sorption isotherm for lower range of standard test
conditions (22.20 %) according to DeBoer and Zwicker isotherm.

Tensile strength of veneers perpendicular to the grain. Results of tensile strength of
veneers perpendicular to the grain are given in Table 3.

Table 3. Statistical characteristics of tensile strength of black walnut veneers
perpendicular to the grain (w =12 %)

Thickness X Vy n
[mm] [MPa] [%] [pcs]
0.6 3.34 16.61 60
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0.7 3.76 18.26 60
0.8 3.82 19.42 60

(x — Average value; V- Variation coefficient; n — Number of measurements)

The value of tensile strength of black walnut veneers perpendicular to the grain increases
with the veneer thickness.

Tensile strength of black walnut veneers perpendicular to grain could be theoretically
equal to the tensile strength of wood in the same direction. Experimental results have
shown that the average strength of veneers is significantly lower than the strength of the
wood. This difference increases with decreasing veneer thickness. Cracks play a negative
role in the case of tensile strength of veneers, whose frequency depends to a large extent
on the veneers production technology.

Most importantly in terms of the mechanical properties of decorative veneer is that veneer
must withstand as compact as possible during handling. From this perspective, tensile
strength of black walnut veneers perpendicular to the grain is decisive. Mechanical
properties of decorative veneers are negligible after veneering.

Conclusions

Black walnut as an interesting species for veneer industry is fully recommended. The
quality of veneer made from black walnut does not differ from the quality of commonly
used veneer and thickness 0.6 mm can be recommended for furniture industry. Glue
spread 140 — 150 g.m2 was proposed for particleboard.

Selected introduced woody species suggest good perspectives in the coming years and the
future quality and volume production may be secured providing systematic and intense
tending of forest stands takes places. Black walnut is suitable for veneering of composites
(particleboard, MDF) and it is suitable for application in the furniture industry either as a
replacement for some commonly used woody species or as a woody species widening the
assortment of woody species utilized in furniture industry.

The results obtained suggest that it is possible to recommend its cultivation in larger areas
upon properly managed stands. It is still necessary to reach more accurate data on the
nearest zoning in Central Europe and to realize a research of consumer market in the field
of utilizing veneer made of black walnut.
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Distribution of the Equilibrium Moisture Content in
Four Hardwoods Below Fiber Saturation Point by
Magnetic Resonance Microimaging

Leandro Passarini — Cédric Malveau — Roger Hernandez

Abstract

The magnetic resonance imaging (MRI) is one of most powerful and versatile technique
for wood characterization. It is non-invasive, relatively fast and allows the visualization of
water in wood structure over a wide range of moisture contents. The main objective of
this work was to use the MRI technique to study liquid and bound water distribution in
small wood samples under equilibrium moisture contents (EMC) below FSP. Two
hardwood species from the Amazon rainforest, namely huayruro (Robinia coccinea
Aublet) and cachimbo (Cariniana domesticata (C. Martius) Miers), a plantation grown
eucalyptus species (Eucalyptus saligna Smith) from Brazil, and a temperate species red
oak (Quercus rubra L.) were used for this study. These species were chosen considering
their diversity in terms of anatomical and physical properties. Desorption tests were
carried out at 21°C in a single step procedure from full saturation state for huayruro,
cachimbo, and red oak and from green condition for E. saligna. The EMC was reached
under three desorption conditions (58, 76, and 90% RH). One sample was select to IRM
test for each RH condition. Two images were obtained, one based on T times and another
based on 1H concentration. A scanning electron microscopy image was obtained for the
same section scanned in order to help the MRI interpretation. The results showed that
wood structure plays a major role in liquid water drainage and water diffusion. E. saligna
and red oak presented liquid water entrapped, respectively, in axial parenchyma and rays,
even below FSP. For cachimbo and huayruro woods, all liquid water was drained at 90 %
RH. For these two species, even at EMC, the images showed that bound water was not
uniformly distributed in wood structure, concentrating mainly in rays for cachimbo and in
fibers for huayruro. Therefore, water concentration varied according to the wood tissue,
reveling that some tissues are more hygroscopic than others.

Keywords: magnetic resonance imaging, fiber saturation point, liquid water, wood
hygroscopicity
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Changes in the Anatomy of Exposed Roots of Some
Hardwood Species

Bryan Dick, Perry Peralta, and Ilona Peszlen

Abstract

Dendrogeomorphology, a subfield of dendrochronology, is a valuable tool for dating and
estimating the rates of erosion and deposition of river banks, ephemeral channels,
hillslopes, landslides and other mass movements. By determining the initial year of root
exposure, exposed tree roots offer a means of determining erosion rates for both riverine
and hillslope processes. While dendrogeomorphology is a well-established field, there is
very little information available to researchers and practitioners in the way of specific
responses of hardwoods by genus or classification of anatomical structure. Macroscopic
and microscopic indicators of the date or root exposure include; the occurrence of
eccentricity in growth rings, a transition of diffuse to ring porous arrangements of vessels
(root-like to stem-like anatomy), a decrease in the size of vessels and fibers, fiber cell wall
thickening, the occurrence of gelatinous fibers in tension wood and the occurrence of pith
flecks (scarring and wound tissue). The observed macroscopic and microscopic changes
in root wood anatomy of exposed roots of sugar maple (Acer saccharinum), slippery elm
(Ulmus rubra) and common hackberry (Celtis occidentalis), water oak (Quercus nigra),
green ash (fraxinus pensylvannica), water hickory (Carya aquatica), black willow (Salix
nigra), and eastern cottonwood (Populus deltoids) will be presented. The difficulties
associated with using some species will also be discussed, in order to assist with the
planning of what is best used for future studies of soil erosion using exposed roots.

Keywords: dendrochronology, dendrogeomorphology, exposed roots of hardwoods
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Abstract

This aim of this study to investigate the effect of the microwave drying process on
mechanical properties of European beech (Fagus silvatica L.) in comparison to laboratory
oven dried and natural dried material. The wood was dried in air at ambient temperature
at about 20 °C, in a conventional laboratory oven at elevated temperatures at 103°C and in
a microwave oven at two different power settings with target core temperatures of 65°C
for the vacuum drying and at 100 °C for drying at atmospheric pressure. The drying
experiments were performed at small clear wood specimens with the cross section of 30
mm and 500 mm in length, which were prepared for the mechanical tests. After drying,
the mechanical properties as the three-point bending test, the compression strength
parallel to the grain and the Brinell hardness were determined. The results of this
systematic investigation show no influence by the microwave drying process on the
mechanical properties as the modulus of rupture and the modulus of elasticity out of tree-
point bending test and the compression strength parallel to the grain. The influence of
drying rate and internal cracking affect the mechanical properties more as the drying
process. Regarding the Brinell hardness some differences could be found within the
artificial drying processes but in comparison to the natural dried Beech wood not at
significant level.

Keywords: microwave wood modification, wood drying, mechanical properties,
European beech (Fagus silvatica L.)
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Introduction

The drying of wood can be a time and energy consuming process. The optimization of
drying processes and the reduction of needed energy plays an important role in the
industry. Several methods for drying are used in the timber industry. These include drying
the wood at elevated temperatures by using convectional kiln drying, which is the most
common method, drying in radio frequency or microwave ovens, or a combination of the
two. In timber drying, mechanical properties may be changed due to treatment
temperature and treatment duration. In general when increasing the kiln temperature,
drying time is decreased and some timber properties are negative affected. The occurrence
of cracks, case hardening and loss of mechanical properties and undesired colour changes
are major problems in wood drying. Attention should be given on the control of drying
conditions in order to avoid these forms of defects.

Although investigations on microwave drying of wood have been performed since the late
fifties, this drying process is little used for industrial timber drying processes. A
comprehensive review on the drying wood with high frequency electric current is given
by Resch (2009) [1]. Studies by many authors [2], [3], [4].[4] [5], [6], [7]and [8]
emphasize the advantages of microwave drying over convective drying.
A literature review where different drying methods and investigated wood species are
presented is given by Oltean et al. (2011) [9]. This report deals with different temperature
ranges and drying methods, but little information is available to quantifying the effect of
the microwave drying method on the mechanical properties of the wood. In general
mechanical properties at drying temperatures below 100 °C are not affected.
Investigations of different authors differ in the statements concerning the effect of the
microwave drying process on mechanical properties of wood. As Hansson and Atti
(2006)[10] found no change in the temperature range at 60-100 °C, Oloyede and
Groomebridge (2000) [5] found up to 60 % lower strength properties. In comparison
Taskini (2007) [8] found that microwave dried wood lead to higher strength as infrared
and convectional drying processes. Due to these inconsistencies research work will be
necessary for this topic and this study should support the actual knowledge.
In this study the changes in MOE, MOR and the compression strength parallel to the grain
on European beech (Fagus silvatica L.) related to the drying process are investigated. In
the present paper, the tests were carried out using laboratory size specimens with the
dimensions of 30 x 30 x 500 mm. As target moisture content (MC) 12 % and 0 % was
selected. Due to the small specimen size, short drying times were used and the results
should therefore not be directly compared on full size specimens e.g. timber boards and
beams.

Materials and Methods

Drying experiments

In this study, freshly sawn European beech (Fagus silvatica L.) from upper Austria was
used for the investigations. The raw material was prepared in the way to get twin samples
for optimal comparison of the microwave drying effect. For having an adequate material
range the starting material selected was out of six trees, presented sapwood and
heartwood. From each tree one core board and one side board was used. Out of the boards
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three bars were cutted and from each bar one sample were randomly selected for the
different drying processes (Figure 1). Because of the careful selection of the test series,
with exception of the water stored material, the samples can be denoted as twin samples
to generate meaningful results. The series TSA_100°C_12% w and
MWA_100°C_12%_ w are in between directly comparable, because there were twin
samples, but this series were made out of other trunks as the other six series. For every
test series 36 samples were used. All drying samples were prepared to the dimension of
30 x 30 x 500 mm. After cutting, the bars were sealed on both cross sections with epoxide
adhesive, in order to prevent drying from the cross sectional ends. Due to the material
from the sawn mill the starting moisture content (MC) varied between 28 to 35 %. For a
more intense effect of the drying processes on material properties additional two series
were prepared and stored in water before drying. Those two series had a mean starting
MC of 51 % (Error! Reference source not found.).

Side board

\ Core board

l' T
A3 AZ A1

Sample _A1,

= _:""' Sample _A1,

Sample _A1,

Figure 1. Sample preparation

The methods applied were vacuum-microwave drying, microwave and laboratory oven
drying under atmospheric pressure and natural dried material was used as reference
material. The drying schedules are summarized in Error! Reference source not found..

Starting Target Drying Process

Identification Description MC (%) MC (%) temp. (°C) time (h)

MW-drying under

MWA_100°C_12% : 30 +6 12 100 + 2 3
— - ambient pressure
MWA_100°C_0% MW-drying under 28 +5 0 100 + 2 14
ambient pressure
MWV_65°C_12% MW-drying under 29 5 12 65+ 2 4
vacuum (200mbar)
MWV_65°C_0% MW-drying under 34 +4 0 65+2 14
vacuum (200mbar)
FLA_20°C_12% Natural-drying in the 3516 12 20+5 3.5
Storage room month
TSA_100°C_0% Laboratory oven drying 35 46 0 103 +3 126
under ambient pressure
TSA_100°C_1206 w -aPoratory oven drying 51 +8 12 103+3 51
under ambient pressure
MWA_100°C_12%_w MW-drying under 51 18 12 100 + 2 12.5

ambient pressure
Table 1. Drying parameters
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Experimental equipment

Drying experiments were carried out with laboratory MW-drying equipment (Figure 2).
For the drying tests the first five Magnetrons of the MW-kiln were used. The laboratory
plant is equipped with 12 spirally positioned magnetrons at the whole length of 3 m. Each
magnetron has a maximum power of 800 W and the working frequency is 2.45 GHz.

During the drying the core temperature was measured with a fiber optic sensor
(FOTEMP1 Fa. OPTOcon GmbH), which was inserted to the core of one of the samples.
The surface temperature was measured with an infrared spectral pyrometer. The core
temperature was used for the manual regulation of the intensity of the MW-power. The
drying started by using 50 % of the MW-power and then the power was manually
regulated for holding the target core temperature. The core temperatures were regulated in
the range of 100 £ 2 °C for the atmospheric drying process and 65 + 2 °C for the vacuum
drying process at 200 mbar.

Figure 2. Microwave laboratory equipment and position of the samples

For the comparison of the MW-dried timber, natural dried and in a laboratory oven dried
samples were used. The natural dried material was stored in a storage room at about 15-25
°C until the MC of about 12 % was reached. The drying steps for the laboratory oven
were 24 hours with 50 °C following of 24 hours with 80 °C and finally until the target
MC was reached the temperature of 103 °C were settled. The different drying experiments
were carried out to get final target moisture content of 12 % and 0 % (Table 1). With
exceptions of the natural dried material, this was only dried at the target MC of 12%.
After drying all samples were conditioned in a climate chamber at 20 °C and 65 %
relative humidity prior to testing until constant moisture content was reached.

Preparation of test specimens

The test material consisted of microwave dried, laboratory dried and natural dried control
specimens according to the schedules described above. For the determination of the
mechanical properties defect free specimens were produced after the drying at the final
dimension of 20 x 20 x 360 mm for the bending tests and 20 x 20 x 60 mm for the
compression strength and 20 x 20 x 30 mm for the Brinell hardness in radial and
tangential direction.
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Mechanical testing

The determination of the material properties were performed according to the Standards
for small defect free wood samples. The material properties to be determined were: the
density, the moisture content, modulus of elasticity and bending strength, compressive
strength and Brinell hardness. The specified standards which were followed, as well as the
devices and some remarks are presented in Error! Reference source not found.. The
material tests were performed at the TVFA (Technische Versuchs- und

Forschungsanstalt) of the University of Innsbruck. All tests were performed after storage
the material in a climate chamber at 20 °C and 65 % RH until the equilibrium moisture
content (EMC) was reached.

Test Standard Devices Remarks
Density DIN 52182 (1976) digital measuring slide, balance accurateness
balance 0,001 g
Moisture DIN 52183 (1977) balance accurateness 0,001 g
content
Compression DIN 52185 (1976) Shimadzu Autograph AG- cross head speed
test 100 kN Testing Maschine 0,7 mm/min
Three point DIN 52186 (1978) Shimadzu Autograph AG- cross head speed
bending test 100 kN Testing Maschine 7 mm/min
Brinell EN 1534 (2000) Shimadzu Autograph AG- max. load 1000 N
hardness 100 kN Testing Maschine

Table 2. Details concerning the standards followed and devices used
Results and Discussion

The statistical processing of the data obtained is presented in Table 1, Table 1. Number of
samples, mean values and standard deviation for the density, the MOR and MOE out of
the three point bending test and Table 2. Number of samples, mean values and standard
deviation for the density and the compression strength. For the drying processes carried
out mean values were recorded between 107.13 and 126.72 MPa for MOR and from 12.27
to 13.08 GPA for MOE in the tree point bending test. In the case of compression tests
parallel to the grain mean values of compression strength were recorded between 47.56
and 57.88 MPa. Remarkable lower values for the water stored material can be recognized
for the compression strength s. Table 1. Number of samples, mean values and standard
deviation for the density, the MOR and MOE out of the three point bending test. For the
Brinell hardness in the radial direction HB 10/1000 mean values are between 34.03 to
38.44 N/mm?2 and for the tangential direction between 31.27 to 34.94 N/mm2. After the
drying macro cracks could be recognized within the water stored test series
(TSA_100°C_12% w and MWA 100°C_12% w). Those cracks influence the
mechanical properties of the wood [11]. The testing results with lower values for the
water stored material at about 9 % for the compression strength in comparison to natural
dried material are in agreement to this. The reason for the cracks can be assumed as result
of the drying rate as the similar processes were used as for the material with lower starting
MC [12].
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Three point bending tests

Test Series Density (kg/m3) MOR (MPa) MOE (GPa)
Mean Std.dev. Mean Std.dev. Mean Std.dev.
MWA_100°C_12% 36 731 31.29 116.24 12.74 12.27 1.04
MWA_100°C_0% 36 723 33.29 126.72 13.68 13.08 1.27
MWV_65°C_12% 36 721 30.61 107.13 9.69 12.27 0.91
MWV_65°C_0% 36 722 28.66 111.72 12.23 12.44 1.23
FLA_20°C_12% 36 717 28.96 112.80 8.66 12.30 1.17
TSA_100°C_0% 36 716 28.07 120.53 12.42 12.98 0.89
TSA _100°C_12%_w 36 730 36.11 112.50 19.92 12.30 1.47
MWA_100°C_12% w 36 731 33.99 121.79 10.94 12.94 1.26

Table 1. Number of samples, mean values and standard deviation for the density, the

MOR and MOE out of the three point bending test

Compression strength parallel to the grain

Density (kg/m3)

compression strength

Test Series n (MPa)
Mean Std.dev. Mean Std.dev.
MWA_100°C_12% 36 729 30.40 51.81 5.66
MWA_100°C_0% 36 721 29.91 57.88 5.94
MWV_65°C_12% 36 718 27.53 50.73 5.15
MWV_65°C_0% 36 723 25.21 54.37 5.06
FLA 20°C_12% 36 716 28.21 53.54 4.49
TSA _100°C_0% 36 710 29.05 55.03 5.00
TSA_100°C_12% w 36 726 35.20 47.56 5.79
MWA_100°C_12% w 36 728 33.00 48.05 5.96

Table 2. Number of samples, mean values and standard deviation for the density and the

compression strength

Brinell Hardness HB 10/1000

Test Series Density (kg/m3) HB rad. (N/mmg?) HB tang. (N/mm?)
Mean Std.dev. Mean Std.dev. Mean Std.dev.

MWA_100°C_12% 36 731 31.29 35.29 4.60 33.36 3.96
MWA_100°C_0% 36 723 33.29 38.44 4.70 34.94 4.83
MWV_65°C_12% 36 721 30.61 34.34 4.29 31.69 3.68
MWV_65°C_0% 36 722 28.66 34.69 4.02 31.77 2.40
FLA_20°C_12% 36 717 28.96 34.03 5.39 31.27 4.10
TSA _100°C_0% 36 716 28.07 36.97 4.15 33.01 3.25
TSA 100°C_12%_w 36 730 36.11 33.89 6.78 33.16 3.14
MWA_100°C_12% w 36 731 33.99 34.66 3.93 33.06 4.20
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Table 5. Number of samples, mean values and standard deviation for the density and the
Brinell hardness in radial and tangential direction

Three-point bending tests

The diagrams in Figure 3 and Figure 4 show the influence of the drying schedules applied
on European beech wood at low and moderate temperature ranges on MOR and MOE in
three-point bending tests. For both the MOR and MOE the series MWA _100°C_0%,
TSA_100°C_0% and TSA _100°C_12%_w show higher values in comparison to the other
drying processes, for which quite no difference can be seen for the MOE.

30%
140 A
120 + + 25%
100 A 20% &
= -
£ $
E 80 { =
= 15% §
o @
g 60 {? L2 <} & ¢ > El
w
<& 10% &
40 A ® =
20 5%
0 T + 0%
b ok oo ofle ol ok « W
> ik g & g<? N hed i i
L > \N\!fﬁ @\N\I o o A7 AT
W i W R o <o
[ Bending strength [N/mm?] ©MC [%]

Figure 3. MOR out of the tree-point bending for different drying processes, the whiskers
represent the standard deviation
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Figure 4. MOE out of the tree-point bending for different drying processes, the whiskers
represent the standard deviation
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Compression strength.

The compression strength of the eight drying processes is presented in Figure 5. The
compression strength show remarkable lower values for the two processes
TSA_100°C_12%_ w and MWA_100°C_12% w as for the other processes (Table 3 and
Figure 5). The reason could be found in some slightly detectable cracks for those series.
The series MWA _100°C_0% show remarkable higher values as all other series.
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Figure 5. Compression strength parallel to the grain for different drying processes, the
whiskers represent the standard deviation

Brinell hardness.

The diagram for the Brinell hardness in radial and tangential direction is presented in
Figure 6. By facing natural dried material FLA 20°C_12% to the other series the results
show remarkable higher values for the MWA_100°C_0% in radial direction and
tangential direction and the TSA_100°C_0% series in radial direction. For all other series
the Brinell Hardness show similar results as the natural dried material.
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Figure 6. Brinell hardness in radial and tangential direction for different drying
processes, the whiskers represent the standard deviation

Conclusion

As a conclusion it can be stated that the mechanical properties of European beech wood
investigated, namely: the three-point bending strength and the compression parallel to the
grain are not negatively influenced by the moderate temperature microwave and oven
drying processes applied. Significant differences could be found for the compression
strength of water stored material with a high starting MC due to cracks as result of the
drying stresses by comparison with the natural dried material. Higher values for the
Brinell hardness could be found in same cases in comparison to the natural dried material
for the radial and tangential direction. In general the microwave dried material at 100 °C
to the target MC of 0% show in most cases for all properties determined higher values as
the other test series.
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Abstract

During the outdoor utilization of wood, hazard class of soil contact is very high among
the exposure classes (Use class 4, according to EN 335). In this case, very good protection
or/and durable wood species are needed. The aim of this study was to use beeswax
impregnation as a wood preservative method, in order to evaluate the suitability to protect
wood species with low resistance. The advantage of beeswax is its biological origin,
without any toxic agents. For this reason, poplar (Populus x euramericana cv. Pannonia)
and beech (Fagus sylvatica) samples (20x20x300 mm) were impregnated with beeswax
and exposed to soil contact for 18 months. Unimpregnated samples were used as control.
MOE was determined initially at absolute dry state. Impregnated samples were separated
into 3 groups, on the basis of the degree of pore saturation (DPS). With the progressing of
the decay, load bearing capacity and MOE of wood decreased. After 1 month in soil
contact, significant decrease in MOE could be observed, but it is explained by the
increase of the moisture content. After 18 months control samples were completely
decayed, thus no measurements could be accomplished. In spite of that, impregnated
samples showed less decay and significant remaining load bearing capacity. Compared to
the absolute dry state, MOE of beech and poplar wood decreased 65-80 % and 50-60 %
respectively. Impregnation efficiency had significant effect on decay resistance, as higher
DPS resulted in less decrease in MOE for both investigated species. Although beeswax is
a bio-based material, it showed significant decay resistant effect against soft rot.
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Introduction

The advantage of beeswax is its biological origin and its nontoxic nature. But therefore,
natural waxes are in general not biologically stable (Schmidt, 2006), however they can
delay the decay, because waxes are water repellent and with the impregnation method the
cell lumens can be filled with wax. As a result of the hydrophobic properties and the
lumen filling, fungi can decay wood only slower. Waxes have the effect of reducing
termite damage as well, but they cannot protect wood completely (Scholz et al. 2010a).
Another advantage of wax impregnation of wood is the improvement of mechanical
properties, for example the hardness can be increased by beech wood up to 86-189% in
longitudinal and lateral directions respectively (Scholz et al. 2010b). Different waxes,
including beeswax are often used as conservation agent for wooden artifacts (Timar et al.
2010 and 2011). This shows that under appropriate conditions beeswax is suitable for
wood protection. Chemical composition of beeswax presents a huge diversity of
components because of its lipid nature. Beeswax is mainly composed by a mixture of
hydrocarbons, free fatty acids, monoesters, diesters, triesters, hydroxy monoesters,
hydroxy polyesters, fatty acid polyesters and some unidentified compounds. Each class of
compounds consists of a series of homologues differing in chain length by two carbon
atoms (Maia és Nunes, 2013).

During the outdoor utilization of wood, hazard class of soil contact is ranked to very high
among the exposure classes (Use class 4, according to EN 335). For use in soil contact,
very effective protection or/and durable wood species are needed. The aim of this study
was to show, the effectiveness of beeswax against the degradation of less durable woods
with different impregnation intensities in soil contact.

Materials and Methods

Poplar (Populus x euramericana cv. Pannonia) and beech (Fagus sylvatica) samples were
impregnated with beeswax and exposed to soil contact for 18 months. Unimpregnated
samples were used as control. The two wood species has different physical properties, but
both of them are low resistant against decay without protection (Class 5 acc. to EN 350).
Wood pores were completely filled with wax, or their surface was coated with wax as a
result of the impregnation, depending on the degree of the impregnation. Beeswax was
melted at 80°C in a closed chamber, and the dry samples (moisture content: 0%) were put
into the melted beeswax. After that the pressure was decreased in the chamber to 150
mbar for 4 hours. Following the vacuum period the pressure was increased to atmospheric
pressure and the temperature of the beeswax (with the samples) was kept at 80°C for 20
hours. Impregnated samples were separated into 3 groups, on the basis of the degree of
pore saturation (DPS) (Table 1.). All these separated groups contained 25 samples, thus
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we had 25 untreated samples as control and 75 impregnated samples from poplar and
beech as well.

Group Poplarl  Poplar2  Poplar3  Beechl Beech?2 Beech3
DPS (%) | 20-40 40-55 55-70 60-75 75-90  90-100
Table 1: Sample groups according to the degree of pore saturation (DPS)

DPS was calculated as a ratio of the theoretical pore volume of wood material and the
volume of the beeswax injected into the pores (Eq. 1).

DPS = VB . 100 1)

PTh

Where: DPS: Degree of pore saturation [%]
Vew: Volume of the injected beeswax [cm®]
Verh:  Theoretical pore volume of wood [cm?]

Modulus of elasticity (MOE) was determined initially at absolute dry state both on the
unimpregnated and impregnated samples, before the insertion of the samples in the soil.
To determine the MOE, a standard 3-point bending method was used. Sample dimension
was 20x20x300 mm. MOE was determined at a defined load, to not damage the samples.
As the different load bearing capacity of the investigated wood species was taken into
consideration, the load was 400N for poplar and 600N for beech.

The effect of outdoor exposure in soil contact was investigated under laboratory
conditions. The soil was compost, collected in the Botanical garden of the University in
Sopron. The area is under natural protection, without use of any biocides; the starting
moisture content of the compost was 35%. Soil was collected into a plastic box and the
samples were put into this soil to a depth of its 2/3 length (~20cm). To retain the moisture
content of the soil the boxes were seal up with plastic foil, thus a wet climate could be
maintained which is very favourable for the fungi (Figure 1.)
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Figure 1. A plastic box with polar samples in the soil after the opening of the foil

The first inspection of the MOE was made after one month soil contact. The load was the
same than at the first determination in absolute dry state. The second inspection was made
after 18 months soil contact. In this case the load was decreased according to the expected
damage of the samples. Load was 300N by both wood species, but MOE was determined
at 150N as well, because in some cases load bearing capacity of the samples was under
300N.

Afterl8 months in soil contact samples were investigated with SEM imaging, to
determine the extent of the decay and the effect of beeswax on the decay. Furthermore,
the location of the beeswax in the structure of the wood was studied.

Results and Discussion

The protecting effect of beeswax could be observed already with visual inspection,
because the ends of both the untreated beech and poplar samples which were put into the
soil were almost completely decayed after 18 months soil contact (Figure 2a-b.). The
initial cross section was decreased significantly and the texture of the wood was
disintegrated. The unimpregnated samples lost their load bearing capacity completely
until the end of the investigated period, thus the determination of the MOE was
impossible. In spite of that on the impregnated samples only surface decay could be
observed and the initial cross section remained almost unchanged. It was not possible to
make a difference with visual inspection between the impregnation groups.
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Flgure 2. Unimpregnated (a) and impregnated (b) beech samples after18 months soil
contact

As a result of beeswax impregnation, MOE at absolute dry state increased significantly by
30-50% and 15-25% compared to the control samples by beech and poplar respectively,
depending on the impregnation efficiency. The initially 12100MPa MOE of beech
increased up to 13600-15000MPa depending on the impregnation efficiency. The initially
6200MPa MOE of poplar increased up to 8000-9200MPa depending on the impregnation
efficiency. Interesting result was that the impregnation efficiency had opposite effect on
the MOE. In case of poplar higher impregnation rates resulted in higher MOE, in spite of
that by beech the opposite could be observed (Figure 3.)
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Figure 3. MOE of poplar and beech samples in the investigation periods

MOE decreased significantly during the exposure to soil (Figure 3.). A strong decrease
(30-60%) could be observed in the MOE already after 1 month soil contact, but this is
mainly explained with the increase of the moisture content in the samples. The initially
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MOE was determined at absolute dry state of the samples, however after 1 month in soil
contact the moisture content of the samples increased near to the fibre saturation point.
This high moisture content increase can strongly decrease MOE. After 1 month in soil
contact no significant decay is expected, but it can have a slight effect on the elastic
properties of the wood. The values measured at absolute dry state are close to the
theoretical maximum of the investigated samples, while MOE measured after 1 month
soil contact can be considered as the MOE under utilization conditions. During the next
17 months soil contact the MOE decreased significantly forth. Untreated beech and poplar
specimens lost their load bearing capacity completely, because their texture was destroyed
by fungi. Accordingly, their MOE was OMPa due to the heavy decay. In spite of that the
load bearing capacity of impregnated beech and poplar specimens remained considerably.
Accordingly, their MOE was measurable. Only a few samples were decayed at that large
extent that the load bearing capacity was under the investigation load (150N). The DPS
had significant effect on the decay. Higher DPS of both beech and poplar specimens
resulted in higher MOE after 18 months soil contact. Even though, beech samples showed
lower MOE at higher DPS values before soil contact. This result shows clearly that
impregnation efficiency is an important factor in the wood protection against decay.

The decrease in MOE can be explained by visual inspection as well, because after cutting
them by most samples the decay of the inner parts could be seen as well beside the decay
of the surfaces. This decrease of the solid cross section decreases the load bearing
capacity and the MOE forth. Beside all of the unimpregnated beech and poplar samples,
some impregnated samples were damaged completely as well, because their load bearing
capacity was far under 150N. Some samples had load bearing capacity over 300N, but
they had extremely high deformation during the load. This indicates the strong
degradation of the cell wall structure. The most of the samples probably could bear much
higher loads.

Compared to the absolute dry state, after 18 month soil contact exposure, MOE of beech
and poplar wood decreased by 65-80 % and 50-60 % respectively (Figure 4.).
Impregnation efficiency had significant effect on decay resistance, as higher DPS resulted
in less decrease in the MOE in both case of beech and poplar samples. The advantage of
the beeswax impregnation is, that higher DPS resulted in higher MOE at absolute dry
state (before soil contact) and this higher MOE decreased less during soil contact in case
of beech and poplar wood. The decrease of the MOE was lower in case of poplar
compared to the beech samples, thus beeswax impregnation was more effective by poplar
in the prevention of MOE decrease during soil contact.
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Figure 4. MOE decrease of beech and poplar samples after 18 months soil contact

The beeswax could be well identified with SEM imaging in the cell lumens, mainly in the
vessels (Figure 5.). Beeswax fills the whole lumen in most cases, but sometimes it only
coats the inner surface of the lumen like a protective layer. Hyphae could be observed
only on the surfaces of the specimens with direct soil contact in large quantities. Hyphae
in the inner structure of the specimens were rare to find, and only in lumens without any
beeswax (Figure 6.). The spreading of the hyphae was physically inhibited with the
presence of the beeswax in the lumens, and this slows the progression of the fungi in the
wood. This can explain the slower decay of the impregnated samples. Higher ratio of
filled lumens inhibits the spreading of hyphae better, which can explain the higher
remaining MOE values of samples with higher DPS.
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Figure 5. Beeswax in the cell lumens of poplar wood
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Figure 6. Hyphae in a beeswax free cell lumen of boplar wood
42

Proceedings of the 57th International Convention of Society of Wood Science and Technology



Proceedings of the 57th International Convention of Society of Wood Science and Technology
June 23-27, 2014 - Zvolen, SLOVAKIA

Conclusions

Beeswax impregnation increased MOE of beech and poplar wood. Unimpregnated beech
and poplar samples were decomposed completely during the 18 months soil contact. In
spite of that the damage of the impregnated samples was significantly lower. This was
confirmed by the MOE measurements, which showed remarkable remaining MOE of
impregnated samples after exposure. The impregnation improved the resistance against
fungi, as higher DPS resulted in lower decrease of the MOE during the investigated
period. SEM imaging showed that beeswax fills the lumens and separates the most of the
cell walls from the hyphae, which slows the spreading of the fungi in the wood. This
explains the protecting effect of the beeswax, even though it does not consists any
“artificial” fungicide agents.

Although the impregnated wood was damaged remarkably by fungi, the experimental
condition was the highest exposure class excepting seawater. If a beeswax impregnation
with high DPS were used for wood species from higher durability classes (Class 4 or 3) or
without soil contact, it could slow down the decay remarkably. But further investigations
are needed to clarify this. Furthermore, it is an important factor that this treatment is
entirely environmental friendly, because only biomaterials are used for the process. Even
though beeswax is a bio-based material, it showed significant decay resistant effect.
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Abstract

Formaldehyde emissions from wood have long been linked to the adhesives used to
produce wood composite materials. In recent years, formaldehyde has received increased
attention and regulatory limits for formaldehyde emissions have been reduced. There is a
growing body of literature suggesting that formaldehyde emanates from wood itself
without it being processed into composites. The mechanism(s) by which formaldehyde is
produced in or by “native” wood have not been established. This study will report on a
project examining wood processing conditions and how they might contribute to native
formaldehyde emissions. In this study, formaldehyde emitted by aspen (Populus
tremuloides) wood under various processing conditions (temperature, moisture content,
particle size) is being quantified, and the reaction conditions occurring in the wood are
being ascertained to determine of the source of formaldehyde emissions. Formaldehyde
emissions are collected using a Dynamic Microchamber and a Parr bench top micro
reactor. The analytical method used involved derivatizing emissions with 2, 4, 6-
trichlorophenylhydrazine (TCPH) and subsequent quantification using gas
chromatography-mass spectrometry. Results to date suggest that processing temperature
has a significant effect on the formation and emission of formaldehyde from aspen wood.
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Abstract

Sustainable utilisation of the raw material wood is gaining more and more importance.
Mechanical disintegration is one of the key processes in wood technology in general.
Basic understanding of the cutting process can help to optimise existing mechanical
disintegration technologies and to enable the development of alternative disintegration
technologies. For measuring cutting forces by applying different cutting tools a test set-up
was developed enabling measurement of cutting forces in three directions (i.e. feeding- or
main cutting-force, lateral cutting force and cutting normal force). The main focus of the
following work has been on data processing to analyse material specific influences on the
cutting process. Previous investigations mainly applied curve smoothing on their data by
moving average. However, by this method material specific information of the anisotropic
inhomogeneous material is lost. For this examination cutting forces were measured
directly beneath the cutting tool. The recorded data are adjusted for test-specific
influences by the aid of a transmission function, which describes the relationship between
input and output signal. Great efforts have been made to calibrate the dynamometer and to
identify the possible sampling rate of the piezo-force sensor. As the cutting tool is
mounted at the bottom dead end of the pendulum the whole cutting process can be
observed by a high-speed camera. Examinations were done at a cutting speed of 6.8 m/s.
First results of cutting force measurements are presented. Results of this study will be
transferred to other cutting speeds of subsequent examinations.

Keywords: Cutting force analysis, transmission function, wood properties
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Introduction

Cutting processes are the main principles in the wood working industry. Nevertheless,
description of the cutting-process for wood and other anisotropic visco-elastic materials is
mainly (Kivimaa, 1950) based on empirical parameters (Pahlitzsch, 1962). For
optimizations of existing cutting technologies as well as development of new mechanical
disintegration methods a basic understanding of the cutting process is required. Therefore,
aim of this work is the development of a general method for a basic analysis of dynamic
cutting processes. Thereby, the main focus has to lie on the inhomogeneous, anisotropic
and visco-elastic material. Generally, measured data are highly influenced by the chosen
test set-up as well as by subsequent data processing. For this reason results of former
studies and their derived models are not transferable (Pahlitzsch, 1962; Martyenko 2006;
Goli 2005). Additionally, description of previous experiments is poor as important
information, like accurate data acquisition (cutting speed, sampling rate) and data
processing (filtering, etc.), is missing. The frequently observed method of curve
smoothing by moving average is not practicable as important material-specific
information is lost (Ettelt 2004; Heisel 2001). Prior to measurement knowledge of cut-off
frequency and stability of the measurement chain is required. Therefore, another
important task is to enable interpretation of cutting force measurements by developing an
appropriate filtering method.

Materials and Methods

Force sensor. For a detailed analysis of the interaction of cutting tool and raw material it
is necessary to measure effective forces in 3D-directions. Therefore, the chosen
measuring device is a force sensor based on the piezoelectric effect. Identification of an
appropriate force sensor is fundamental. The sensor has to possess high sampling rate for
sufficient measurement data and at the same time a high resolution for analyzing slight
force differences. The minimum sampling rate was identified by the aid of the Nyquist-
Shannon-sampling theorem (Meyer 2011). For high dynamic cutting processes
superposition of the measuring signals has to be avoided. For this reason the sensor has to
possess a high rigidity to quickly dissipate occurring vibrations. However, damping of the
system must not happen by high masses, as measurement accuracy would significantly
decrease. The output signal of a piezo force-sensor is a function of vibration
characteristics and disturbance values which are accumulated by the principle of
superposition. The challenge of using a piezoelectric force sensor is the subsequent
evaluation of measured data, e.g. elimination of disturbing influences like vibration
characteristics of the dynamometer. To enable interpretation of the data the output-signal
needs to be related to a known input-signal. This mathematical relationship is called
response function.

The chosen 3D-piezo force sensor 260A02 (PCB Piezotronics, New York, United States
of America) has a sampling rate ranging from 0.01 Hz to 90 kHz. The sensitivity is given
with 0.56 mV/N for the z-axis and 1.12 mV/N for the x- and y-axis. Due to the high
sampling rate the sensor can be used for examination of cutting speeds up to70 m/sec.
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Measurement signal is amplified by a extern signal conditioner 482C16 (PCB
Piezotronics, New York, United States of America) and read-out from the software over a
4-channel analog PC input module NI 9215 with a 16-bit simultaneous resolution
(National Industry, Salzburg-Bergheim, Austria). The measurement software is reading
and saving the raw data and plotting the force-curve over the time.

Pendulum. For cutting-force measurement a pendulum (Wolpert, Vienna, Austria) was
modified for analysis of linear cutting processes with cutting speeds of around 7 m/sec.
Therefore a vertically adjustable machine table (IEF Werner, Furtwangen, Germany) is
mounted on the bottom dead centre of the pendulum. The table enables adjustment of
different cutting thicknesses in steps of 1um. The piezo force sensor is fixed between
machine table and working tool (fig. 1). The test set-up enables measurement of main
cutting force, cutting normal force and passive force. The samples with differing fiber
directions are mounted at the adapted hammer. The comparatively high mass of the
hammer (6 kg) enables a constant cutting speed during the cutting process.

Figure 7: Cutting force measurement system; right image: detail of the force sensor and the work tool
including the coordinate system

Data processing. As most filtering methods (e.g. curve smoothing by moving averages)
delete specific inhomogeneous, anisotropic and visco-elastic influences of the workpiece
on the cutting force, data processing is done with the saved raw data. To achieve
unadulterated data the saved output signal will be filtered by the so-called
system/transfer-function. The system/transfer function considers all influencing
components of the test-setup as a black box whereby the relationship between input- and
output-signal is described by the frequency response function. Therefore the output signal
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is processed by the frequency response function eliminating all disturbing influences from
signal acquisition.

Samples. For examination solid samples of flawless spruce (Picea abies Karst.) of
differing fiber angles (0°; 22,5°; 45°; 67,5° and 90 °) were used. Sample geometry is
shown in figure 2.
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Figure 8: Sample geometry

High speed camera. To improve interpretation of the cutting process a high speed
camera Motion NX 7 (IDT, Tallahassee, USA) was mounted onto the Pendulum. To
achieve exposure times around 3 ps two cold-light sources, with each 800W were used
(Optronis, Kehl, Germany).

Results

To enable measurements preliminary tests as well as calibration procedures are necessary.
For identification of the appropriate sampling rate all test parameters have to be constant
(cutting length, cutting speed, test set-up). Several cuts are performed and the main
frequency of the cut is identified by the aid of a Fast Fourier Transformation (Meyer
2011). By following the Nyquist-Shannon-sampling theorem the minimum sampling rate
has to be twice the measured frequency (Meyer 2011). For determination of the response-
function the test set-up has to be fed with a known input signal. Common applicable input
signals of signal processing are the step and the pulse signal. The pulse signal can be
generated by a shot bullet test. For this study, a ball of known mass (5, 5970g) was
dropped from a defined height level (30 cm) onto the measuring unit. The saved
measurement values are the output signal of the so called black-box. The crux of
generating a pulse signal by a shot bullet is that it is a more or less unknown input signal
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as the measured output signal is superimposed by the transfer function. In order to
calculate the transfer function the pulse signal has to be mathematically described.
Therefore the input signal was simulated by a pulse generator in Simulink R2013b
(MathWorks, Ismaning, Germany) identical to the signal of the shot bullet test. After
generating the input signal the relationship between input and output signal is calculated.

To verify own measurements cutting force curves were compared with values from
literature. To enable comparison own data was also smoothed by the inappropriate
method of moving average. By doing so the same trend of cutting-forces and curve
progression are observed. To illustrate the problem arising through this filtering method,
an unfiltered cutting curve and the associated filtered curve is plotted in figure 3.
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Figure 9: Influence of Low-Pass Filtering on measurement values; dark grey: original unfiltered
values, light grey: smoothed values

As aforementioned, by curve smoothing all specific influences of the wood itself onto the
cutting process are deleted and additionally time-delayed. The high-speed camera
supports interpretability of the measured data by a visual analysis of the cutting process.
By this method variability in cutting forces, i.e. pre-splitting, can be explained.

Conclusion
The modular design of the dynamometer enables examination of several cutting tools at

dynamic cutting processes. The design of the test setup exhibits a high stiffness thereby
guaranteeing a high stability of the test setup. Additionally, interfering effects are
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significantly reduced by the chosen setup. Interpretability of measurement signals is
improved in terms of the specific material influences. The so far used filtering method of
moving average deletes important information of the cutting process. The response-
function is therefore an adequate tool for examination of cutting-force measurements. The
synchronized high speed camera enables a visually assisted analysis of the cutting process
and the cutting force measurements.
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Abstract

In the paper there is described solving a current scientific problem of mathematical
modeling of heat-mass transfer processes and elastic-viscous-plastic deformation taking
into account the mechanics and sorption creep in hygroscopic capillary-porous materials
with variable anisotropic heat and mechanics characteristics what is of importance for the
rational choice and substantiation of energy conservative technologies of timber drying
under the conditions of necessary qualitative production providing. There has been
implemented the formulated mathematical model of timber deformation during the drying
process which enables to identify two-dimensional intense-deforming state under the
conditions of non-isothermal humidity transfer by means of the finite elements method.
This method has been developed for the research of the two-dimensional anisotropic
intense-deforming state during the capillary-porous materials drying process in an elastic-
viscous-plastic area of deformation taking into account the mechanics and sorption creep.

There has been elaborated the applied software which consists of the documented classes
and provides the possibility to automate the finite-elemental analysis of timber intense-
deformation state during drying process.

The problem of timber drying process optimization has been formulated and solved which
enables to define the parameters of the drying process conditions taking into consideration
the restrictions on the intense-deforming state which does not exceed the solidity limit of
the material.

Keywords: mathematical model, the method of finite elements, heat and mass transfer,
elastic-viscous-plastic state, drying process.
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Introduction

During drying of hygroscopic capillary-porous bodies irreversible physical processes arise
up and cooperate between itself, there are phase transitions, which predetermine changes
in physical mechanical properties of materials in general, initial form of body, formation
of cracks in it and its possible destruction. The conducted analysis of mathematical
models deformation-relaxation processes and methods of their calculation during drying
of capillary-porous materials, especially woods, showed that the resilient and viscoelastic
area of deformation is mainly investigated in unidimensional and two-dimensional cases
for permanent mechanical descriptions, independent of temperature and humidity change
[1,2,3,4,5]. Construction of mathematical models of wood deformation during drying
taking into account resilient, viscoelastic, plastic deformation and features of their
regeneration in a wide turn-down physical mechanical properties of wood is a
complicated and not fully decided problem.

Taking into account difficult connected with each other processes of deformation and
mass transfer during the design of the convective drying of hygroscopic capillary-porous
materials substantially complicates mathematical models and requires the improvement of
numeral methods for their realization and software development.

Synthesis of Mathematical Model

According to the basic laws of thermodynamics of irreversible processes, mechanics of
the inherited environments, contraction of hygroscopic materials, the mathematical model
of two-dimensional viscoelastic deformation is formed and heat-and-mass transfer in the
process of drying of capillary-porous materials taking into account the anisotropy of heat-
mechanical descriptions of material, resilient, viscoelastic, plastic deformations and
deformations, caused by a mechanism of mechanical and sorption creep.

System of model equalizations for determination component of deformation vector

&= (en, &2, a2)’, strains o= (o1, o2, o12)7, temperature T(X,z) and humidity content
U(X,z) during drying wooden bar during time z</0,zary] in the area of cross-cut section
O={X=(x1,x2); x1 €[0, l1], x2 €[0, I2]} the center of which is combined with beginning of
co-ordinates, and the axes of anisotropy coincide with co-ordinate axes, it is built so. The
components of tensions vector are satisfied by equalizations of equilibrium with boundary
conditions which take into account absence of external efforts:

8611 + 8612 — O, 80-12 + 8022 — 01 O-| — O (1)
oX  oX ox, ~ OX et

1 2

Modeling of connection between the components of tensions and deformations during
wood drying is based on Boltzmann-Volterra integral equalizations and laws of
contraction of hygroscopic materials [1,6]. For an account mechanical and sorption
deformations, predefined speed of change of humidity during drying, the functions of
rheological conduct of materials are complemented correlations mechanical and sorption
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creep. Therefore connection between tensions and deformations taking into account the
anisotropy of mechanical properties in material looks like:

0'11(7):C11(T,U)[811(z')—gUl]—CM(T,U)iRu(r—s,T,U)x[gu(z-)—gUl]dSJr
C.(TU)e..(r) - ,.]-C.TUNR.(r =5 T.U)e..(c) - &, as:
0.(7)=C,(T.U)e,(r) -, ]-C.TU)R,(r =5, T.U)e.(r) -5, s + )
C..(T.U)e,(r)-¢,,)-C,(T.U)R,(r—s,T,U)e,(r)-z, [ds;

0

( ) 33(T’U) ( ) 2C33(T'U)T Rss(T_S’T'U)gu(S)dS'
where ¢, =(g,,,€,,.6,,)" — a vector component of deformations, predefined the change of

wood temperature and humidity content; Cij — components of tensor of resiliency woods,
which depend on the temperature and humidity.

For the modeling of mechanical and sorption deformations, predefined by humidity speed
change in wood, such equalizations are used [7]:

% (o -E,e, @ﬁﬂ G

or or

where m — is a tensor of mechanical and sorption deformations, which depend on the
temperature, in radial and tangential directions of wood anisotropy, the coefficients of
which are determined with the help of experimental data.

For the modeling of plastic deformations in wood the Prandtl-Reuss equations of plastic
flow is used. The relation between differentials of tensions and deformations for the flat
tense state looks like:

da,:i(d5+ 5.de, Sedgkej; s:g?[uz(“v)} (4)
bo2M+v)U T 1-2v S 3

where sjj — deviators of deformation, dj — Kronecker’s delta.
The functions of rheological conduct of wood during drying taking into account the
mechanism of piling up of irreversible deformations choose in a kind:

R(z,U.T)=(a, - 32 ep(-bo)h(eh(r, ~7)-a, - S ep(- (-2, (e =), ©)

where h(z) — Heaviside step function, and unknown coefficients ai, b;, a;, f; are
determined by the method of the least squares on the basis of approximation of
experimental information of creep of wood samples on-loading and after unloading. They
are the functions of temperature and humidity.
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During the convective drying of wood the two-dimensional mathematical model of heat-
and-mass transfer taking into account the anisotropy of thermo-physical descriptions is
described by the system of differential equalizations of non-isothermal humidity transfer:

or 0 oT 0 oT ou .
co—=—I|A4—|+—| 4, — [+ ,r—;
or 0X, OX, ) OX, OX or

2 (6)
o 0 ouU 0 ouU 0 oT 0 oT
—=—I|a— |+—|a,—|+—|ad— |+—|a,0 — |
or  0X oX, ) OX, oX, ) OX, oX, ) OX, oX,
Boundary conditions look like:
oT
ﬂ“i% +po(1_g)ﬂi(u|x,:|‘ _Up):ai(tc _T|><,:I‘ );
a M iasU] g vl ) (e Nias?| -0 @
0 on ), S on an .
T o, vl =u,; T =T, i=12.
8” o =0 =

Denotations used here: To(X), Uo(X) — primary apportionment of the temperature and
humidity content in the material; Up(T¢, @) — equilibrial humidity; c¢(T,U) — heat capacity;
p(U) — density; 4i(T,U) — coefficients of heat-conducting in the directions of anisotropy; €
— coefficient of phase transition; po — basic density; r — specific heat of vaporization;
o(T,U) — thermal-gradient coefficient; ai(T,U) — coefficients of hydraulic conductivity in
the directions of anisotropy; ai(tc V) — coefficient of heat exchange; Si(Tc, ¢,v) — coefficient
of humidity exchange; T — environment temperature; ¢(z) and v(z) — relative humidity
and rate of movement of drying agent; n — vector of external normal of area limit €2, z —
current time. During modeling of drying process in the period of the irregular mode the
primary apportionment of humidity content in wood is accepted permanent, and in the
period of the regular mode initial humidity content changes after a parabolic law.

For numeral realization of mathematical models of connected with each other processes
of heat-mass transfer during wood drying (6) — (7) the Finite element method (FEM) is
used [8]. Equivalent variation formulation of model is for this purpose got with
assumption, that the change of humidity content in time is possible to show as a sum of
constituents, related to the stream of mass transfer by the gradient of humidity content and
temperature. Eventual system of equalizations for realization of mathematical model (6) —
(7) after FEM looks like:

[c]%li} KU+ {Fl=0; [6]%1} + K+ Fl=o, ®)
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where: [c]= p,[NT[N]av: [K]=[B] [D"[BJav + 0,4, [N] [Nds; {F}=][B] [H]BJT]ov -
—[p, U, [N] ds —according to the matrix of thermo-physical properties of material,

damping and loading, {N} — matrix of form functions. Analogical matrixes are those
[C][K].{F}, related with the coefficient of heat conductivity and heat exchange.

For the values of change of temperature {7} and humidity {U} in time the Finite
difference method is used. Then numeral realization of mathematical model (6) — (7) is
taken to the decision of the kind of system equalizations:

(AU} =R): (AT =R ©)

As thermo-physical descriptions of wood depend on a temperature and humidity, and
equalization of model (6) — (7) are related with each other, the iteration process of
equalizations realization (9) is carried out on every sentinel step taking into account
additional iteration procedure, which specifies influence of humidity on apportionment of
temperature in material and vice versa. Completing of iterations for equalizations (9)
foresees implementation of conditions: {Un} — {Un1} <10*i {Tn} — {Th1} <10™.

For numeral realization of mathematical model (1) — (5) elastic-viscous-plastic
deformation of wood during drying developed FEM for the research of wood
deformation taking into account mechanical-sorption and plastic deformations and
mechanism of regeneration of deformations. For this purpose on the basis of a minimum
of complete potential energy equivalent variation formulation of tasks was received.
Lagrange’s equation, minimum of which coincides with the decision of mathematical
model (1) — (5) is written down like:

o= (1 BT [cIBlu}+ 20} [BT [ [Ree.~ e} lor -

0

_UV[e] [c({a}m L {plAU +[mf_u

dr

J + (10)

+2U )[BT [C]i [R(z,7")[BJU ){{a}AT +{BAU + [mt:l—U jdr'}

T

From the condition of a minimum of functional 62 = 0 system of equalizations of algebra
is received for finding of the unknown moving on every sentinel step Azi (i = LM , M —an
amount of sentinel intervals):

] (11)

du

T

n=1

y[KOJui=2{F -3k ‘”{{a}AT +{B}AU +[m
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where, integrals [K“’] define the matrix of key inflexibility of material, which is defined
by resilient or plastic characteristics of wood and geometrical sizes of elements of laying
out. In case of resilient deformation it is taken that [K""]=[K"]. For viscous-plastic

deformation (/o7 + o2, 0,0, +307, > o,,) matrix of inflexibility consists of two matrices
[K™]i [K™"], and [c] is calculated with the help of (4). The matrix of loading {F™} is
determined by the rheological conduct of wood, and also temperature and humidity
descriptions of material. Vector of component to be found {U} on the i-step after laying
out on time is unknown in relation to calculations {U} on previous i-1 steps depending on
apportionment of temperature and humidity, which are determined on those steps using
the algorithm from a previous paragraph.

Programmatic Realization of Mathematical Models

We described the application software for numeral realization of mathematical models of
heat-mass transfer (6) — (7) and elastic-viscous-plastic deformation (1) — (5) of wood
during drying developed within the limits of the object-oriented approach [9].
Programmatic complex, developed with the help of programming language Java, contains
an informative model and interface of the programmatic system, which looks like
packages of classes and relations between them with the use of graphic diagrams of UML,
components of programmatic code, calculative charts of FEM realization. Developed
classes represent the essence of the object-oriented realization of Finite element method.
It creates possibility of integration of the developed programs to the existent systems of
the automated modeling with the purpose of expansion of their functional possibilities.

There are separate packages for the classes, which realize: geometrical and physical and
mechanical descriptions of researches object; laying out of area on finite elements with
the help of mesh of knots and elements; determination of basic functions within the limits
of eventual elements; calculable classes (squaring for numeral integration); interpolation
functions; decision of the system of linear equations; classes, which are oriented on the
concrete calculations of matrix and vectorial algebra; classes of saving loaded and
received data; user interface.

Analysis of Modeling Results and their Discussion

Application of the developed mathematical models and applied programmatic facilities is
shown for the research of processes of heat-mass transfer of the elastic-viscous-plastic
state of wood during drying. For numeral experiments some thermo-physical descriptions
of wood are specified. Especially, on the basis of working of experimental data
dependence of coefficient of wood hydraulic conductivity as functions from a temperature
and humidity is used: ami(T,U) = am(T) amu(U), am1 / amz = 1,25. For determination of
coefficient of humidity exchange we use the dependence: a = 0,95(7/pe exp(-

20V, IrTR)) 10°°, where Vp, o — molar volume and superficial strain of liquid, ¢ — relative
humidity of environment. Value r = r(U) have been received on the basis of wood
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structure modeling by the system of inconstant capillaries of radius r, that depends on
humidity.

To research the elastic-viscous-plastic state taking into account the mechanism of sorption
creep resilient and mechanical-sorption descriptions were chosen according to the
temperature and humidity change on the basis of approximation of known experimental
data [ 5,7].

For determination of the module of wood plasticity used experimental data, according to
which the determination of the modules of plasticity have been received.

The analysis of apportionment of temperature and humidity dynamics affirms that
mathematical models enable to take into account interconnectivity of processes, their
physical non-linearity, predefined by dependence of thermo-physical properties of
material temperature and humidity.

On the basis of the developed mathematical models we investigated influence of
anisotropy of viscous-plastic descriptions of wood, descriptions mechanical and sorption
creep, withering coefficients on apportionment of two-dimensional stress-strain state of
wood during drying taking into account an isothermal process. For this purpose during
numeral modeling the probed index changed to the half of its value and the change of
normal and tangential tensions on-the-spot and on the “near surface” layers of wood was
probed.

Conclusions

1. We formulated a mathematical model of elastic-viscous-plastic deformation of wood
during drying process, which takes into consideration plastic deformations, caused by
mechanical-sorption creep and anisotropy of mechanical characteristics of the material
and gives the opportunity to determine two-dimensional stress-strain state in the
conditions of non-isothermal humidity transfer.

2. On the basis of the created mathematical models and methods of analysis application
software is developed for the modeling of elastic-viscous-plastic state of capillary-porous
materials during the convective drying, which consists of the above classes and gives the
opportunity to automatize finite element analysis stress-strain state of wood during
convective drying.

3. As aresult of calculable experiments, conducted with the use of developed applied
programmatic facilities regularity of anisotropy influence of thermo-physical and
mechanical descriptions of wood were set, it initial humidity on changing of two-
dimensional temperature-humidity and elastic-viscous-plastic state of wood during the
convective drying.
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Monte Carlo Simulation of Windows Air Tightness
Performance

Balazs BENCSIK, Zsolt KOVACS, Janos KALMAR, Viktoria CSANADI,
Levente DENES

Abstract

The ever-increasing energy prices and progressively more stringent directives constrain
both users and designers to pay more attention on energy use of buildings; therefore the
reliability of windows characteristics — one of the most vulnerable point of buildings —
plays an important role in the overall evaluation of energy consumption. Test
measurements demonstrated that in many cases the heat loss by filtration of the windows
exceeds significantly the heat loss by transmission, especially at higher pressure values.
First steps in window’s performance reliability increase include the determination of
influencing factors’ effect and building a probability model thereafter able to predict the
performance variation over time.

This article introduce a newly developed stochastic-deterministic model to simulate the
windows air tightness variation over time in function of sash-frame gap deviations caused
by repeated opening i.e. hinges wearing and internal stress relaxation of the sealings.
Based on large number of Monte Carlo simulations the model predicts the air tightness of
windows at certain stress levels in function of use time. Based on the simulation results
and quality classes’ threshold levels determined by standards, the model is able to forecast
the time when the window does not fulfill these requirements anymore, with a confidence
of 95%. Without any maintenance programs the air tightness will start to decrease rapidly
after this time. Varying the model’s input parameters in designed manner the sensitivity
of the model have been determined. Based on the simulation results recommendations are
formulated at the end to maintain the initial performance values of the windows.

Keywords: reliability, performance characteristic, air tightness, Monte Carlo simulation,
stochastic-deterministic model
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Abstract

Finger jointing has become an increasingly popular method of reducing wood waste and
utilizing short pieces of lumber. Defect free finger-jointed lumber is raw material for a
wide range of wood products for structural and non-structural purposes, for external or
internal uses, and for transparent or non-transparent finishes. Finger joint forms a zigzag
or a straight line on the surface of the bonded parts. Such joints are not always suitable for
wood products having a transparent finish. Monotone joints catch the eye, bring aesthetic
damage to the product and reduce its cost.

The article gives the description of finger jointing which provides almost invisible joints.
With the developed method, jointing fingers are of different heights and the line that
bends around their tops is the curve. The profile of this curve depends on the texture of
wood grain and may be a periodic function such as a sinusoid.

When tangential texture profile of the envelope line of larger amplitude, period, and
height of fingers is more suitable. When radial texture which has finer and more
monotonous pattern amplitude and period can be reduced without changing the height of
the fingers. Numerous expert evaluations showed that curvilinear splice well masks joints
and improves the aesthetic perception of glued products. This approach allows to provide
higher value-output of blanks for furniture parts, decorative panels, baseboards etc.

Joints are formed by two special cutters having direct and inverse profiles that can be set
in conventional finger jointing lines with two cutting units. In the near future optimization
of geometrical parameters of the compound and cutting tool design as well as carrying out
strength tests are planned.

Keywords: Finger jointing, valueable wood, texture of wood grain.
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Introduction

Finger jointing has been widely used in woodworking industry for many years. The finger
jointing process is generally recognized to be the most effective method of timber
longitudinal joints. The benefits of finger joints are well known: increasing output of
lumber of given length from low grade raw material and reduction of waste. Defect free
finger-jointed lumber is raw material for a wide range of wood products for structural and
non-structural purposes, for external or internal uses, and for transparent or non-
transparent finishes. Structural wood products are produced with the joints designed to
have high mechanical properties. Strength of properly made finger joints is close to the
strength of clear wood. General requirements for glued finger joints are well known. They
are described in many standards and technical literature (ASTM D4688-99. 2005, EN
386. 2001, GOST 19414-90. 1991, ISO 10983. 1999, NLGA. 2002). The appearance of
the joints in structural products is not the most important characteristic.

Finger jointed timber is used in non-structural applications, where clear wood is required.
But conventional finger joint forms a zigzag or a straight line on the surface of the bonded
parts which may be easy-to-see. Such joints are not always suitable for valuable wood
products having a transparent finish. Monotone joints catch the eye, bring aesthetic
damage to the product and reduce its cost.

The objective of this project was to develop the aesthetically acceptable finger joint
profile for non-structural finger jointing of valuable wood.

Materials and Methods

To hide the actual finger joint effectively and to make it almost invisible, curved profile
of the joint was selected. With the developed method jointing fingers are of different
heights and the line that bends around their tops is the curve. In order to get away from
the monotony fingers in the developed jointing are of different heights and the line that
bends around their tops is the curve. But at the same time all fingers have the same slope

(Fig. 1).
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Y

Figure 1. Curvilinear finger jointing
The profile of this curve depends on the texture of wood grain and may be a periodic
function such as a sinusoid. Parameters of periodic function should match a texture of
wood. When tangential texture profile of the envelope line of larger amplitude, period,
and height of fingers is more suitable. For radial wood texture which has finer and more
monotonous pattern amplitude and period can be reduced without changing the height of
the fingers.

It is necessary to use wooden pieces of similar texture to produce high quality products of
finger jointed lumber. Selection of the optimal finger joint profiles was based on the
analysis of many of expert evaluations. Most of them showed that curvilinear splice better
masks joints and improves the aesthetic perception of glued products.

If sinusoidal profile of joint is symmetrical with respect to the longitudinal axis X and the
midpoint 0, one cutter of such profile for simultaneous processing the ends of adjacent
short pieces may be utilized (Fig. 1). For joining pieces into a single line every second of
them should be deployed around the axis X on angle of 180°.

Results and discussion

Process diagram is shown in Figure 2. Work bay 1 is for matching of blanks for color,
texture and the cross-section. The ends of workpieces are processed at work bay 2.
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Figure 2. Process diagram of the decorative finger jointing: 1 — selection of wood
pieces by color and fiber direction; 2 — trimming and removal of wood defects; 3 —
finger cutting work bay (3a — with two units and alternate milling fingers at the ends
of the workpieces; 3b — with two units when simultaneous milling fingers by two
cutters at the ends of two adjacent workpieces; 3¢ — with one unit when simultaneous
milling fingers by one cutter at the ends of two adjacent workpieces when centrally
symmetric profile is used); 4 — longitudinal gluing workpieces in the press; 5 —
processing defect free glued details by means of a planer.

At this work bay wood defects are removed by means of CNC band saw machine which
makes curved cuts on the line A-A'" along the envelope of the finger tops. Application of
the curvilinear trimming will reduce the amount of waste and electricity consumption at
subsequent milling. Next workpieces are moved to work bay 3 for cutting fingers by one
of three ways. For an arbitrary curvilinear finger jointing the equipment with two cutters
with forward and reverse profiles are needed.

In a conventional batch line with two cutting units (work bay 3a) fingers on the package
of blanks are formed successively. The first unit forms the forward profile on the front
ends of blanks and the second unit forms the reverse profile on opposite ends (Fig. 3).
More productive line (work bay 3b) is designed for the simultaneous formation of the
forward and reverse profiles at the ends of each blank (Fig. 4).

= =

T
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Figure 3. Alternate milling fingers by two cutters at the ends of the workpieces
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Figure 4. Simultaneous milling fingers by two cutters at the ends of two adjacent

workpieces

For the formation of the centrally symmetric finger joints (Fig. 1) one cutting unit is
needed (work bay 3c). Cutter forms simultaneously forward and reverse profiles on
adjacent ends of two pieces. After turning over direct profile at the end of the first
workpiece is transformed into reverse profile for the front end of the second workpiece
(Fig. 5). To prevent chipping wood along the ends of the workpieces when milling the
profiled supporting plates are to be used. Also, the latter method is applicable for batch
cutting fingers if the turntable for basing package of blanks is used. Before entering the
press every second workpiece must be turned over.

= ==

Figure 5. Simultaneous milling fingers by one cutter at the ends of two adjacent
workpieces

Further the workpiece comes in press (work bay 4), where after applying the adhesive,
they are compressed in the longitudinal direction to obtain long finger jointed lumber.
Then the lumber is cut by circular saw into the details of a given length, which are moved
on the accumulation table for curing of glue. At the final stage (work bay 5) defect free
details are processed by means of a planer to form a cross-section of given shape and
dimensions.

As a cutting tool the set of wing-finger jointing cutters of different diameters can be used.
Each cutter in finger joint head processes one groove. Cutters are mounted on the mandrel
through spacer rings of different thicknesses which is fixed on the machine spindle (Fig.
6). To reduce the dynamic loads when cutting the teeth of cutters are placed on a mandrel
along a helical line.
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Figure 6. Cutterhead before (a) and (b) after turning wing cutters along the helix

Quality of finger jointing does not depend on the method of finger cutting. Correctly
selected for the specific wood texture the curvilinear finger-joint profile better hides joints
and improves the aesthetic perception of glued products including details of high profile

(Fig. 7).

Conclusions
The proposed method can be used for finger joining short pieces of expensive timber. Its
application will improve the appearance and increase the utility value of products made of
glued wood. Its application will improve the appearance and increase the utility value of
products made of glued wood.

In the future finger jointing geometrical parameters and design of the cutting tool are
going to be optimized and strength tests will be carried out.
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Figure 7. Appearance of the curvilinear finger jointing oak pieces
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Abstract

The US hardwood industry used to benefit from high production volumes (above 10
billion board feet) between years 1997 and 2005. However, the production of the entire
hardwood manufacturing industry fell to historically low levels after the collapse of the
U.S. housing market in 2008. In order to remain competitive, the U.S. hardwood industry
has turned to international markets as an opportunity to replace some of the local demand.

International exports of U.S hardwood represents today 17,3% of the volume of all
eastern U.S. hardwood production (1,2 billion board feet). However, most of the U.S.
hardwoods exports consist of primary products such as logs and lumber (together they
represent 80%) of total volume traded. This fact leads to believe that a better
understanding of the factors affecting the performance of exports to overseas markets
should be conducted in order to increase the value-added of the products currently being
exported.

In order to understand what factors that impact the export of U.S hardwoods, a case study
methodology was formulated. A sample of 38 companies importing not just U.S.
hardwoods but similar products from other countries was interviewed during 2013 in
Germany, China, and Vietnam. Companies in these countries were selected because they
represent the largest importing volumes of U.S. hardwoods. Interviews were conducted by
contacting wood products importers that attended wood trade shows in those countries.
Information was analyzed using qualitative and quantitative techniques.
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Results indicate that on-time delivery, quality, and price are the most important factors
that buyers in those three countries seek in their suppliers. For U.S. hardwood exporting
business there seems to be opportunities to increase value-added in their products and
services by providing more knowledge in U.S hardwood species, offering flexible
dimensions, and providing better background data on lumber pricing models.

Keywords U.S. hardwoods exports, value-added products, international trade.
Background

The U.S. hardwood industry suffered a continued decline from 1999 through 2009, in part
as a consequence of the collapse of the domestic housing market, and the overall
economic recession that followed. Sawmill closures, a 37 percent reduction in
employment in wood manufacturing (Bureau of Labor Statistics, 2014), and a 53 percent
decrease in hardwood production (Hardwood Review, 2012), are some of the difficulties
that the industry faced at the end of the first decade of the 21st century.

Hardwood exports

Improvements in the domestic and global economies have led to a slow recovery of the
U.S. Hardwood industry, particularly on traditional markets such as pallets and crates, and
non-traditional markets, as the exports sector for instance. The international trade is
expected to account for a 13.2 percent of the total industry revenue in 2014 (Goddard,
2014), thereby exports have become the second market in importance for the industry,
only after pallets. The value of hardwood exports has increased from 1.89 billion USD in
2009 to 2.99 billion USD in 2013 — almost a 58 percent increase, which also signifies a
2.14 percent increase vs. 2006, the year that held the highest exporting record until now.
Even though exports haven’t come to raise the industry’s total production levels to match
1999 records (14 BBF), but they have certainly become a key market for short and long
term growth (HMR, 2012). Hence there is no question as to the growing importance of
international markets

Problem statement and goal

Firms need to have a good understanding of the characteristics and dynamics of markets
to formulate proper strategies to increase growth and improve profits. Even though there
has been extensive research on export performance, this field of study of International
Business, still characterizes by fragmentation, diversity and inconsistency in results. The
goal of this research is to identify opportunities to increase the export performance of U.S.
hardwood firms in Asia and Western Europe. The focus was set on hardwood firms
located in eastern U.S., and particularly those in the Appalachian region, considering the
importance of its contributions to the total of hardwood exports.
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Methodology

A comparative case study (Jan & Tony, 2008) was implemented between January 2013
and October 2013 to explore the importance of export performance factors found in the
literature and assess the need of incorporating new ones in a model specifically adapted
for the U.S. Harwood Industry.

The case study involved applying a survey interview to hardwood importing companies.
The purpose of this phase is to capture the customers’ opinions about the key elements in
hardwood lumber supplier selection, customer service expectations, and opportunities for
their suppliers to improve their competitiveness. To select the companies, the research
team attended a series of trade fairs in Asia and Western Europe for suppliers to the
furniture and interior finishing industries and identified the companies which utilized
hardwood products as raw materials. Three trade fairs were visited in the following order:

e Interzum’s Trade fair for suppliers to the furniture industry and interior finishing
in Cologne, Germany; attended in May 2013

e The 14th International Furniture Fair in Chengdu (IFF), China; attended in July
2013

e The 11th Vietnam International Woodworking Industry Fair (VIWIF) in Ho Chi
Minh City, Vietnam; attended in October 2013.

Questionnaire design

Table 1. Questionnaire Design

Variable
# | Type Name Description Type
Close- Hardwood Importer Groups re_spondent in importers Categorical
ended and non- importers
2 Sn%eerg Respondent Position | Job performed by respondent Categorical
3 Open- Respondent Location Country where respondent’s Categorical
ended firm is located
Open- Country where main hardwood
4 | ended Supplier Location supplier of respondent’s firm is | Categorical
located
5 Open- Hardwood Species Hardwood ’speC|es imported by Categorical
ended respondent’s firm
5 Close- Hardwood Product Hardwood products imported Categorical
ended Types Imported by respondent’s firm
Open- Main factor considered by
7 | ended Order Qualifier 1 responding firm when choosing | Categorical
supplier
Open- Responding firm’s expectations
8 | ended Order Qualifier 2 that have not been fulfilled by | Categorical
hardwood suppliers
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Open- Order Winner Opportunities for hardwood

ended suppliers to add value Categorical

(Bernard, 1995). An initial set of wood-based products manufacturers were selected
among the exhibitors of the cited trade fairs. These companies were approached by the
research team, and interviews were carried out with the representatives once it was
determined that hardwood lumber was among their main raw materials. Altogether, the
questionnaire was designed to explore the factors that may have an impact on the
performance and competitiveness of their hardwood suppliers. The first six items of the
questionnaire refer to the characteristics of the respondent’s firm, its suppliers and the
products imported from that later. In questions seven to nine, the respondents are asked to
mention the minimum requirements expected from the hardwood suppliers. In other
words, these factors, which were conceptualized as “order qualifiers” (Hofmann, Beck,
Fuger, & SpringerLink, 2013), represent the characteristics of that a supplier must
demonstrate in order for a customer to considering to establish a business relationship.
The question eight refer to those order qualifiers in which respondents believe their
expectations have not been fully met in the past. Finally, the question nine explore, the
“order winners” —those characteristics of the product or service that motivates a customer
to choose one supplier among its competitors (Hill, 2000). Table 1 provides a summary
of the questionnaire design.

As Table 1 indicates, the variables measures through the questionnaire are categorical (Ott
& Longnecker, 2010), which means, each variable has a measurement scale consisting of
a set of categories. In this study, categorical data analyses (Agresti, 2002) were

conducted to explore the behavior of each individual variable and the potential
relationships among them; which included contingency tables, Chi-Squared tests for
independence of one-way and two-way tables, and Fisher’s Exact Test of independence of
two-way tables.

Results and Discussion

A total of thirty-eight companies were included in the sample: fourteen from Interzum,

ten from IFF, and fourteen from VIWIF. Respondents answered a set of nine questions
distributed in two main areas firm’s characteristics and hardwood product imports. Out of
the 38 interviewed, 31 companies imported any form of hardwood products. The rest of
the companies either acquired hardwood products from domestic suppliers or did not use
hardwood species as part of their materials. See Table 2 for other demographic statistics
on the sample.

Table 2. Distribution of Respondents by Trade Fair Location
Trade Fair Location Frequency Percent Cumulative Cumulative
Frequency Percent

China 10 32.26 10 32.26
Germany 12 38.71 22 70.97
Vietnam 9 29.03 31 100.00
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When asked about the location of their firm’s main supplier, respondents indicate that in
48.39 percent of the cases, hardwood products are sourced from the United States (Figure
1). China accounts for 19.35 percent of responses, Thailand for 12.90 percent, Vietnam
for 3.23 percent and the remaining 12.90 percent of cases correspond to other countries.
The following item in the questionnaire asked for the three top species imported by
interviewed firms. In 28.05 percent of the responses, a variety of Oak was accounted as
the main hardwood species traded; followed by Ash and Walnut with 10.98 percent of
responses each.

United States 48.4%
China 19.4%
P
E Thailand 12.9%
Q
Vietham 3.2%
Other Countries 16.1%

0.0% 10.0% 20.0% 30.0% 40.0% 50.0% 60.0%
Percentage of Sample

Figure 1. Distribution of Hardwood Suppliers by Country

In order to corroborate any potential relationship between the species traded and the
geographic locations of either the interviewed firms or their suppliers, contingency tables
and independence tests were performed for the analysis of categorical variables.

Statistical independence was tested with Pearson Chi-Squared and Fisher’s Exact Tests,
the latter was necessary given the small size of certain combination of variables. First, the
researchers were in interested in studying the relation between the traded species and the
location of respondents ‘firms. With a p-value of 0.1006, Fisher’s Exact Test rejected the
null hypothesis that species are independent of where respondents are located, with a
significance level (alpha) of 0.05. In other others, it appears that each geographic region
shows similar preferences for hardwood species. Next, independence of traded species
was also tested against the geographic location of suppliers. As it was expected, a p-value
of 0.0005 obtained also with Fisher’s Exact Test, indicates that the varieties of hardwood
commercially traded are dependent on the supplier’s location, with a significance level of
also 0.05.

Respondents were also inquired about aspects they value the most at the time of choosing
trade partners (hardwood suppliers in particular), the obstacles and problems they have
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faced in the past with their suppliers, and opportunities for the these to offer additional
value. In question seven respondents were asked about the factors of concern to their
firms in the selection of the main hardwood supplier, which, for the purpose of this study,
will be named order qualifiers. Their answers to this open-end question were first coded
into order qualifiers and then group in three main Order Qualifier Categories: product
characteristics, service characteristics, firm (supplier) characteristics and others;
according to the concepts of export performance studied in the literature review. A total
of eighteen individual order qualifiers were coded by researchers, which are depicted in
Figure 2. The category of product characteristics correspond to 65.08 percent of the
responses obtained, whereas service characteristics, firm characteristics and others
account for 28.57, 4.76 and 1.59 percent respectively. Price and quality stand out as the
qualifiers with higher frequency counts -25.40 percent each, followed by color, customer
service and species availability with 9.52, 7.94 and 6.35 percent respectively. The
remaining 25.38 percent consists of six qualifiers, mostly within the service
characteristics.

Quality | e 25 %
Price e . 25%
Color s 10%
Others NN 5%
Customer Service NN 5%
Species Availability NN 6%
Volume Availability I 3%
Others I 3%
Logistics N 3%
Ease of doing Business [ 3%

Product

Order Qualfier
Service

Certification [l 2%
Dev. longrelat. [ 3%
Others [l 2%

Firm

Others 1Tl 2%

Othr

0% 5% 10% 15% 20% 25%
Percentage of Sample

Figure 2. Most value aspects at the time of choosing trade partners

A Fisher’s exact test was conducted to examine the relationship between the three order
qualifier categories (product, service, firm and others) established in question seven, and
the respondent’s location. With a p-value of 0.3584, the researchers failed to reject the
null hypothesis, which states that proportions of above factor categories remain the same
for all geographic regions. This means that the distribution of factor categories depicted
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in Figure 2 is independent from the regions considered in this study. Similarly, the
Fisher’s test conducted for order qualifiers as the response variable, and the supplier
country as the explanatory variable, resulted in a p-value of 0.6874 with a significance
level of 0.05. Therefore, there is not sufficient statistical evidence to reject the null
hypothesis, which is that the distribution of order qualifier categories remains the same
between suppliers (locations).

Respondents were asked to mention barriers or roadblocks (Figure 3) they have faced in
their business relationships with suppliers of hardwood products. Just as in the previous
question, the barriers and roadblocks proposed by respondents correspond to either
features of the product supplied, the service, or the characteristics of the supplying firm.
Given the similarities between the response items of this and the preceding question, the
research team also coded the former as order qualifiers and order qualifier categories.
With the distinction, however, that the latter correspond to aspects of the supplier, its
products or services, where customer’s expectations have not been fully met.

Logistics e . 1%
Species Availability NI 7%
Delivery Lead Time NS 7%
Cerfification I 7 %
On time delivery N 4%

Service

Dimension Parts I 4%
Training/Education Il 2%
Customer Service NI 2%
Volume Availability NI 2%
PTiC e . 18%
Quality e e 13%
Moisture Content I 2%

Order Qualifier

Product

Packaging N 2%
Competition . 13%
Developing long relat. I 2%

Othr Firm Mrikt

Others I 2%

0% 2% 4% 6% 8% 10% 12% 14% 16% 18% 20%
Percentage of Sample

Figure 3. Barriers or roadblocks
Conclusions

Four main dimensions have been found to have a potential impact on export performance:
characteristics of the Product, Service, Market and Firm (supplier). These categories
together consist in a total of twenty-one factors, which have been divided into order
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qualifiers and winners. The order qualifiers are the characteristics that customers perceive
as necessary for a potential supplier to be considered for doing business. The order
winners, account for those features that improve the supplier’s position in the eye of
customers, and therefore may lead to improving export performance. It has been found
that product-related order winners (i.e. product characteristics) are the foundation for
entering the export markets of hardwood products. Factors such as price, quality and
color, are fundamental not only to join the competition, but to improve a hardwood firm’s
competitive advantage. However, any growth strategy should be accompanied by specific
actions intended to improve multiple aspects of a firm’s service, such as logistics, species
& volume availability, delivery lead time, among others.
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Abstract

Energy efficiency is essential in the efforts to achieve a 20% reduction of primary power
consumption by 2020. It is widely recognized that the potential of energy saving in
buildings is large. Considering the tendencies of energy production and price, it is
becoming urgent to reduce energy consumption in buildings. The choice of materials for a
building with a high energy efficiency becomes much more important and strategies for
reducing the use of primary energy for the production of materials and components
becomes key. Renewable building materials should already be integrated into the early
phases of building planning. The positive trend towards wooden construction is dictated
by international guidelines, where a wooden building is an important starting point, not
only for low-energy, but also low-emission building with exceptional health and safety
aspects. In Europe, the most comprehensive and widely used is a concept of ultra-low
energy house, more precisely, the passive house concept. Most Slovenian buildings
combine contemporary styling with a degree of energy efficiency that comes close to
passive house standards. It is widely recognised that the Slovenian construction industry
is relatively advanced in the field of low energy buildings. In the light of the growing
importance of energy-efficient building methods, it could be said that timber passive
house would play an increasingly important role in the future.

Keywords: timber construction, energy efficiency, passive house, sustainable
development, Slovenia.

78



Proceedings of the 57th International Convention of Society of Wood Science and Technology
June 23-27, 2014 - Zvolen, SLOVAKIA

1 Introducton

Timber as a material for load bearing construction represents a future challenge for
residential and public buildings. Being a natural raw material, timber represents one of the
best choices for energy efficient construction since it also functions as a material with
good thermal properties if compared to other construction materials. In addition, it plays
an important role in reduction of the CO. emissions (Natterer, 2009), has good
mechanical properties and ensures a comfortable indoor living climate. Timber
construction has better thermal properties than conventional brick or concrete
construction methods, even with smaller wall thickness. Considering the growing
importance of energy-efficient building methods, timber construction will play an
increasingly important role in the future.

The dominating methods of timber construction in Slovenia include a timber-frame
construction, balloon and massive construction (Figure 1).

J o T
¥ i -
=

r——,————-l- - 5
Fig. 1 Panel construction, Wood frame construction, Solid wood con

struction

Currently, most Slovenian companies offer houses with timber-frame construction.
Timber panel construction has had its own production in Slovenia for more than 35 years.
Over the past thirty years, timber construction has undergone major changes. The most
important (Zegarac Leskova and Premrov, 2013) are the following introduced changes:
transition from on-site construction to prefabrication in a factory, transition from
elementary measures to modular building and development from a single-panel to a
macro-panel wall prefabricated panel system. All of these greatly improve the speed of
building.

In timber-frame buildings the basic vertical load bearing elements are panel walls
consisting of load bearing timber frames and sheathing boards. Dependant on the wall
dimensions, one can distinguish between single-panel and macro-panel wall systems. The
single-panel was based on the individual smaller elements in dimensions of 1.30 m (1.25
m) x 2.5 m to 2.65 m (Figure 2a). The height of the wall elements was meeting the height
of the floor and the length of the ceiling elements the span of the bridged field. The
macro-panel system was developed from the single-panel system in the last two decades
and represents an important milestone in panel timber frame building. The aim of the
system is that whole wall assemblies, including windows and doors, are totally
constructed in a horizontal plane in a factory from where they are transported to the
building-site. Prefabricated timber-frame walls as main vertical bearing capacity
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elements, of usually typical dimensions with a width of 1.250 m and a height of 2.5-2,6
m, are composed of a timber frame and sheets of board-material fixed by mechanical
fasteners, usually staples, to one or both sides of the timber frame (Figure 2c).

Between the timber studs and girders a thermal insulation material is inserted the
thickness of which depends on the type of external wall. Composition of wall elements is
in detail presented in Table 1(Premrov and Zegarac L., 2013) .

a.) b.) c.)

vt

| |
Fig. 2 a.) Single-panel system (TFCL2); b.) Renovated single-panel system (TFCL 3), c.)
Timber-frame wall element with I-studs (TF 3).

Table 1 Composition of analysed macro-panel (TF 3) and single-panel (TFCL 2, 3)
timber-frame wall elements.

TE TECL 2 TECL 3 —renovatio

material dimm | material dimm | material dimm

rouah coatina 10 wooden planks 22 rouah coatina 10

wood fibreboard 60 / / mineral wool 40

/ / TSS*** Jopen air | 0.5 avosum fibreboard | 15

1 **kk 1

cellulose fibre / 360 -tl)-i%?men /ooenSh 2; 605 mineral wool / TE* | 100

TF* mineral wool / TE* | 80

osB** 15 aluminium foil aluminium foil

gypsum 12.5 | particleboard 13 particleboard 13
avosum plasterboard | 10 avpsum 10

total thickness | 457.5 | total thickness [mm]l | 146 total thickness | 188

Uwai—value 0.102 Uwai—value 0.48 Uwai—Vvalue 0.30

NA/(m2KN1 DA/I(m2KN\1 DAL(m2KN1

*timber frame, **oriented strand board, ***timber sub-structure.

The first single-panel systems in Slovenia were used by company Marles and company
Jelovica. Those first pre-fabricated houses built in the early 70’s had very good thermal
properties of external envelope. Thermal transmittance of the best panel types was always
much lower than it was defined by the regulations; for example thermal insulation was
nearly three times better from 1963 to 1972, and after the year 1992 almost four times
better than it was defined by the current national regulation (Figure 3).
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Fig. 3 Thermal transmittance of external wall elements - U-value comparison of the
Marles' wall with the Slovene legislation in the period from 1963 to 1992.

Because of the reduction of energy losses in the newly built residential objects, the first
measure introduced by the producers was gradual reduction of the thermal transmittance
of the external wall elements, resulting in the increase of the timber-frame wall elements
thickness, thus enabling thicker thermal insulation instalment. Detailed composition of the
older single panel external wall elements construction, as well as newer macro-panel
system, are explicitly presented in the Table 1, with additional graphic presentation in
Figure 2.

Figure 3 shows data only till the year 1992, when external wall elements for the first time,
even at any rate, met nowadays Slovene legislation regarding energy efficient
construction, so that the thermal transmittance of external walls was for the first time
lower than now prescribed limit value U=0.28 W/(m2K), i.e. it has nearly reached the
value for light constructions, which is U=0.20 W/(m?2K).

Therefore, all prefabricated timber framed objects set up before the year 1992 are
considered as a fund needing energy efficient renovation till the year 2020. The latter
refers to the wide-ranging package on climate change adopted by European Union, the
overall 20-20-20 targets, which are binding for buildings as well. Therefore, energy
performance of existing buildings has to be improved through a complex process of
energy efficient renovation, likewise the sustainable new construction of energy-efficient
buildings with the use of renewables has to be performed.

2 Energy-efficient buildings

Researching energy efficiency of buildings is not a matter of the last decade only, since
the first intensive studies related to energy and buildings were already carried out in the
seventies and eighties of the last century. Many studies focusing on the research of
specific parameters influencing energy performance of buildings, such as Johnson et.al.
(1984) and Steadman and Brown (1987) have been performed since then. From the
existing research findings we summarize that the process of defining the optimal model of
a building is very complex. The most important parameters influencing energy-
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performance of buildings are listed below: location of the building and climate data for
the specific location, orientation of the building,

properties of installed materials, such as timber, glass, insulation, boards etc., building
design (shape factor, length-to-width ratio, window-to-wall area ratio, building’s envelope
properties, windows properties), selection of active technical systems.

According to the Slovene legislative framework, particularly to the Energy Act, the
system of energy performance certification is defined in Rules on the methodology of
construction and issuance of building energy certificates (2009). On the basis of these
rules, the classification of energy-efficient houses was carried, which is listed in Table 3.

Table 3 Classification of energy-efficient houses on the basis of “Rules on the
methodology of construction and issuance of building energy certificates”.

Degree / *
Classification Gene_r_ally_ use_d Qn Variation of execution
. classification in | (kWh/m
in accordance ractice 23)
with the rules P
- classical prefabricated construction,
minimal . !
. 3550 | conventional heating system,
Class C requirements for .
(60) contemporary windows (doors), no
low-energy house D
central ventilation system
thermally improved building envelope
Class B2 low-energy house 2535 | conventional heating system,
contemporaryv windows (doors).
verv low-ener thermally improved building envelope
Class B1 h y 9y 15-25 | + HRV** + improved U-value of
ouse .
windows (doors)
additionallythermally improved
Class A2 passive house 10 - 15 | building envelope + HRV +
improved U-value of windows (doors)
additionally thermally improved
Class Al passive house <10 building envelope + HRV + improved
U-value of windows (doors)

* specific annual heating demand, **heat recovery ventilation

Table clearly shows that energy efficient objects can be constructed only by adequate
combination of external envelope efficient insulation and high quality glazing installation.
Respecting climate change conditions and the subsequent European directions related to
energy performance of buildings, which are forcing the building industry into
constructing a nearly zero energy house by 2020, searching for the optimal model of an
energy-efficient house has therefore become of major importance.

2.1 Passive house
In Europe, the most comprehensive and widely used concept of ultra-low energy, more

precisely, the passive house concept was developed by Dr. Wolfgang Feist of the Passive
House Institute (Feist, 1998, Galvin and Sunikka-Blank, 2012). It sets forth the maximum
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permissible energy consumption for the heating of the building and limits the total
primary energy consumption. In its essence, it is an upgrade of the low-energy house
standard. Passive houses are buildings that ensure a comfortable in-door climate during
summer and winter without requiring a conventional heat distribution system (Feist,
1998). The passive house standard means that the space heating peak load should not
exceed 10 W/m? living area in order to use supply air heating. The resulting space heating
demand will approximately be 15 kWh/m? but will vary depending on climate (Feist,
2005).

The term ‘passive house’ refers to a construction standard that can be met through a
variety of technologies, designs and materials such as solid (masonry, concrete, and
aerated concrete) and wood structures. Different timber passive house technologies are
presented in Figure 4.

N Mkl ﬁb ki
Fig. 4 a) Panel construction (Jelovica houses), b) Timber-frame wall element with I-studs
I-joists (Lumar), c) Solid wood construction (Riko houses).

The following considerations are particularly important when choosing the material and
the construction type: the construction type should be standardized; the construction
system should be based on natural and environmentally-friendly materials; the thermal
envelope should meet the standards of a passive house; the construction should be wind-
tight, airtight and diffusion open.

In order to design and implement a high-quality passive house project, attention should be
paid to the materials used. The choice depends on personal preferences, in particular on
the cost. There is a growing movement especially in Germany, Austria and Switzerland to
build passive houses that are based on energy conservation measures and an efficient
mechanical ventilation system with heat recovery. Over the past few years, the number of
different types passive houses (Figure 5) has been seen a continuous increase in Europe as
shown in Figure 6 (The International Passive House Association).
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Fig. 5 Different types of passive houses: (a) Single family passive house,(b) Multy storey
timber frame passive house, (c) Industrial building.
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Fig. 6 The number of passive houses in 31 countries of Europe.

The greatest challenge facing civil engineers, wood science and technology engineers and
architects today is how mitigate and adapt to climate change. They have recently focused
their efforts on finding environmentally-friendly solutions and construction methods that
bolster energy efficiency and thus reduce the environmental burden. The choice of a
construction material is one of the most important decision with long-term consequences
for the owner of the building (Johnson, 1990). The analysis by Kitek Kuzman et al.
(2013) showed that wood as a renewable raw material is one of the best choices for
energy-efficient construction. because it is also a good thermal insulator, has good
mechanical properties, and ensures a comfortable indoor climate.

2.1.1.Certificates

In recent decades several methodologies have been developed to assess the quality of
buildings: in the UK there is BREEAM (BRE Environmental Assessment Method) in
France HQE (Haute Qualite Environmentale), the USA has LEED (Leadership in Energy
and Environmental Design), Germany has DGNB (Deutsche Gesselschaft fiir
Nachhaltiges Bauen) and so on. These certificates demonstrate the environmental and
energy indicators of buildings, as well as the economic, socio-cultural and technical
aspects of construction. For those buildings in the highest energy class, for instance
passive houses, special systems of certification have been developed: in Switzerland the
Minergie P and in Germany the Passive House Certificate. In some countries (Germany,
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Austria and Switzerland), the two certificates are the basis for allocating subsidies for
passive houses. Within the profession they are highly valued — as a good promotional tool
representing a market advantage.

In the Slovenian market there are already a large number of components bearing the
Passive House Certificate. Components with this certificate are most commonly
manufactured by large foreign firms that have representatives in Slovenia, but also by a
number of Slovenian firms that is growing each year. Currently there are few houses in
Slovenia built with the Passive House Certificate and with the Minergie P certificate.

3 Case study: The Active House

Based on the active house concept, this highly energy-efficient structure makes best use
of solar energy and offers utmost living comfort. The built-in smart home installations,
the ceiling-mounted heating and cooling system, and the rooftop photovoltaic installations
and solar collectors in combination with skylights are only one part of the concept. The
idea of an environmentally friendly house is completed with an outside rainwater
collector; collected water is used for flushing toilets, washing machines and the automatic
garden watering system. The design follows the strict requirements set out by the
municipal site plan for this area. The longer side of this two-story house with a
symmetrical gable roof faces the southeast, ensuring a maximum gain from sun energy.
All blinds, skylights, the watering system, and all mechanical and electrical installations
are computer-controlled and automatic, allowing for maximized energy efficiency.
Energy consumption can also be monitored online.

(Figure 7 and Fugure 8).

Location | Dragoc¢ajna, Year | 2013

Architect | Jernej Gartner, Brigita Babnik, Gregor Ko$orok, KOSOROKGARTNER
ARHITEKTI d.o.0.

Surface | 151 m?

Construction time | 1 year

Structural engineer | dr. Luka Pavlov¢i¢, Lumar IG d.o.o.

Energy efficiency | plusenergy (PHPP 15 kWh/m?a)

U-value (W/(m?K)) | wall 0,1; roof 0,1; floor 0,12; window 0,87: glass 0,6; frame 0,86
Construction system | timber frame

Construction company | Lumar IG d.o.0.

Price | best practice Zeleni svincénik 2013, ZAPS

House technique | air to water heat pump, floor heating, solar collector, photovoltaic
power station, comfort ventilation with heat recovery,rain water collector

(@) (b)
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Fig. 7 (a) The house is built entirely of environmentally-friendly materials, which have
the biggest impact on the environment in the stage of production. The house includes an
photovoltaic power station, solar collectors for hot water, skylights, rainwater gathering
for sanitary purposes and watering as well as smart installations, (b) The basic idea in the
design was to produce a demonstration dwelling house used for the promotion and
relevant explanation about 3 topics energy, indoor climate and environment.
Active House is a network for knowledge sharing and demonstration of the feasibility of
comfortable buildings in the future.

"

ST

Fig. 8 Ground floor plane and first floor plane.
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Conclusion

Most Slovenian buildings combine contemporary styling with a degree of energy
efficiency that comes close to passive house standards. It is widely recognised that the
Slovenian construction industry is advanced in the field of low energy buildings. In the
light of the growing importance of energy-efficient building methods, it could be said that
timber passive house would play an increasingly important role in the future.
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Abstract

Integration of round-wood markets, the introduction of renewable energy markets and
sustainability issues, are among the many changes affecting the European forest products
markets over the past two decades. With its simultaneously occurring institutional
upheavals, Slovakia has been even more challenged by these changes. On the supply side,
restitution has brought changes to forest ownership structures, while on the demand side,
privatization introduced new forms of business. However, how and which changes have
most influenced the timber market, particularly the demand and supply of wood
assortments between 1990 and 2011 has not been clear. Therefore, the modelling of
timber demand and supply and its influencing factors can provide a better understanding
of the dynamics of timber markets. Although the application of time series econometrics
in the forestry sector has in the recent years become less common in Europe, they still
provide a quantifiable model that can be statistically verified. In the paper is described
application of a linear econometric model for capturing the timber market in Slovakia and
assessing key factors impacting it over the past two decades. Although modelling timber
markets is a complex issue due imperfection of timber markets or problematic estimation
of actual wood available to timber markets, the proposed simplified econometric model
can still provide measurable information for more complex models that could be further
used in policy analysis and forecasting the timber market or development of the forest
sector.

Keywords: timber market, forest products trade, linear econometric model, Slovakia
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Introduction

Forest sector modeling, particularly modeling of forest product markets has started in the
1950s. Various models such as econometrics, linear programming and system dynamics
have been applied either alone or in combination, each showing unique strengths and
weaknesses (Buongiorno 1996). An especially useful tool in presenting existing
knowledge on how forest markets function and in providing forecasts and policy advice,
is econometrics. The main advantage of econometric models lies in “the identification of
causal connections between economic variables that makes them useful” (Hanninen
2004). Despite statistical problems in parameter estimation (e.g. quality and quantity of
data) or structural equation problems (Buongiorno 1996, Hanninen 2004, Toppinen and
Kuuluvainen 2010), econometrics provide a quantifiable model that can be statistically
verified. Nevertheless, in the last decades the application of time series econometrics in
forestry has declined (Toppinen and Kuuluvainen 2010) in Europe, with the notable
exception of the Scandinavian countries. For instance, only a few studies with application
of econometric analysis of forest products markets on Germany (e.g. Steinmeyer 1991,
1992), Austria (e.g. Schwarzbauer 1993, 2007) or Slovakia (e.g. Palus 2002, Tren¢iansky
2006) were identified, while in comparison their use in North America is much more
popular.

As the last several decades the forest industries and their markets in Europe in general
(Toppinen and Kuuluvainen 2010) and Slovakia in particular (Brodrechtova 2009) were
challenged by internal and external structural changes, modelling the demand and supply
of forest products might provide new information or missing scientific knowledge about
forest products markets. Especially in Slovakia the last 20 years of institutional upheaval
have shaped forest products demand and supply. On the demand side the privatization
introduced new forms of business or the opening of new markets. On the supply side the
restitution has brought changes to forest ownership structures or forest management
practices. How and which changes have most influenced the timber market, particularly
the demand and supply of wood assortments between 1990 and 2011 has not been clear.
Therefore, the focus of the presented paper is to analyze the timber market, to identify and
to quantify its main influencing factors. The result of the analysis is an econometric model
of timber demand and supply.

Theoretical and Methodological Framework

Timber market model
Under assumption of perfect timber market, the proposed model consists of demand

function Q,, supply function Q, and equilibrium condition: an intersection in which both

curves result in an equilibrium price and an equilibrium volume. The demand function
demonstrates the dependency between the timber volume, which are various subjects able
and willing to buy and the timber price (Bergen 1996). In comparison to other goods that
demand depends on available income of consumers, the timber demand could be replaced
by production volume of processing companies and therefore is often termed as derived
demand. In other words, timber demand derives from the production of semi-finished and
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finished wood products, which demand in turn depends directly on consumers or on
further processing (Schwarzbauer 2007, Trenc¢iansky 2006). Moreover, the prices of
timber in the perfect market economy could be seen as one function of sawn timber prices
(Mantel 1973, Schwarzbauer 2007). The higher the portion of timber costs on the whole
timber processing and almost no possibilities for the substitute of timber resources, the
higher correlation between these prices in the long-term. Accordingly, the first
influencing factor of timber demand identified was the price index of timber and paper-
and pulp industry. Furthermore, since building industry is considered as one of the largest
timber consumers, the second factor identified and considered is the production volume of
construction industry. Finally, timber demand could be also derived from macroeconomic
indices such as Gross Domestic Product (GDP), interest rates, or export volume among
others (Trenc¢iansky 2006). As these indices indicate demand in other sectors that might
be potential consumers of semi-finished and finished wood products, GDP in constant
prices of 2005 was selected as a third influencing factor.

The supply function describes the dependency between the timber volume, which forest
enterprises are able and willing to produce and sell, and timber price (Bergen 1996).
Therefore, timber supply could be defined via planned volume of yearly allowable cut and
was identified as a first factor influencing timber supply. As in the last decades the
number and the intensity of calamities in Slovakia increased, and so did the volume of
incidental felling. The volume of incidental felling was thus considered as a second
influencing factor. Further, the timber price coupled with costs shape strategic behavior of
forest enterprises (Trenciansky 2006). Taking in consideration this experience and trying
to eliminate the influence of inflation, as a third influencing factor of averaged costs of
timber felling-timber price ratio was selected.

Methods

The goal of the paper is econometric analysis of timber market between 1990 and 2011 in
order to design verifiable models of timber demand and supply with subsequent economic
interpretations. An econometric model is a tool of econometrics, which uses sets of
equations that explain the relationships and behavior of economic variables (Buongiorno
1996, Garaj and Sujan 1980). Put differently, the econometric model has to be not only
statistically significant but also economically interpretable. For the purposes of this paper,
linear regression equations and the estimation of its parameters by least squares was
chosen (Garaj and Sujan 1980). Subsequently, for the econometric modelling of timber
market theoretically justified influencing factors were considered (see Timber market
model). Accordingly, the timber model depicting timber demand and supply in Slovakia
was generally defined as (Garaj and Sujan 1980, Tren¢iansky 2006):

Q =a+b.f, +b,.fop +.. b fy +U, (1)

Specifically Qt is timber demand, respectively timber supply in particular year (t; t =1, 2,
... n). aand b are estimated parameters of the model. What is more the linear dependency
is summarized in random variable ut. Variables f1) are price and non-price factors that
influence timber demand, respectively supply and k defines the number of these factors.
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Dynamics of the model are reached via inclusion of the time element. In other words, time
delayed variables from previous year are used in the analysis of factors’ influence:

Q =a+by. Ty +by fi ) +0s.fo +0,. T+ D f ) +D Fiy +U )

Data was sourced based on avialable statistics for 1990 — 2012 published in the form of
Green reports between 1990 and 2013 by The Ministry of Agriculture and Rural
Development of the Slovak Republic, and by avialable statistics for 1990 — 2012
published online by the FAOSTAT (2014).

Results

The results of the econometric analysis were an estimation of the equation for timber
demand and supply in Slovakia.

Q, =-991,36 + 0,155GDP 3)

Q, =-4527,5+143E, +3171K, (@)

Where Qg and Qs are the quantities of timber demanded and supplied in year t and m?,
respectively GDPy is the gross domestic product at constant prices of 2005 in €, E; is the
planned volume of yearly allowable cut in m® and K; is the proportional volume of
incidental felling on the whole felling volume in m2,

The simplified econometric models using time regression for the period 1990 — 2011
proved statistically significant with 5% probability of error. Additionally, the multi-
collinearity and autocorrelation of residues was found to be statistically insignificant
(Table 1). The result of the trimming process was the timber demand equation in which
the GDP factor explained 93 % of variance of the probability distribution of demanded
timber volume. In the timber supply equation the planned volume of yearly allowable cut
(87 %) and the proportional volume of incidental felling on the whole felling volume
(13 %) explained 95 % of variance of the probability distribution of supplied timber
volume (Table 1).

Table 1: Statistical characteristics of the timber demand and supply equations

Timber demand Timber supply
a b: a b1 b2
T —test 2.32 (2.08)* | 16.31 (2.08)* | 6.49 (2.09)* | 17.83 (2.09)* | 2.73 (2.09)*
R 100 % 87 % 13 %
R? 0.93 0.95
R 0.96 0.98
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T
critical values F - test

266.13 (4.75)*

182.76 (3.98)

von Neumann ratio

1.43 (1.27 — 3.04)*

1.83 (1.27 — 3.04)

The intensity of the
factors’ influence was | x> — test

1.00 (6.63)

computed based on a 1 % relative change of the respective factor and on subsequent
relative change in supplied volume, whereby for another factor average parameters from
1990 — 2011 were used. Estimated average elasticities of total demanded and supplied

timber are presented in Table 2.

Table 2: Estimated relative elasticities of the timber demand and supply in Slovakia

Factors influencing timber demand

Relative change of demanded timber volume
by 1 % increase of the factor in the year t (%)

GDP

+1.17

Factors influencing timber supply

Relative change in supplied timber volume by
1 % increase of the factor in the year t (%)

Planned yearly allowable cut

+ 143

Proportion of incidental felling on the whole felling + 0.79

The volume of demanded timber reacted to relative changes in GDP by elastic change in
demand of + 1.17 %. The relationship between volume of supplied timber and relative
change of allowable cut proved to be elastic, which indicated the significance of planned
felling in forest management. In contrast, the change in the volume of incidental felling
caused an un-elastic reaction of timber supply as a result of limited planned felling due to
incidental felling. Thus, if planned allowable cut will increase by 1 %, then the volume of
supplied timber will increase by 1.43 % at 0.79 % increase of incidental felling. Factual
and estimated volume based on regression equation for demanded and supplied volume in
Slovakia is captured in following figure 1 and 2.
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Figure 1: Time series of demanded timber volume
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Figure 2: Time series of supplied timber volume
Conclusion

“Once tested, an econometric model can be used to forecast the variables determined
within the model (endogenous), conditional on those determined outside the model
(exogenous)” (Buongiorno 1996: 331). We assumed that GDP; was the only exogenous
variable, E; and K; being endogenous. Thus, in the case of the timber demand model, the
regression equation could be defined based on GDP at constant prices. This factor
affected timber demand in a positive direction as increasing GDP will increase timber
demand. The last two decades of institutional upheavals such as the introduction of a
market economy including the small size of Slovakia, the number of Slovakian residents
and total economic power were mirrored in this parameter (The Ministry of Environment
of Slovak Republic 2014). Perhaps for this reason, the identified price index of timber and
paper- and pulp industry and the production volume of construction industry did not
prove to be statistically relevant in the timber demand model. Put differently, under the
assumption that the resulting model of the timber demand was driven by the factor GDP
at constant prices, based only on its development it could be possible to produce timber
market specific projections.

In the case of the timber supply model, the regression equation could be defined by the
volume of allowable cut and by the volume of incidental felling. As both factors
influenced supplied volume in the positive direction, then only their volume increase will
lead to an increase in supplied timber volume. This explained why timber supplies aimed
for the domestic market were not influenced by the economic factors such as averaged
costs of timber felling-timber price ratio, but were rather conditioned and limited by the
production possibilities of forest stands defined by their allowable cut and existence of
unforeseen circumstances such as incidental felling. In other words, based on forest
management plans upon consideration of increasing trends of incidental felling, it would
be possible to design timber market trends.
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Taken together, the simplified econometric model provided measurable information for
more complex models that could be further used in policy analysis and forecasting the
timber market or development of the forest sector (Toppinen and Kuuluvainen 2010,
Trencéiansky 2006). However, this straightforward econometric approach in practical use
showed two weaknesses. First, an estimation of the parameters was significant statistical
problem as there were not suitable data for all the desired factors. Second, due to
imperfection of economic theory the factual structural equations are never known
(Buongiorno 1996). To overcome these shortcomings, search for more factors and testing
of their parameters would be helpful. Moreover, due to volume and specifics of timber
species and timber processing, the models of broadleaved and coniferous round wood,
pulp wood or biomass would provide more details on how and which changes have most
influenced the timber market in the last two decades in Slovakia. Nevertheless,
“regardless of methodological shortcomings and data quality, a formal model that lays out
all assumptions unambiguously, is a better way to study the forest sector than no model at
all” Buongiorno 1996: 342).
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Abstract

With swelling global populations the demand for buildings, and the construction materials
they require, is placing significant pressure on natural resources. The buildings we
construct are important both to the environment they are a part of, and to the occupants
who use them. The USGBC estimates people spend an average of 80-85% of their time
indoors, and ones environment is thought to have a significant effect on ones well-being.
Restorative environmental design is a design paradigm addressing both sustainability and
human well-being in buildings. Wood use as an exposed structural and decorative
material can address both aspects of restorative environmental design. Wood is a valuable
and widely used building material, derived from a renewable resource, whose value
extends beyond its strength and mechanical values. Early research examining the health
effects of wood in the built environment has provided suggestive evidence of reduced
stress, and improved stress recovery in the presence of wooden products. This effect could
provide significant benefit to workers, students and others who spend so much time
indoors. Further research into the health impacts of wood in the built environment is
required to inform building, interior, and product designers about wood use that is both
sustainable and provides healthful benefits for the occupants/users. This presentation
briefly introduces the elements of restorative environmental design and will cover the
current state of research into wood and health in the built environment, and provide
updates on ongoing research being conducted in Europe.

Keywords: design, health, indoor environment, stress, sustainability
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Introduction

The goals of Restorative Environmental Design (RED) are to reduce environmental
impacts of new buildings, and to ensure buildings provide healthful benefits to the
occupants. Derr and Kellert (2012) believe RED is the next evolution of “green” design as
combines the goals of environmental sustainability with providing healthful benefits to
occupants and reinforcing the human-nature connection (Derr and Kellert, 2012). To
achieve sustainability, society has to strive towards minimising consumption of matter
and energy, reusability and recyclability of the material, human satisfaction, and
minimising environmental impacts and embodied energy (Sinha et al., 2013). Healthful
benefits for occupants and the promotion of the the human-nature connection can be
achieved by implementing biophilic design, which is the inclusion of life and life-like
processes into the building process (Kellert, 2005; Kellert, 2008).

Sustainable Design. Sustainable design principles emphasize reducing the impact of
building construction, location and utilization on the environment by minimising the
impacts of material choice, site choice, and energy use across all phases of the buildings
lifetime (e.g., construction, occupancy) (Sinha et al., 2013). The methods or achieving
these goals continue to evolve, as do the building certification schemes recognizing them.
However, in Europe, some level of international standardization is being achieved through
the implementation of Environmental Product Declarations (EPDs) under the
Construction Products Regulation (305/2011). EPDs are statements of a product’s
environmental impact and are comparable to similar products because they are produced
according to Product Category Rules, which state how life cycle analysis should be used
to for products of a certain category according to 1ISO 14025 (ISO, 2009).

Biophilic Design. Biophilic design is the incorporation of the principles of biophilia into
building design (Kellert, 2005; Kellert, 2008). These principles are built around the
concept of an innate human attraction to life, and life-like processes (Kellert, 2008).

There are six guiding principles of biophilic design. Briefly, they are (Kellert, 2008):

1. Environmental features — making design choices, which are readily
recognizable as aspects of nature. These features may range from views of
nature, to water features within the building, to including a wide variety of
indoor plants.

2. Natural shapes and forms — using elements of the built environment to
replicate naturally occurring elements (such as trees).

3. Natural patterns and processes — using elements of design (such as materials,
spaces, lighting, etc.), which through visual recognition, touch, scent or sound
remind occupants of growth, life, natural motion, and other elements of nature.

4. Light and space — diversity of color, natural light, and variability in lighting
levels are reminiscent of nature. Further, difference in size, and shape of
spaces in the built environment also remind us of nature.

5. Place-based relationships — connections to cultural and ecological elements
linking geographically distinct locations with the built environment.
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6. Evolved human relationships with nature — refers to connections humans have
developed throughout our evolutionary history. For example, natural settings,
such as forests, have provided shelter and safety, food and materials for
survival.

Restoration and Restorative Environments

Though some design mechanisms are in place to bring nature into the built environment
(Kellert, 2005; Kellert, 2008; Wilson, 2008) people often remain segregated from nature
and its restorative effects while indoors. Therefore, the impetus to bring nature indoors is
to bring the restorative qualities of natural outdoor environments to people where they
spend most of their time. One readily available means to address the issue is to use wood
as functional or decorative indoor material. Using wood for interior treatments in indoor
environments has been shown to have positive impacts on occupants (Fell, 2010; Nyrud
& Bringlimark, 2010; Rice et al., 2006; Sakuragawa et al., 2005; Tsunetsugu et al., 2007;
Tsunetsugu et al., 2002).

Hartig (2004) defines restoration as a process of renewal that replenishes a depleted
social, psychological or physical resource. These resources have most often been depleted
by an individual’s effort to adapt to their environment (Hartig, 2004). Early restoration
theories focused on recovery from psychophysiological stress (Ulrich et al., 1991), and
attention restoration (Kaplan & Kaplan, 1989). Psychophysiological stress recovery
theory posits that natural environments, and even views of these environments, will aid
recovery from stressful events, including psychological stress and physical stress (e.g.,
recovery from a surgery) (Ulrich, 1984; Ulrich et al., 1991; Ulrich, 1991). Attention
Restoration Theory (ART) focuses on understanding how individuals replenish their
ability to exert attention on common tasks, such as those at the workplace, that require
directed attention (Hartig, 2004; Hartig et al., 1997; Herzog et al., 1997; Kaplan &
Kaplan, 1989; Kaplan, 1995).

Though many studies have found empirical evidence to support these theories they remain
open to elaboration as more evidence is collected regarding the restorative effects of
nature (Hartig, 2004).

In the case of both ART and psychophysiological stress recovery theory, the natural
environment provides the individual with a means to restore themselves to a more
complete state. These restorative environments exist in nature and provide a model for
bringing the desired effects indoors. According to Kaplan (1995), the components of a
restorative environment are:
1. Being away — the sense of being in a different environment (distance is not a
necessary component of being away.)
2. Fascination — when ones attention is focused on something. Attention of this sort
is effortless.
3. Extent — feeling an area to be large. Well-designed paths can be used to make a
small area seem larger.
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4. Compatibility — the natural affinity humans seem to have for nature makes it a
compatible environment.

Extent and being away seem contrary to the notion of restorative effects of nature
occurring indoors. However, there are design practices, which can address these issues in
buildings (Wilson, 2008). For example, Wilson (2008) suggests being away can be
addressed with indoor gardens, views of nature, and other features occupants can view or
visit, which differ from a typical workstation. Similarly, design features may provide
extent by varying ceiling height, including natural lighting, and other mechanisms
(Wilson, 2008). The concepts of fascination and compatibility fit more easily within the
biophilic paradigm. Natural patterns, shapes and forms all provide targets of fascination,
while compatibility is derived from evolved human relationships with nature (Kellert,
2008; Wilson, 2008).

Wood as an Element of Restorative Environmental Design. Wood is an ideal material
for RED because it satisfies both general tenets of the design paradigm: sustainability and
a connection to nature. Wood from healthy, well-managed forests is a renewable material,
and provides carbon storage (Hashimoto et al., 2002). It is unsurprising such a product,
when used in appearance applications, also provides a connection to nature (Masuda,
2004; Nyrud & Bringlimark, 2010; Nyrud et al., 2010; Rice et al., 2006).

Wood is an excellent building material because of its excellent strength to weight ratio
and the variety of forms in which it can be used (e.g., in log form, lumber form, in fiber
form, and in combination with other materials) (Kretschmann, 2010; Stark et al., 2010). In
the United States, more than 90% of residential buildings are wood-framed and Japan is
not far behind (Sinha et al., 2013). However, in the United States and Japan wood is
predominately used in housing as a concealed structural component thereby limiting
occupant interaction with it. Furthermore, wood use in non-residential construction is
considerably less common than in residential construction (O'Connor et al., 2004).
Beyond structural uses, wood is also an excellent architectural material for furniture and
in decorative applications (Architectural Woodwork Institute, 1994). Though exposed
wood is present in to some degree in many indoor environments, there are opportunities
for greater utilization, which may contribute positively to occupant health (Fell, 2010;
Nyrud & Bringlimark, 2010; Rice et al., 2006).

Current Research Into Using Wood in Restorative Environments

Though previous research has provided some evidence of the healthful benefit of using
wood indoors, more research is required to better understand the phenomenon and
translate research findings into evidence based building design practices. Studying the
effects of wood on attention and physiological restoration in the built environment may
produce helpful and enlightening results. These studies, which incorporate the healthful
benefits of materials and design in buildings, are increasingly generating global interest.
Currently, there are several projects in Europe approaching this subject in different ways.
Generally, each seeks to identify key aspects of wood that contribute to the positive health
impacts of using wood indoors, so that designers may implement the findings to improve
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health in workplaces, schools, and homes where productivity, learning and general well-
being.

The following European projects dealing with the health impacts and perceptions of wood
in the built environment, in our opinion, will significantly contribute to knowledge in this
developing field of research.

The Wood Life project (Aalto University, 2014) at Aalto University utilizes test houses to
examine the energy saving potential of using fibre-based products and spatial design,
wood modification and natural organic fibre surfaces, the thermodynamic interaction
between wood and living spaces, and user experiences with related to these environments.
The project expects to provide design guidance for energy efficient interiors that also
promote human well-being.

An ongoing study related to user perceptions of building product naturalness expands a
previous study by Nyrud et al. (2010). This study is a cooperate effort by the University
of Primorska Andrej Marusic¢ Institute (UP IAM), Aalto University School of Chemical
Technology, Department of Forest Products Technology and the Norwegian Institute of
Wood Technology. It examines how views of product naturalness, an integral part of

material utilization in RED, vary between regions (e.g., Finland, Norway and Slovenia).

Researchers at UP IAM are conducting an investigation of human stress responses and
stress recovery in rooms treated with different aspects of wood, including grain pattern,
color and quantity of visible wood. The goal of this study is to identify which aspects of
wood may impact how humans respond to stress in office-like environments, and also
how recovery from stress is affected by the presence of wood in these environments.

Another promising project is Wood2New (WoodWisdom-Net, 2014) led by Aalto
University. This project seeks to discover opportunities and limitations to wood use in
indoor environments, assess the beneficial effects of indoor wood use on human well-
being and develop sustainable, value added materials based on these findings that meet
the needs of the marketplace.

Summary and Conclusions

Restorative environmental design expands the prevalent building design paradigm that
focuses intently on minimizing the environmental harm of a buildings life. While the
RED paradigm certainly calls for minimized environmental harm, it also calls for
beneficial impacts of buildings for the environment and for occupants. The benefits
include healthful indoor environments, which strengthen the occupants’ connection to
nature. In order for designers to effectively utilizing this design paradigm, though,
evidence needs to be provided on how to achieve the healthful benefits. To this end,
research must be conducted which examines how occupant health is affected by building
design decisions. Current investigations into material choices will strengthen the
understanding how design decisions may directly affect occupant health.
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Future work in this field should include investigations in to other aspects of wood,
investigations in different regions, the inclusion of other materials considered to be
natural, and demonstration projects which implement the design suggestions and monitor
occupant health. Furthermore, the results of these projects should be incorporated in to
sustainable building rating systems to ensure buildings provide healthy living
environments that play an important role in the lifestyle and health of the occupant. All
parameters needed for occupant health should be taken into account when designing
buildings. Human relationships with nature that may contribute to occupant well-being
are a key parameter to consider. Material selection, especially, is an important component
of designing healthy buildings for occupants.

As the number of projects in this field increases, and awareness of the RED paradigm
grows in the construction sector, benefits to occupant health will surely become a tenet
building rating systems. Currently, there are discussions regarding sustainability of the
built environment, concerned that environmental performance alone does not address the
full scope of sustainable design and construction practices. In order to address the full
scope of sustainable design and construction practices, an expansion of the analysis
framework to include social and economic indicators is necessary (Robertson et al.,
2012). Therefore, research examining wood use in RED can deliver important knowledge
to be used in contemporary timber architecture.
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Abstract

The trade of illegal timber, often from illegal logging, has severe environmental, social
and economic consequences. The EU’s response to this problem came with the Forest
Law Enforcement, Governance and Trade (FLEGT) Action Plan, with its specific goal to
end illegal logging, thereby improving sustainability of forest resources. In March 2013,
an additional step was taken by implementing the EU Timber Regulation (EUTR).

The EUTR requires proof of timber’s origin and legality to ensure that no illegal timber is
imported into the EU. To this end the EU intends to block imports of any wood or wood
product which comes from unknown sources. Certification of sustainable forest
management will help EU importers minimize risk, which is an essential part of their
required due diligence system. Monitoring organizations are established to assist trade
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associations and businesses to construct comprehensive due diligence systems. National
competent authorities are designated to follow the trade of the new FLEGT-licensed
timber and timber products.

In the first year of the EUTR there are positive impacts, of which the most important is
awareness of the disastrous situation with illegal logging, driven by exports of illegal
timber. Another positive development is tropical timber exporters documenting the
legality of their wood exports. Yet another positive feature is establishment of due
diligence systems by EU importers. However, there are considerable problems for
ensuring legal trade; for example the lack of comprehensive documentation of origin and
legality.

Analysis of recent trends establishes changes in the European timber trade in terms of
sourcing, substitution, diversion to less-demanding countries. Short-term forecasts of
market trends and changes will enable further policy assessment to achieve the objectives
of improved legality in international timber markets.

Keywords: EU Timber Regulation; FLEGT; illegal trade; market impacts; forest products
policy;

Introduction

Illegal logging drives deforestation and has been proven to have detrimental
environmental, economic and social effects (Moiseyev et al. 2010). In fact, the illegal
trade of wood is believed to undermine legal trade by reducing prices and profits-
estimates indicate that illegal logging reduces government revenues by approximately
USS$ 5 billion per year and depresses timber prices considerably on the international
market (Li et al. 2008).

The importance of legal and sustainable trade of forest products is increasingly
recognized by governments, international organizations, non-governmental organizations,
trade associations, timber traders and the wood processing industries alike. The European
Union’s (EU) response to illegal logging came with the Forest Law Enforcement
Governance and Trade (FLEGT) Action Plan (European Commission 2003) and more
recently, in March 2013, with the introduction of Regulation No 995/2010 commonly
known as the EU Timber Regulation (EUTR) (European Commission 2013).

This paper and its presentation prepared for the “Joint International Convention of:
Society of Wood Science and Technology; Wood Structure and Properties; and European
Hardwood Conference 2014” focuses on the EUTR’s impact on the international timber
markets. Particular attention is given to recent trends in timber trade between the EU and
its trading partner countries. Finally, a discussion on stakeholder’s interpretation of the
EUTR will be provided. The overall objective is to help improve the effective
implementation of the EUTR and understand its impacts on the timber trade in order to
ensure legality and avoid unwanted detrimental side effects on the international timber
market.
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EU Timber Regulation (EUTR)

In 2003 the EU established the FLEGT Action Plan acknowledging that the EU is an
important export market for countries where levels of illegality and poor governance in
the forest sector are high (European Commission 2003). In addition to actively combating
illegal logging, the FLEGT Action Plan also focuses on encouraging policy reforms,
transparency, and information sharing in timber producing countries (European
Commission 2013).

The Action Plan focuses on seven broad areas (Pepke et al. 2013):

1. Support to timber exporting countries, including action to promote equitable
solutions to the illegal logging problem;
2. Activities to promote trade in legal timber, including action to develop and

implement Voluntary Partnership Agreements between the EU and timber exporting
countries;

3. Promoting public procurement policies, including action to guide contracting
authorities on how to deal with legality when specifying timber in procurement
procedures;

4. Support for private sector initiatives, including action to encourage private sector
initiatives for good practice in the forest sector, including the use of voluntary codes of
conduct for private companies to source legal timber;

5. Safeguards for financing and investment, including action to encourage banks and
financial institutions investing in the forest sector to develop due care procedures when
granting credits;

6. Use of existing legislative instruments or adoption of new legislation to support
the Plan, including the EU Timber Regulation;
7. Addressing the problem of conflict timber.

The Action Plan aims to achieve these endeavors through its Voluntary Partnership
Agreements (VPAS) which are legally binding agreements between the EU and partner
countries. Although VPAs are at first voluntary agreements, they become legally-binding
when ratified. All of a VPA country’s timber exports need to be verified as legal through
a legality assurance system (LAS).

The LAS consists of legality definitions established through a multi-stakeholder process
defining “legal timber!”, procedures for legality verification, tracking systems, issuing of
FLEGT licenses and an independent audit. Once the LAS is in place, consignments will
be awarded a FLEGT license. However, as of mid-2014, the first FLEGT licenses and
therefore shipments of FLEGT -licensed timber are yet to be realized; they are expected
in 2015.

In 2010 the EU took an additional step to combat global illegal logging by introducing the
EU Timber Regulation (EUTR) which came into full effect in March 2013. VPAs and the

1 Under the EUTR, the definition of legality is based on the country of harvest.
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EUTR are meant to reinforce each other .The EUTR makes European operators?
accountable for the products they bring into the EU and requires adequate documentation
that wood products come from legal sources.

The EUTR sets out three requirements for European operators (European Commission
2013):

1. Prohibition -- it prohibits placing illegally harvested timber or products on the EU
market;

2. Due Diligence System (DDS) -- operators can apply Due Diligence by themselves
or by associating with Monitoring Organizations (MO) to support adequate application of
DDS. Operators need to provide access to information on the timber (country of harvest,
logging concession, species, sizes, quantities), implement risk assessment (evaluate the
risk of occurrence of illegally harvested products) and implement risk mitigation
measures and procedures to minimize risk of illegality; and

3. Traceability Obligation -- after placing timber on the market for the first time
traders®, have to keep records with information from whom they bought and to whom they
sold the timber.

Each EU Member State is responsible to determine how to control the legality of its
imports and how sanctions are applied if necessary. For this, each EU Member State
needs to designate a Competent Authority*, i.e. the competent authority for the Slovak
Republic is the Ministry of Agriculture and Rural Development of the Slovak Republic,
Forestry Section. The European Commission is accrediting Monitoring Organizations
(MOs) to assist companies and trade associations with establishing adequate due diligence
systems (European Commission 2013). As of mid-2014, four MOs are recognized by the
EC: NEPCon, Conlegno, Control Union and Bureau Veritas®. Some of these MOs are
national, and some international. The Commission expects to accredit more MOs.

The EUTR applies to a wide range of timber products, including roundwood, primary-
processed products (i.e. sawnwood/lumber) and secondary-processed products (i.e.
wooden furniture and paper products). The EUTR also covers fuelwood, particleboard,
fiberboard, packaging, pallets, builders’ joinery and carpentry and prefabricated wooden
buildings.

Timber and timber products covered by FLEGT licenses or Convention on International
Trade in Endangered Species of Wild Fauna and Flora (CITES)® permits meet EUTR

requirements thus creating a strong market advantage for such products. Certification of
sustainable forest management will help EU importers minimize risk. Certified products

2 Under the EUTR, “operators” are those who first place timber products on the EU market. They carry the main
responsibility for the EUTR requirements.

3Under the EUTR, “traders” are those who receive timber or timber products from “operators” and then
trade on the European market;

4 List of competent authorities in each EU Member
State:http://ec.europa.eu/environment/forests/pdf/list_competent authorities eutr.pdf

5 Updated list of MOs recognized by the European Commission:
http://ec.europa.eu/environment/forests/timber_requlation.htm

8 For more information on CITES: http://www.cites.org/
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provide evidence of legally sourced timber but certification alone does not necessarily
ensure legality under the EUTR (Cashore and Stone 2012).

Importer’s responses to the EUTR

The EUTR creates a new framework within which different actors (both from importing
and exporting countries) involved in timber trade interact. Understanding how these
different stakeholders interpret the EUTR is of great importance for the smooth
implementation of the new regulation. Recent research shows that while some
stakeholders see the EUTR as advantageous for their businesses, others consider it an
impediment. Stakeholders raise issues such as: (weak) law enforcement, (lacking)
guidance and (increased) bureaucracy. The trade-off between effective legislation and
ease of trade seems to be concerning some stakeholders (Giurca and Jonsson expected
2014). Naturally such issues need to be further explored and addressed in order for the
regulation to fulfill its prime objectives. The European Commission and EU FLEGT
Facility” at the European Forest Institute are working on resolving such issues.

Exporter’s responses to the EUTR

Already before the EUTR came into force, many exporting countries had begun
establishing different legality verification schemes to meet EUTR’s requirements in order
to prove the legality of their exports. All VPA partner countries® are currently developing
such systems. As of mid-2014 there are fifteen VPA countries including six which have
signed agreements and are in the process of implementation (Cameroon, Central African
Republic, Ghana, Indonesia, Liberia and the Republic of Congo) and nine which are
negotiating agreements (Democratic Republic of Congo, Gabon, Guyana, Honduras,
Ivory Coast, Laos, Malaysia, Thailand and Vietnam). In addition a number of other
tropical timber producing countries are considering VPAS.

Timber exports from Central Africa represent a large share of tropical timber imports to
the EU. In fact, the Central African region has the largest number of countries engaged in
the VPA process (Eba’a Atyi et al. 2013). Partner countries in the region such as Ghana
and Cameroon have been making considerable efforts to assure the legality of their
exports, an ambitious process meant to cover products for EU and other international
markets alike. As an example, Ghana made efforts towards establishing its Legality
Assurance Systems (LAS) and in developing a chain-of-custody system for tracking
timber along the supply chain through a Wood Tracking System (WTS).

An independent monitoring system to assure proper functioning of the legality assurance
system was also introduced (Ghana-EU VPA 2008, Ochieng et al. 2013). A recent
progress review in Ghana demonstrates that the country has made considerable progress
in developing its legality assurance system and especially its verification protocols and
wood tracking system (EU FLEGT 2013). Similarly, Cameroon made significant steps
forward towards establishing legality verification procedures and traceability system
development. Other countries in the region show similar positive developments.

" http://www.euflegt.efi.int/home
8Updated list of the VPA process and partner countries: http://www.euflegt.efi.int/vpa-countries
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(Cameroon and EU 2012).Nevertheless, further progress needs to be achieved and more
challenges are anticipated for VPA implementation in the Central African region.

Indonesia became the first Asian country to initiate a VPA with the EU and it raised
efforts to meet EUTR’s demands. For this, the Indonesian government launched a
national Timber Legality Verification Information System (SVLK)®. All wood products
manufacturers in Indonesia were required to comply with SVLK and secure third party
verification (ITTO-TTM 2013). The EU Delegation in Indonesia has confirmed that
operators placing timber on the EU market from Indonesia complying with SVLK
requirements will fully comply with the EUTR requirements (FLEGT Asia 2013).

With most of the global tropical trade concentrated in the Asian region, China continues
to consolidate its position as the dominant market for tropical timber imports (ITTO
2011). China also strengthened its position as a major exporter of furniture, exceeding
Italy and Germany’s combined exports since 2005 (CINTRAFOR 2011). However, much
of China’s timber exports are suspected to come from illegal sources (Global Witness
2009). As China is not a VPA country, the EU Commission has signed an agreement with
China: “the EU-China Bilateral Coordination Mechanism on Forest Law Enforcement and
Governance” in 2009. More recently, the China Timber Legality Verification Scheme
(CTLVS)™ was established in order to meet the new timber legality requirements of the
EUTR (Proforest 2011).

The CTLVS is based on China’s domestic timber management and control system. The
CTLVS system is based on a forest harvesting permit, a timber shipment permit and a
timber processing permit. Chinese timber legality certificates are issued only by China-
authorized organizations. These certificates are further checked by the Chinese customs
before Chinese companies export timber products. A wood tracking system is needed for
both schemes once timber products enter the country. Implementation of the CTLVS has
yet to overcome many challenges before it reaches full effectiveness (Pepke et al. 2013).
The EU is exploring the possibility to establish similar bilateral agreements with other
major timber trading countries which would not be considered for a VPA, for example,
India.

Russia, a major world resource for both softwoods and hardwoods, and a major export
partner to the EU, is also expected to provide reliable documentation for exported
products. The European Commission is currently engaged in dialogs with Russia to
establish incentives regarding the potential for the forest-based sector in “the Partnership
and Cooperation Agreement between the EU and Russia”*!,

9 More information on the SVLK: http://www.mfp.or.id/about-the-svik/

10 More information on the CTLVS: http://www.proforest.net/projects/experience.2010-09-17.5626429669
11 For more information on EU-Russia dialogue progress
see:http://www.thinkforest.efi.int/files/attachments/events/2013/eu-pirkanniemi_thinkforest 13-12.pdf

110



http://www.mfp.or.id/about-the-svlk/
http://www.proforest.net/projects/experience.2010-09-17.5626429669
http://www.thinkforest.efi.int/files/attachments/events/2013/eu-pirkanniemi_thinkforest_13-12.pdf

Proceedings of the 57th International Convention of Society of Wood Science and Technology
June 23-27, 2014 - Zvolen, SLOVAKIA

Market Developments
Timber-trade trends

In this section we analyze timber-trade trends as indicated by international trade data and
statistics. The EUTR impacts Europe’s trade, hence the focus is on the trade between the
EU and its VPA partners in a global context.

EU’s total imports of primary-processed solid wood products (in this instance sawnwood,
plywood and veneer) and industrial roundwood -- from both tropical and temperate

softwood and hardwood sources -- grew steadily until 2007. Afterwards, due to the global
economic crisis in 2008, imports have sunk rapidly only to pick up slightly in recent years

(Fig. 1).
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Figure 1 EU total imports of primary-processed products.
Source: ITTO 2014.

Primary-processed tropical timber (both softwoods and hardwoods) accounted for 34% of
global trade in 2012 (Fig. 2). Tropical timber has a higher market share when measured in
value than in volume. However, temperate timber (both hardwoods and softwoods) has a
greater share of the volume on a global scale, accounting for 83% while only 17% is
represented by tropical timber volume (ITTO 2013).
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Figure 2 Tropical and temperate shares of global trade, 2003-2012.

Note: Based on 4 primary products: industrial roundwood, sawnwood, plywood and
veneer.

Source: ITTO 2014.

For comparison, the EU’s share of temperate and tropical timber imports show a similar
pattern to the global trend (fig. 3). In the early 2000s, the tropical share of EU imports
was approximately 20%, but it has fallen to approximately 15% in 2012 (the latest
statistics available from ITTO). There are multiple reasons for the declining EU tropical
imports, including concern about illegal and unsustainable harvests in tropical countries,
and uncertainty of the legality of imported timber.
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Figure 3 EU’s import shares of temperate and tropical timber.
Source: ITTO 2014.

The EU’s tropical timber imports show a clear overall decline during the last twenty years
(Fig. 3). Again, a sharper decline in imports is clearly visible after the global economic
downturn in 2008. However, the trend of decreasing imports continues even after this
period.
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Figure 4 EU tropical timber imports.
Source: ITTO 2014.

More recent data suggests that EU tropical wood imports have declined by 13% in 2013.
Imports of tropical hardwood logs were also down with 20% compared to the previous
year. Value-wise, the EU imported tropical wood products with a total value of €1.91
billion in 2013, almost 12.6% less than in 2012 (ITTO-TTM 2014).

The majority, approximately 80%, of the EU’s tropical sawnwood imports come from the
current 15 VPA countries (Fig. 5). From the countries presented here, only the following
have signed and are implementing a VPA as of mid-2014: Cameroon, Central African
Republic, Ghana, Indonesia, Liberia and Republic of the Congo. The other 8 countries in
the figure, plus Guyana, are negotiating a VPA as of mid-2014. Again, trade data analysis
over the past decade shows similar trends, with tropical sawnwood imports steadily
declining, and remaining relatively low after the global economic crisis in 2007-2008.
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Figure 5 EU-27 imports of tropical sawnwood from VPA producers.
Note: No recorded exports of tropical sawnwood from Guyana to EU.
Source: UN COMTRADE 2014.

Imports of logs from all the leading supply countries (Congo, Cameroon, Central African
Republic, and Liberia) have also continued to decline throughout 2013 (ITTO-TTM
2014).

Network analysis

A preliminary network analysis was performed on the EU27 level for the 1996-2006
period. Data on bilateral trade of all forest products was gathered from EFI’s Forest
Products Trade Flow Database. The network is very dense (85% of all possible trade
flows), and all countries participate in the trade. Although Germany, Sweden, France and
Finland together hold 48% of EU 27 exports, the overall centralization (both for import
and export) is just 11%. For the observed period Germany stands out with highest trade
volumes (import of 219 million m® and export of 229 million m®). The top five exporting
countries were Germany, Sweden, France, Finland and Austria. While Germany, France
and Austria had balanced import-export trade flows, Sweden’s exports were two times
greater than imports, while Finland’s exports were three times higher.

For analyzing cohesive subgroups, the following tests have been performed: components
and factions routine, hierarchical clustering, clique analysis, structural and regular
equivalence, categorical and continuous core-periphery analysis. Based on these tests,
four cohesive subgroups have been identified. Countries within a subgroup have stronger
ties within the group compared to the trade with countries outside the group, and the
countries within the have similar patterns of trade flows. The following groups were
identified:
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. “Core countries”: Austria, Belgium, Finland, France, Germany, Italy, Netherlands
and Sweden
. “Core dependent countries”: Bulgaria, Cyprus, Denmark, Greece, Luxembourg,

Malta Poland, Portugal and Spain

. “Independent periphery”: Czech Republic, Estonia, Hungary, Latvia, Lithuania,
Romania, Slovakia and Slovenia

. “Relative isolates”: Ireland and UK

These four groups can be illustrated with the magnitude of the bilateral trade between
countries shown by the thickness of lines. The size of the arrowheads represents the
strength of export and the size of the circles represents the volume of production of all
forest products (Fig. 5). The more “central” a country is, the closer it is to the centre of the
graph. The color coding for the 4 groups is: Core Countries in blue; Core Dependent
Countries in green; Independent Periphery Countries in purple; and Relative Isolates in
pink.
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Figure 5 Trade flows in forest products in EU-27
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Longitudinal SIENA type model has been constructed on the same data set, where
descriptive attributes of countries are used as explanatory variables in the changes of trade
flows. The most important of these attributes were the country-level numbers of Forest
Stewardship Council (FSC) and Programme for the Endorsement of Forest Certification
(PEFC) certificates. Having more FSC and PEFC certificates positively influence export,
whereas the FSC influences the export by 9% more than PEFC. However, having more
FSC certificates has no effect on import, whereas number of PEFC certificates has
positive effect on import.
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Discussion

The EUTR is expected to have positive impacts on the international timber trade. Once all
legality verification systems will be in place and VPA partners will be able to provide
FLEGT licensed timber, the EUTR will open up the market for legal and sustainably
sourced timber products, especially from tropical producers. Not only will tropical timber
exporting countries benefit from sustainable management of their forests achieved
through legal harvesting, processing and exports, but a strong market demand for such
products is likely to be reinvigorated. This is further indicated by the network analysis,
indicating a positive influence on exports of certified forest products.

The EUTR will impact non-VPA countries (exporting to Europe) as well. Again, it is
important to stress that China exerts a growing influence on global tropical timber trade
flows and recent changes in EU’s tropical timber trade have to be seen against this
background. As mentioned above, China is developing its own verification system to
comply with the legality demands of the EU but there are still efforts to be made.

Trade data analysis shows that the demand for tropical timber (especially hardwoods) has
been weak since the 2008 global economic and financial crisis, and is still trying to regain
momentum. Imports of timber products from all the leading supply countries in the
tropics have continued to decline even throughout 2013. Important reasons behind the
more recent decline in tropical timber trade could be increased ambiguity in the
international timber trade. This ambiguity could originate as a side effect of the transition
towards a stricter regulation for tropical timber. Ambiguity arises as the effects and
requirements of the EUTR are not yet fully known or understood (Giurca et al. 2013).
Empirical evidence in the economic literature shows that agents normally display aversion
towards ambiguity. This implies that, when they take economic decisions, they tend to
focus on worst case scenarios (cf. Camerer and Weber 1992, Etner et al. 2009).

As a result, substitution and trade diversion can be reasons behind EU’s decreasing
imports of tropical timber. On one hand, European importers, in doubt about the legality
of timber coming from tropical countries, opt for products coming from countries with
(perceived) more reliable documentation, such as temperate hardwood or softwood
exporters (within the EU or North America). Hence, EU businesses choose safe sources,
which lead away from less-documented tropical and temperate timber (both hardwoods
and softwoods), or even substitute non-wood based commodities for wood. On the other
hand, exporters of tropical timber, uncertain about the costs of complying with legal
requirements, could opt to trade with partners with less stringent regulatory frameworks
(Giurca et al.2013).

Temperate species are often a viable substitute for tropical timber. New temperate
softwood and hardwood products have been marketed as an alternative for traditional
tropical hardwoods, performing equally in many applications (e.g. for exterior uses
exposed to weather). More recently, temperate hardwoods such as oak have consolidated
leading market positions in the European flooring and joinery sectors while tropical
hardwoods have continued to lose market share (ITTO 2011). Research indicates

116



Proceedings of the 57th International Convention of Society of Wood Science and Technology
June 23-27, 2014 - Zvolen, SLOVAKIA

significant positive cross-price elasticity for oak, implying that oak and tropical lumber
are indeed substitutes (Giurca et al.2013).

Substitution and trade diversion can thus be seen as causing market effects leakage.
Market effects leakage occurs when policy actions in one place indirectly create
incentives for third parties to increase activities elsewhere and is caused by a shift in
market equilibrium (Jonsson et al. 2012), e.g., legality verification and certification,
reducing the share of illegally sourced timber on the market, and thus increasing prices
and pressures on temperate forests, e.g., in Eastern Europe or North America.

Transparent and consistent application of the EUTR, with clear guidelines for exerting
due diligence, should diminish unwanted side-effects such as trade diversion and
substitution of temperate timber for tropical timber. However, smooth implementation
requires further understanding of stakeholder’s interpretation/perceptions and problems
(bureaucracy, guidance, law enforcement) related to the EUTR. Structural aspects of the
regulation need to be addressed in order to avoid conflict of interest in the private sector
and with consideration for international trade (Giurca and Jonsson expected 2014).

Conclusion

One year after its introduction, the EUTR’s impacts on timber trade can already be felt on
the global market. European companies and trade associations have clearly made efforts
to establish viable due diligence systems for mitigating the risk of dealing with illegal
timber. Producing countries have also made noteworthy efforts to establish reliable
systems to tackle illegal logging and comply with the EUTR.

However, the full impact of EUTR on global timber trade will only be quantifiable as
soon as the first fully FLEGT-licensed shipments arrive in Europe. Only then will the
success of the new regulation be judged appropriately. For now, further attention needs to
be focused on stakeholder’s interpretation of the EUTR, the problems they face, and on
providing viable solutions for facilitating a smooth and effective implementation of the
regulation.

Ambiguity needs to be reduced as much as possible in order to avoid potential unwanted
detrimental side effects such as substitution and trade diversion. Hence, efforts need to be
put into assuring that the EUTR manages to fulfill its objective of eliminating illegal
logging from international trade in timber, and of promoting sustainable forest
management, good forest governance and equitable trade.
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Abstract

Recent challenges to maintaining competitiveness by forest sector firms have driven
strong interest in the potential for innovation to create new opportunities for competitive
advantage. Suppliers are a major source of innovation for many forest sector firms, yet
little research has investigated their role in the innovation process. Using a qualitative
case study approach, we explore how chemical companies who produce registered end-
use products for wood protection perceive innovation in the wood treating industry and
how they feel that they impact innovation among wood treating firms. Our findings
indicate that chemical company managers view the wood treating industry as conservative
and not particularly innovative. Additionally, retailers play a special hampering and
directing role regarding innovation in the wood treating industry. Chemical company
managers feel that they have an important impact on innovation within their customer
firms, partially because they see limited possibilities for differentiating wood products
without value-added additions, such as chemical treatments. Currently, various
mechanisms for coloring wood products, along with standard chemical treatments, are the
focus of innovation efforts. Chemical company managers also view their role with
customers as a problem solver, providing a package of benefits in the spirit of the total
product concept. Finally, strong relationships between chemical suppliers and key
innovative customers play an important role in creating and implementing innovations in
the industry.

Keywords: wood treating industry, innovation, chemical suppliers
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Introduction

The Great Recession and housing crisis have placed extreme pressure on the forest
products industry (Hansen et al. 2013). Even before these events, global competition
caused losses of thousands of jobs across the sector and low profitability levels in many of
the surviving firms. Various levels of government around the world have introduced
strategies to boost innovation in an effort to increase industry competitiveness and
financial performance based on a commonly held belief and growing evidence in the
forest sector literature of the positive impact of innovation on firm financial performance.
Often, innovations adopted by forest sector companies originate from suppliers. Some
researchers argue that this reliance on, especially equipment and instrument suppliers,
may explain some of the lack of innovation in the sector (Anderson, 2006) and this
tendency does not contribute to competitiveness since innovations by suppliers are easily
available to competitors (Nakamura, 2003)

This study is theoretically positioned within the innovation literature. The use of the term
“innovation” has proliferated in recent decades and scholars have used multiple
definitions in the literature (Garcia and Calantone, 2002). In this study, we define
innovation as something new, such as a product, service, or business system, that is put
into use or commercialised in the marketplace. In the last decade many innovation studies
have been conducted within the wood product industry (e.g. Rametsteiner and Weiss
2006, Van Horne et al. 2006), Hansen et al. 2007, Stendahl and Roos 2008, Nybakk et al.
2011, Nybakk 2012, Nybakk and Jenssen 2012, Crespell et al. 2006, Crespell, Hansen
2008, Hansen 2010, Knowles et al 2008, Hansen et al. 2011, However, none of these
describe the impact of chemical suppliers on innovation in the wood treating industry or
wood industry in general.

There is little research that characterizes the relationship between forest sector firms and
their suppliers and how that relationship influences innovation. With this gap in mind, we
chose to study the wood treating industry where we expected suppliers of wood protection
chemicals to be important contributors to innovation in wood treating companies.

Our primary objectives were to determine how chemical suppliers view the state
of innovation in the wood treating industry and how they see themselves impacting
innovation in the wood treating industry.

Materials and Methods

In this study, we employed a qualitative methodology for this work because the main
questions under investigation were “how” in nature (Yin, 1994). Although often referred
to as a “case study” approach, we emphasize that in this situation, the “case” is the
phenomenon “supplier views of and impacts on innovation in the wood treating industry”
rather than the sampled companies. The study attempts to identify how relationships
between buyers and suppliers in the wood treating industry affect innovation. The
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research was not designed for generalisability, and readers should carefully consider this
fact as they explore the results and discussion below.

Basic qualitative data analyses techniques were employed. In total 14 managers were
interviewed. Interviews were conducted within three chemical suppliers and three
customer companies. Two chemical suppliers were based in Europe, and one was based in
the US. The three customer companies were from Norway, Germany, and the US.

The semi-structured interviews (mostly face-to-face interview) lasted from 40 to 100
minutes. All interviews were recorded and later transcribed. The transcribed interviews
consisted of approximately 144 pages of double-spaced text. The text was analysed using
traditional qualitative method analyses techniques (Yin, 1994).

Results

Views from Suppliers. Chemical company managers see the industry as conservative,
not especially innovative, and reactive rather than proactive.

“... the industry is quite conservative, so it is not so easy to bring in new technologies into
this market.” — European Manager, chemicals

“...this industry is quite conservative, so customers like to do business as they have done
it for the past twenty years.” —US Manager, chemicals

Big box retailers have an important impact on innovation in the sector. Low cost/price is
supremely important for these retailers and the pressure they place on wood treaters to
provide low-cost products limits the ability of treaters to explore new options.

“...1 think the sawmilling industry has a huge problem ... retail with lots of negotiation
power.” — European Manager, chemicals

“I will tell you that big boxes always want something for nothing. They want everything,
but they don 't necessarily want to pay for it.” — US Manager, chemicals

This sort of pressure from customers reinforces the well-documented tendency among
forest sector companies to pursue low-cost strategies rather than, for example,
differentiation strategies. Recent evidence suggests some evolution by forest sector
companies but many still rely on low-cost strategies and suffer from a commodity
mentality. It is likely that a low-cost, production orientation has prevented industry from
sufficiently investing in development of new or value added products

Impact of Suppliers. Each of the chemical companies participating in this research had a
strong R&D department and each utilized a structured approach to new product
development. Each was actively engaged in cooperation with research institutes and
universities. Given this and the history of new chemical formulations entering the market,

122



Proceedings of the 57th International Convention of Society of Wood Science and Technology
June 23-27, 2014 - Zvolen, SLOVAKIA

it is clear that chemical companies are major drivers of innovation in the treated wood
sector. Past research has shown the forest industry to be a “supplier-dominated” sector
where a majority of new innovations come from suppliers rather than from within the

industry itself (Pavitt, 1984)

Interviewees mentioned a number of product innovations, but the most current and
prevalent topic was with respect to additives that color the final wood products. On the
wood treating side of the industry, companies were focused on improved treatment
processes as well as what the chemical suppliers could provide for product enhancements
such as improved penetration, durability of a color, improved appearance, and product
stability.

“Color is the product innovation. The new generation will maybe have something else
than green. We are screening the market, so we try to adapt by adding colors. But the
technology today is not good enough” - Scandinavian Manager, wood treater

“With wood preservative products it is quite rare to have new products for the market,
but once in a while we achieve that with our color paste product range.” — European
Manager, chemicals

Beyond pure R&D-based innovation, chemical suppliers see themselves as problem
solvers for their customers and believe they are well-connected to the marketplace.
Managers consistently spoke of their ability to bring both ideas and problems back from
the marketplace into their companies and develop solutions for their customers. They
referred to this ability in the spirit of providing a complete product offering to their
customer, meaning a package far beyond a chemical formulation, including a variety of
supporting services.

“So we help them solving this problem by chemical means, giving technical support,
maybe also marketing and regulatory support.” — European Manager, chemicals

"So we are definitely not just a chemical company that sells chemicals. We definitely have
a full package. There are some chemicals we offer, plus a service package.” European
Manager, chemicals

As outlined above, chemical company managers see the wood treating sector as
traditional, conservative, and lacking innovation. However, each of the chemical
companies that participated in this research pointed us to a customer that they knew to be
quite innovative. Managers tended to discuss customers in two groups: innovative and
non-innovative.

“...you will find that are prone to innovation and there are of course some that are just
price buyers.” — European Manager, chemicals

“So I would say when you are talking about a customer innovation standpoint, you got
85% of them, they are just waiting on us to bring them something. Then about 15% of
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them, there is good communication and they are trying to think ahead of the game.” —US
Manager, chemicals

It is with those more innovative customers that the chemical companies develop
especially close relationships. The building of trust over time with these “key customers”
translates to a situation where the customers are essentially facilitators of innovation
development and implementation in the industry.

“You build trust obviously when you are developing these relationships and they are more
willing to be our guinea pig when we have a new product.” — US Manager, chemicals

“So we help them solving this problem by chemical means, giving technical support,
maybe also marketing and regulatory support. They may also get a reduced price to act
as a test customer.”” European Manager, chemicals

Although big box retailers were seen to limit innovation in the industry because of their
sharp focus on low price, a US manager described a situation where the retailers drove
innovation by demanding a more stable product. Ironically, the big box retailer, instead of
going to its supplier of treated wood, went directly to the chemical company seeking an
improved product.

Conclusions

As indicated in earlier research, our findings show that suppliers to forest products
manufacturers play an important role in the innovation that takes place in their customer
companies. In the context of our work, the suppliers were important for both product
and process innovations. Generally, chemical company managers saw the wood treating
industry as conservative and rather non-innovative. This doesn’t paint a strong
innovation-focused future scenario for the wood treating industry. However, the
customers interviewed during this study were outliers, clearly pushing the envelope with
respect to developing innovations. In fact, one of the customer companies had recently
hired an innovation manager, a rare thing in the forest sector.

Big box retailers, because of their intense low-cost focus, were described as a bit of a
villain in the marketplace, discouraging innovation by their customers. Chemical
company managers were clear in their description that it was exceedingly difficult for
treating companies to reap any rewards from big box retailers on the innovation front.
Still, examples were cited where the retailer went directly to the chemical company
seeking specific product improvements. Accordingly, retailers can also be a strong force
for innovation in the sector.
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Abstract

Wood construction costs appear to be offset by efficient traits such as high photosynthetic
rates and optimized architecture with a small crown aperture. Current thinking holds that
wood density results as a tradeoff between strength and price, with the rapid growing
light-dependent tree species generally related to low wood quality (density, specific
modulus, durability). However, certain tropical rainforest tree species represent both
wood with good technological characteristics and high growth rates. This study aims to
understand what the specific characteristics of these “paradoxical” tree species are and
confirm their potential for new forest management models in French Guiana. Physical and
mechanical wood properties were tested to evaluate wood quality; technological
characteristics were analyzed in parallel with tree development, in relation to tree
architecture and functional traits (leaf, cost-stem), to give a new understanding of these
species. We identified Bagassa guianensis and Cordia alliodora as very promising
species and results confirmed remarkable wood properties, exceptional for heliophilous
species, with an optimized development strategy combining climax and pioneer growth
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characteristics throughout ontogeny. Wood construction costs appear to be offset by
efficient traits such as specific gravity, implying specific gradient of wood properties
within the trunk. Nevertheless, despite this wood heterogeneity Cordia alliodora showed
a homogeneous dimensional stability. Deformations registered for Bagassa guianensis
were more variable in the tree but shrinkage seems to be influenced by specific gravity
only in sapwood. Compared to current local species, these are characterized by highly
reduced values of shrinkage for such a low density, which is a real advantage at the
industrial scale. Continuation of this project will aim to compare the properties on
plantation trees to confirm their wood quality for future forest exploitation in order to
propose new sustainable models for the French Guiana logging production and forest
management, valuing these native species with very strong potential.

Keywords: French Guiana, long-lived pioneers, density, wood quality, tree growth
strategy.

Introduction

French Guiana forest management is specific and adapted to its small dimensions. The
forest cover represents 96% of the whole region and is well protected. Across this area,
about 1500 species have been identified and we consider that 500 are available for
exploitation. However, currently only 70 exploited and 3 of these represent 70% of local
production (Dicorynia guianensis, Qualea rosea, Sextonia rubra). In comparison to many
areas in South America, French Guiana’s forest is still rich and well preserved and as such
could be an ideal region to develop new models for sustainable tropical forest
management. The current wood production is small and adapted to existing population
levels. However, current birth rates are equivalent to emerging countries, and thus the
actual system needs rapid adaptations to avoid a monospecific tertiary system built on
massive imports. In the field of timber, we must develop sustainable projects using fast
growing species, adapted to plantations and with quality wood suitable for use as timber.
The considerable richness of the Guianese rainforest entails a great diversity of growth
strategies employed by different tree species. Crossing growth monitoring and technical
databases, we isolated two singular species referred to as “paradoxical” species regarding
their unique behavior: Bagassa guianensis Aubl and Cordia alliodora (Ruiz and Pav.)
Oken. Bagassa guianensis Aubl. (Commercially known as Tatajuba), is a large and an
infrequently tree in French Guiana (Royer, 2012). It only grows on secondary and
anthropised forest. Cordia alliodora (Ruiz and Pav.) Oken is a deciduous secondary forest
tree with a native range from latitude 258N (Mexico) to 258S (Argentina) in the
American neotropics (Hummel, 1999) where it is commercially known as Laurel. But CA
is not well distributed in French Guiana, instead concentrated next to the region of Saul.
Already largely employed in South America, they both are rarely used in French Guiana.
A large range of ecological, physical and mechanical traits have been measured in order
to describe their unique development and highlight their interest for the local logging
industry. In this study we focused on basic physical wood properties but always in the
view of analyzing precisely their radial and longitudinal gradients in the tree.
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Materials and Methods

Specific gravity and wood shrinkage are crucial technical characteristics for future wood
products, but also good indicators of tree development. Specific gravity is now considered
as the integrator of wood properties in the “wood economics spectrum” given its
importance in structure, storage, and translocation (Chave et al., 2009). Wood is also
known to be an anisotropic composite material, with a complex multi-scale structure.
Wood shrinkage is representative of this heterogeneity and a useful wood trait to isolate
the different types of wood observed in the trunk. These two traits describe well the
“paradoxical” character of these two singular species and may help to explain their
specific growth strategy.

Materials

Two species, Bagassa guianensis Aubl. (later noted Bg) and Cordia alliodora (Ruiz and
Pav.) Oken (noted Ca) were tested. For each species we selected 9 individuals following a
homogeneous distribution of the diameter to explore every stage of development. Material
was collected at three different heights along the trunk and samples were taken using the
same orientation and cutting process from the bark to the pith. For each property to be
measured, the sample dimensions were different, but they all referred to a precise radial
position that allowed us to compare samples almost of the same cambial age. Bg
individuals were sampled next to the experimental station of Paracou, on a trail plot
opened almost 30 years ago. Ca were sampled at the vicinity of the city of Saul. Both in
Bg and Ca, trees DBH were ranged from a diameter of 15 to 55 cm.

Specific gravity

Basic Specific Gravity (SG) of wood is a measure of the amount of structural material a
tree species allocates to support and strength. It is the ratio between dry mass (M0%) and
saturated volume (VSat), (Kollmann&Cote, 1968. Williamson&Wiemann, 2010). We
measured VSat by the inversed principle of Archimede method, observing the accurate
water displacement of the sample immersed into a beaker of water loaded on a top-
loading Sartorius CP224S scales, with a precision of 0.2 mg. Thanks to the dry and green
mass, we can also calculate the Moisture Content (MC) and the Saturated Humidity
(H%Sat). Then, considering 1.5 as the theoric density of woody matter, we calculated the
Cavity Ratio of the sample (C%) to deduce the accurate proportion of Water (%W), Gas
(%Gas) and Dry wood mass (%Dwm) contained in the sample. The following equations
detail the main steps in obtaining the result:

~
H%.S'at:——i %Gaszwx 1—&
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Shrinkage

To analyze the dimensional stability of our anisotropic material, we calculated the
dimensional variations due to shrinkage in each direction. To describe properly each
phenomenon, it is necessary to use methods adapted to the scale of observation, and as
such the following two were selected: (i) large samples (RxTxL=20x20x80mm) to
evaluate radial and longitudinal shrinkage according to the method developed by Francois
Sassus (Sassus, 1998). Tangential and longitudinal dimensions were measured with two
comparators (Mitituyo) fixed to the frame of the measuring device with respect to
standard metal shim used as reference. This is a fast and accurate process but this relative
measure requires a precise positioning of the sample to keep the same reference for all the
measures. (ii) and small samples (RxTxL=20x20x20mm) to measure the radial, tangential
and longitudinal variations for a few growth rings. Here, we used a Mitituyo (model ID-
H0530) that gives a precise absolute measure of the dimensions. We use the same
measurement point during the whole process, marking each side with a standard gage.
Satured condition of the sample is ensured maintaining the samples in water since sawing.
It then pass through several moisture content stages: 25% in an enclosure with K2SO4
salts, 10% in the laboratory air conditioning, 7% in an enclosure with MgCl:2 salts. Oven-
dried sample is obtained with 3 days in the oven at 103°C.

Results

High change in density during ontogeny

First, the specific gravity analysis revealed significant and uncommon wood variability
within the trunk for both species: we observed a remarkable radial gradient from the pith
to the bark, especially for Bg that showed an outstanding factor two between juvenile and
mature wood for specific gravity. Wood density is a common wood trait well related to
tree construction costs (Larjavaara, 2010). This result helped to identify what types of
wood are produced along a tree’s life. In general, long-lived climax species tend to have
high wood density, while pioneers have low wood density (Muller-Landau 2004). Here,
Bg and Ca share both pioneers and long-lived climax characteristics, using one specific
growth strategy during juvenile stage and then moving to another when older. Here is one
of the outstanding particularities which classify these species to the rank of “paradoxical”
ones: the ability to mix different growth strategies optimizing the qualities of each model
and using them at the most suitable stage of the tree development.

A very low shrinkage

Growth rate is an important characteristic in species selection, yet wood quality takes
precedence over all. That unavoidable condition combines a large range of physical and
mechanical characteristics of which is the dimensional stability. The main results from the
shrinkage analysis we carried out for the two species is presented in the Table 1.

Shrinkage (%0) Radial Tangential Longitudinal | Volumic
Bagassa quianensis 3.599 4.922 0.221 8.742
gassag 3.293 4557 0.149 7.999
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3.077 5.764 0.181 9.022

Cordia alliodora 2892 5.283 0.165 8.340

Table 1- Global results of the shrinkage analysis (with means in bold, medians in italics)
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Figure 1 — Link between dimensional Figure 2 - Distribution of shrinkage
stability and wood density for common measures for the two species.

Guianese species.

Ba and Ca are characterized by a very low volumic shrinkage, especially for such a mean
density. Figure 1 illustrates how these two species stand out and differ from the global
tendency over 94 others current local species. We can notice that Ba and Ca are
respectively the most stable species in their range of density. The existing ideas on the
tradeoff between density and wood quality can be revised here. Wood products from
paradoxical species represent a real advantage at the industrial scale in the sense that these
light building materials enable an easy handling in constructions but do not have similar
shrinkage problems that can be observed in other species of the medium density.

Parameters affecting wood shrinkage — Bagassa guinanensis specific aspects

We then analyzed the variability of the dimensional stability within the tree for the two
species. During the drying process, samples from Ba showed the largest shrinkage
dispersion. In the density plot (Fig.2) that compares the distribution of the measures for
the two species, Ca stands out: its wood is more homogeneous than Bg. Focusing on Bg,
it clearly appears that samples are divided into two different groups. We then asked about
the parameters that may influence wood shrinkage. Density is known to be properly
linked with wood shrinkage since wall thickness directly influences the apparent density
of wood (Kellogg, 1969). We expected a global tendency with dimensional variations
increasing proportionally to wood density when drying, but final results showed two
groups dissociating clearly heartwood and sapwood samples and different responses to
drying for each type of wood (Fig.3). The influence of specific gravity on total shrinkage
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IS stronger in sapwood than heartwood. The radial gradient of the deformations is reduced
in heartwood. Secondary metabolites responsible for heartwood formation in Bg might be
responsible for this phenomenon. Most of these compounds are polyphenols and are
synthesized by the plant as the sapwood is converted into heartwood.
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Figure 3 — Influence of specific gravity
for sapwood and heartwood on
shrinkage in Bagassa guianensis.

Figure 4 — Tangential deformation in
sapwood and heartwood according to
the successive stages of moisture content
in Bagassa guianensis.
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These extractives are known to bring natural resistance to Bg’s heartwood thanks to a
complex synergism between active and inactive polyphenols, mainly stilbenes,
representing almost 70% of the isolated polyphenolic compounds extracts (Royer, 2012).
The important quantity of extractives in Bg apparently has an impact on the wood
physical characteristics of and shrinkage behavior. Heartwood shows a lower anisotropy
over the radial profile, reducing the probability of appearance of defects on the logs
during the drying process.

What is a good fiber saturation point?

Using the results of the successive tangential deformations for each stage of humidity, we
calculated the fiber-saturation point (FSP): we observed a significant difference between
heartwood and sapwood (Fig.4). Sapwood’s FSP (21%) is significantly bigger than
heartwood’s one (16.4%). FSP valor predetermines the minimum of humidity acceptable
for wood storage without deformations. In that sense the heartwood is more convenient.
A limit to this analysis is the relation between moisture content and relative humidity due
to water diffusion into wood in across-the-fiber directions, which is variable depending of
the wood porosity. The important specific density radial gradient induces high variability
of water diffusion. The humidity distribution is more homogeneous in sapwood than
heartwood and we know that humidity gradient directly impacts on shrinkage defects like
deformations, cracks or collapse. Heartwood pieces are easier to stock before shrinking,
but passing from a humidity stage to another, sapwood might stabilize faster than
heartwood. It leads us to revise our views about what is a good wood product with
regards to shrinkage behavior. Indeed, a question that emanates from these results is the
criterion to be retained to select a species over another. It is clear that the FSP is not
sufficient to predict properly the potential deformations of a wooden product in its
conditions of use. The slope of the mean drying profile used to determine the FSP is also
relevant. After an industrial drying process, a wood product is still subjected to a certain
range a humidity variations in its conditions of use. In a region characterized by high
annual humidity variation, if we consider two species with the same FSP, the species with
a lower slope in shrinkage profile will imply largest risks of deformation. This example
shows that it is important to take into account the whole shrinkage behavior of a certain
type of wood to be able to conclude about its dimensional stability and recommend it for
specific conditions of use.

Detailed description of the different types of wood in Bagassa guianensis

Bg is characterized by a strong specific gravity radial gradient and significant variability
of the dimensional stability between heartwood and sapwood. However, heartwood and
sapwood division may not be sufficient to describe this variability. Further statistical
analysis on the whole dataset from Bg sampling helped us to identify other wood types.
We used a general agglomerative hierarchical clustering procedure, where the criterion
for choosing the pair of clusters to merge at each step is based on the optimal value of an
objective function (Ward, 1963) and a principal component analysis to observe all the
steps of the clustering. It enables us to identify how samples are successively separated to
eventually form smaller groups with roughly the same characteristics. This analysis
showed that it exists a more accurate classification than the simple dissociation
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sapwood/heartwood: (i) internal heartwood (low specific gravity and low volumic
shrinkage); (ii) external heartwood at the base of the trunk (medium specific gravity and
low volumic shrinkage), (iii) external heartwood higher in the trunk (high specific
gravity and low volumic shrinkage) and (iv) sapwood (high specific gravity and high
shrinkage). We manually carried out the same separation on our database and measured
the physical characteristics and shrinkage behavior for each group to verify the statistical
analysis’ results: this wood types classification is thus justified.

Conclusion

Paradoxical species represent a real opportunity for the local logging field. A
combination of medium density (0.68 for Bagassa guianensis and 0.49 for Cordia
alliodora) and low shrinkage (average volumic shrinkage of respectively 8.7% and 9%)
is well adapted for industrial use. The high variability in specific gravity observed from
the pith to the bark enables the two species to reach an efficient growth rate until reaching
the canopy, before quickly producing good quality wood. Bagassa guianensis wood
showed small shrinkage values but appeared to be less stable than Cordia alliodora. The
important quantity of extractives in Bagassa guinanensis heartwood has a non
negligeable effect on shrinkage behavior. To create a model of the physical properties in
the tree, the different types of wood need to be differentiated. One pattern for the whole
trunk depending only on the height and the radial position is not accurate. What is
surprising with paradoxical species is their ability to produce a certain kind of wood for
certain conditions or maturation stages. Such flexibility in a tree’s wood production is an
example of an optimized tradeoff between strength and cost of construction. This
uncommon tree development is interesting from a technical point of view but also
regarding plantation, as both species are well adapted to growth in open spaces.
Plantation projects demand efficiency, and neighboring experience has already shown
that Bagassa guianensis and Cordia alliodora are promising species for future
exploitation. We are now studying the variations of interlocked grain in Bagassa
guianensis. Grain angle showed a periodic and increasing evolution from the pith to the
bark, reaching up to 25° for the biggest individuals. It is an advantage for the tree (mainly
to support radial compression) but has a strong negative impact on specific modulus. But
it can be considered as an additional benefit if we use this specificity as the species does,
focusing on tenacity. We are testing the radial tenacity on several samples of variable
interlocked grain and expect a good correlation between the distance from the pith and
radial tenacity. Studying these species leads us to the following questioning: What is a
good wood product? What is an interesting species for future exploration? Current
productive system in French Guiana requires rapid adaptations and such species appear
really promising as regards their characteristics and growth strategy. Bagassa guianensis
and Cordia alliodora represent local species of interest that deserved to be further studied
and employed in future plantations projects.
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Abstract

This paper examines and compares the effects of variation on wood density, ring width
and anisotropic shrinkage of Pinus caribaea (Morelet) among two plantations in Oluwa
forest reserve (a world bank assisted pulpwood plantation). The wood samples were
collected from a 16 and 17 year-old plantation with an area of 25 ha. Each of the
plantations was divided into 5 partitions with an area of 5ha each. 2 trees each with good
bole form with a diameter equal to the mean diameter of all the trees in each of the
partitions were randomly selected from the two plantations for the study. Wood samples
were collected from five levels of each tree merchantable length: 10%, 30%, 50%, 70%
and 90% and also radially among the wood types: inner wood, middle wood and outer
wood portions of the stem according to standard procedures. T-test and descriptive
statistics were used in the data analysis of the obtained results. The result showed the
variation in wood density between the wood types and merchantable length of the 16 and
17 year old plantations were not significantly different from each other (p>0.05). Among
the two plantations, ring width variation decreased along the wood types and
merchantable length, although there was no significant difference between them
(p>0.05). However, there was a positive correlation between the density and shrinkage
properties of the two plantations, including the ring width and anisotropic shrinkage
properties. Thus, the use of wood density and grain orientation biometrics to predict
anisotropic shrinkages of the Pinus caribaea (Morelet) and its dimensional stability is
important for pulp and paper making, and production of suitable wood based panels..

Key words: Density, Ring width, anisotropic shrinkage, Pinus caribaea (Morelet),
Nigeria
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Abstract

Small spindleless veneer lathe technology was used as an alternative processing option to
optimise the utilization of small log plantation hardwood resource. Trees were sampled
from thinned (300 spha) and unthinned control (1000 spha) plantings of 10.5-year-old
Corymbia citriodora ssp. variegata (CCV) and E. dunnii (Dunn’s white gum) grown in
two contrasting sites in Queensland. Veneer samples taken at regular intervals along the
length of the veneer ribbon were tested for stiffness and veneer density.

Overall veneer gross recoveries ranged from 50% to 70%, which were up to 5 times
higher than what has been reported to be achieved from similar plantation resources when
converted to sawn timber products. Major limiting factors preventing veneer from
meeting higher grades were the presence of kino defects and encased knots. Splits in E.
dunnii veneer also contributed to reduced grade quality.

Differences between two thinning treatments for veneer properties and grade recovery
were generally small. There was significant evidence of site and species differences on
veneer quality. The good quality site with higher rainfall produced denser and stiffer
veneers with higher grade recoveries. Significant trend was observed between radial
trajectories of veneer traits and drought period in studied sites.

The results demonstrated that sub-tropical plantation hardwoods can produce veneer with
superior mechanical properties and high recoveries. This relatively young plantation
resource has attributes suited to a range of engineered wood products including plywood
and laminated veneer timber.

Keywords: peeling, E. dunnii, CCV, veneer stiffness, veneer recovery
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Introduction

Sub-tropical eucalypt plantations established in Queensland and New South Wales total
slightly less than 150,000 ha, which is 15% of Australia’s hardwood plantation estate
(Gavran and Parsons 2010). The rate of plantings accelerated after 2000 when private
forestry companies, many using managed investment schemes (MIS), became active in
the region. The two most important species by area are Dunn’s white gum (Eucalyptus
dunnii, DWG) and spotted gum (Corymbia citriodora spp. variegata, CCV), which
together comprise approximately 54,000 ha of the subtropical plantation estate. Much of
the DWG plantation area was established for pulpwood production, whereas plantations
of CCV have been targeted more at solid wood production (Nichols et al. 2010).

This paper summarizes the peeling performance and veneer quality of logs from trees of
both species sourced from two contrasting sites and thinning treatments: thinned to 300
stems ha; and an unthinned control. A significant increase in the rate of stem diameter
growth following thinning was demonstrated for both species at both sites (Glencross et
al 2011). Billets from two different tree heights were peeled. This enabled the effects of
site, species, thinning treatment and billet height, and their interactions to be examined.
Standing tree acoustic wave velocity was assessed before the selected trees were felled
and the effectiveness of this non-destructive assessment method in predicting veneer
stiffness was evaluated.

Materials and Methods

Sampling. CCV and DWG logs were sourced from plantations established by Forest
Enterprises Australia in subtropical eastern Australia. Both sites had similar management
histories. Reid’s plantation is located at Ellangowan, 50 km south-west of Lismore in
north-east NSW; Barron’s plantation is 15 km south-west of Kingaroy in south-east
Queensland, and Tingoora plantation is 40 km north of Kingaroy (Table 1). Rainfall
conditions during the life of the plantations contrasted between Ellangowan and the sites
near Kingaroy. The mean annual rainfall for the 2001-2010 period at Ellangowan was
1096 mm, which is close to the long-term average (97% of long-term mean rainfall),
whereas at Kingaroy, the mean annual rainfall for 2001-2010 was 783 mm, which is 23%
below the long-term average for this region.

Table 1. Summary information for CCV and E. dunnii plantations in two locations

Parameters Ellangowan Kingaroy
Species Cccv E. dunnii Ccv E. dunnii
Site Reid’s Reid’s Tingoora Barron
Stocking prior to thinning 1050 1270 950 930
Age thinned (year, month) 7y 9m 7y 9m 6y 9m 6y 9m
Age when harvested (year) 10.5 10.5 10.5 105
Mean annual rainfall (mm) 1096 1096 783 783
Elevation (m) 52 52 449 465
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Thinning treatments had been implemented at age seven years and nine months old and
six years and nine months old at the Ellangowan and Kingaroy sites respectively (Table
1). For each site, the thinning treatments of 300 stems ha™ and 500 stems ha* and an
unthinned control treatment (with stocking in the range 950-1270 stems ha*) were
applied in a randomised complete block design with four replicates.

Two contrasting treatments, 300 stems ha'* and an unthinned control, were targeted for
sampling. For each species and thinning treatment, at each site, five dominant trees with
above-average stem diameters were selected. The aim was to assess the potential of trees
that would be retained as final crop trees for veneer log production. From each tree, two
1.5 m long billets were removed: a butt billet from 0.3-1.8 m above ground and a top
billet from a height of approximately 5.5-7.0 m. In total, 80 billets were cut: 2 species x 2
sites x 2 treatments x 2 height positions x 5 trees per treatment.

Prior to sampling, a Fakopp microsecond timer was used to assess the time of flight for
an acoustic signal on each selected standing tree.

Processing. The billets were transported to the Salisbury Research Centre (Department of
Agriculture, Fisheries and Forestry, Queensland) for veneer processing. The billets were
heat-treated to a core temperature of 90°C prior to peeling, to facilitate easier peeling.
Core temperature elevation was achieved by exposing the billets to full steam conditions
for 24 hours before peeling. After heat treatment the billets were assessed for splitting
and then merchandised to 1.3 m in length (trimmed equally from both sides to reduce any
end splitting).

The billets were peeled on an Omeco spindleless lathe. The full ribbon was produced
with a target green thickness of 2.8 to 3.0 mm. The veneer ribbon was peeled until a core
diameter of approximately 45 mm was attained. The full length of ribbon was laid out on
the conveyor for easy evaluation.

Veneer assessment. After peeling, the ribbon was trimmed into 1.55 m wide (tangential
dimension) sheets and 0.15 m wide veneer assessment samples. The first assessment
sample was removed from the ribbon position closest to the peeler core and others
removed sequentially after each 1.55 m veneer sheet. The veneer assessment samples
were conditioned to 12% equilibrium moisture content and analysed for veneer density
and dynamic modulus of elasticity (stiffness, MOE), measured with resonance frequency
using the BING system (Brancheriau and Bailleres 2003).

Following peeling, the veneer sheets were dried by a commercial veneer company using a
Jet box dryer to target final moisture content of less than 10%.

The veneer sheets were visually graded to the Australian/New Zealand Standard (2008)
to establish grade recovery in accordance with the existing industry standard. This
standard is designed for face veneer grade segregation only, as most plywood panel
products are manufactured with D-grade (the lowest grade) veneer. Each veneer sheet
was assessed for presence and severity of defects such as knots, gum veins, holes, splits,
discoloration, compression and roughness. The final veneer grades assigned were based
on the worst limiting defect. A-grade is the highest grade followed by B-, C- and then D-
grade.
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Gross recovery was calculated as the percentage by volume of dried veneer, recovered
from its respective green billet volume, meeting AS/NZS 2269 D-grade and higher.
Grade recovery is the percentage by volume of each grade of dry veneer, assessed
according to AS/NZS 2269, from its respective green billet volume.

Results and Discussion

Veneer gross and graded recoveries. The gross recovery from individual billets varied
substantially for individual species-site combinations (Fig. 1). Overall veneer gross
recoveries, as site averages, ranged from 50% to 70%. The logs from these veneer trials
were younger and had smaller diameters than traditional plywood resources, so higher
recoveries should be achieved from older, larger diameter logs. In this sense the veneer
recoveries reported here are quite encouraging as they are 2—3 times higher than typical
green off-saw recoveries from sawing logs of similar diameters (Leggate et al 2000).
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Figure 1. Veneer gross recovery for butt log (a) and top log (b) for two thinning
treatments for CCV and E. dunnii from two sites.

Overall gross recovery was significantly influenced by site for both species. This effect
was more pronounced for top logs, with recovery being lower from the drier Kingaroy
site (Fig. 1). The thinning treatment significantly affected recovery for E. dunnii only,
with unthinned trees producing less veneer recovery than those from the 300 spha
thinning treatment.

The main factor affecting recovery was the short radius measured at the billet’s small end
(r=0.52). Recovery is expected to be less from small-diameter trees, as the diameter of
the core is fixed regardless of the billet size, so proportionally less of the billet volume
can produce veneer.

For comparison, green recoveries from billets from plantation-grown E. nitens from
Tasmania, of larger diameter and aged 22 years, were around 47% for unpruned and 58%
for pruned trees (Blakemore et al 2010). Thomas et al (2009) reported that green off-lathe
recovery for E. dunnii for three age classes (12-year-old, 17-year-old and 34-year-old)
ranged from 30 to 55%. However, different veneering systems were used in these other
trials, and larger diameter residual cores remained after peeling, which accounts in part
for the lower recoveries.
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Most of the veneer recovered was D-grade, the lowest grade quality (Fig. 2). This is not
unexpected, given the known presence of knots and other defects in plantation eucalypt
logs of the size and age processed. CCV trees from the Ellangowan site had up to 38% of
C-grades and better. Slightly higher percentages of better grade were recovered from the
thinned treatments, in the majority of species-site combinations. Top billets yielded less
of the higher veneer grades than butt billets, which may reflect a higher incidence of
knots from branches in the upper parts of the stem.
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Figure 2. Proportions of different veneer grades recovered from butt logs (a) and top logs
(b) for two thinning treatments for CCV and E. dunnii from two sites.

Some of the major limiting factors preventing veneer from meeting higher grade qualities
were the high presence of kino defects and encased knots. Splits were also common in
veneer from E. dunnii and significantly degraded its quality. The average veneer grade
for individual billets based on the assessment of splits was strongly correlated with
average billet end split area index from both ends. A logarithmic relationship provided
better fit to data from butt billets (R? = 0.68), whereas the relationship between log end
split area and veneer grade for top billets was better explained by a linear relationship
(R?=0.48).

Veneer properties Average veneer air-dry density ranged from 775 to 800 kg m™ for
CCV and 606 to 699 kg m™ for E. dunnii. ANOVA results indicated (p<0.001) that site
was a significant factor influencing veneer density for E. dunnii. Veneer density for both
species was not significantly affected by thinning treatment, billet position or their
interactions.

Average veneer stiffness ranged from 13.1 to 18.2 GPa for CCV and 10.3 to 16.7 GPa for
E. dunnii. Surprisingly, E. dunnii from the Ellangowan site exhibited relatively high
values of veneer stiffness, similar to those of CCV, despite its significantly lower wood
density. There was evidence of a significant effect of site on veneer stiffness for both
species, with lower stiffness values from the drier Kingaroy site. Billet height was also
shown to be significant factor for E. dunnii with the veneers from upper billets having
greater mean stiffness. There was no significant effect of thinning treatment recorded for
either species.
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Despite the young age of this hardwood resource (10.5-year-old), both species display
stiffness properties that are superior (or at the very least comparable) to mature plantation
radiata pine, which typically has a veneer stiffness of around 10.5 GPa and is commonly
used to manufacture structural plywood. Similar comparisons can be made with other
species: veneer stiffness of 22-year-old plantation E. nitens from Tasmania achieved a
maximum 10 GPa (Blakemore et al 2010) and mature 36- to 51-year-old Douglas fir from
the USA averaged around 10.9 GPa (Todoroki et al 2012).

Individual trees displayed considerable radial variation in veneer stiffness (Figs. 3a, 4a)
and veneer density (Figs. 3b, 4b). For about 90% of the samples, veneer stiffness ranged
from 10.2 to 22 GPa for CCV and from 8.1 to 21.6 GPa for E. dunnii; veneer density
ranged from 660 to 900 kg m™ for CCV and 565 to 760 kg m™ for E. dunnii. Radial
trajectories varied from tree to tree, however there were few major changes in ranking;
trees with lower veneer stiffness adjacent to the core generally had lower outer-wood
stiffness.
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Figure 4. Example of variation in veneer properties for individual E. dunnii trees along
ribbon from the drier Kingaroy site: a) veneer stiffness; b) air-dry density

Veneer stiffness and density in CCV increased from pith to bark at both sites, with no
evidence of a major effect of site on radial trajectories (Figs. 3a, 3b). For E. dunnii,
stiffness and density increased radially at the Ellangowan site only. At the drier Kingaroy
site, veneer stiffness and density decreased outwards from middle radius to the billet
periphery (Figs. 4a, 4b). It is known that wood properties are sensitive to fluctuations in
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environmental conditions. Kingaroy experienced serious drought over the period 2005-
2009, so drought stress may be the cause of the decline in veneer stiffness and density in
the outer wood of E. dunnii. It appears that drought conditions at Kingaroy had less
influence on the wood properties of CCV.

Standing tree acoustic velocity Standing tree acoustic velocity, determined by the
Fakopp time of flight method, was a good predictor of mean veneer stiffness from butt
billet, and returned significant coefficients of determination for CCV (R?=0.78) and E.
dunnii (R?=0.90). Fakopp provided a reliable prediction of veneer stiffness not only from
the outer part of the butt billet (R?=0.81) but also from the heartwood zone (R?=0.74).

Conclusions

Small spindleless veneer lathe technology is a promising processing option for producing
veneer sheets from relatively small diameter logs that will optimise the recovery and use
of this plantation resource. Results from veneering study indicate that relatively high
veneer recoveries were achieved for the sub-tropical plantation hardwoods. When
considered with the superior mechanical properties of these hardwoods, it is suggested
that the veneers have attributes that are suited to several engineered wood products,
including plywood and laminated veneer lumber.
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Abstract

Wood is a material of biological origin with outstanding properties. One of its most
important properties is the density. Indeed, it is connected to several functional traits of
the tree and is correlated with some wood mechanical properties. This property then gives
an indication of the potential uses of forest species. It is also an important parameter for
estimating biomass and carbon stock of a forest resource.

Wood density varies according to various factors, such as environmental and intrinsic
factors. The intrinsic factors which influence variation on wood density were studied in
this research on 23 native hardwood species in natural rainforest of Mandraka
(Madagascar). These factors were the tree diameter, the distance from pith and the
species shade-tolerance. A total of 204 trees were studied. On each tree, core samples 1.5
mm in diameter were extracted from pith to bark at 1-1.5 m height. Measurements of
wood density were performed on each 1 cm length segment cut from pith to bark. Within-
tree and between-tree variations of wood density were analyzed.

The results showed that sciaphilous species have significantly higher average wood
density than heliophilous species. Tree diameter doesn’t have any influence on the
average wood density. Concerning within-tree variation, wood density of light
demanding species slightly increases from pith to bark with a positive slope of 0.002 to
0.004. That of shade-tolerant species decreases slightly with a negative slope equal to -
0.001. Such information is important for understanding the behavior of the tree
depending on intrinsic factors and to guide forest management activities. In addition,
these results contribute to fill in the gap on wood properties database of Madagascar
forest species.

Keywords: wood density, intrinsic factors, hardwood, forest, Madagascar.
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A Graduate Program Bridging Forest Biotechnology
and Biomaterials Engineering

Perry Peralta, llona Peszlen, Vincent Chiang

Abstract

Forest biotechnology is expected to play a major role in meeting future demand for wood
as industrial material. Genetic engineering provides new sources of variation to
traditional tree breeding and DNA transfer has been achieved to impart desired
characteristics to several wood species. Tailoring specific transgenics to produce lines for
optimal processing represents a significant potential for the forest products industry. It
pushes the manipulation of wood properties upstream when chemical constituents and
individual cells are being laid down by the tree.

Crucial to the integration of biotechnology and manufacturing are educational programs
that marry materials science and tree biology. The approach is multi-disciplinary,
addressing such diverse areas as tree improvement, genotype deployment, forest genetics,
and wood materials science and engineering. The integration of the biological and
engineering aspects of forestry will result in a cadre of researchers with the capability to
tackle transformative issues such as global warming and sustainable alternatives to fossil
fuel. North Carolina State University (NCSU) has developed an educational program
designed to produce graduates who are proficient in forest biotechnology, biometrics, and
wood engineering. This presentation describes the recruitment and selection of the
fellows, their technical core and functional competencies, and their training program.
Methods of assessing performance outcomes, and the resources needed for the program
to be successful are also described. It is our aspiration that the presentation will
encourage other universities to use the NCSU approach as a model to start their own
programs that bridge Forest Biotechnology and Biomaterials Engineering.

Keywords: Graduate education program, biotechnology, genetic engineering, wood
materials science and engineering
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Abstract

In the reaction of wood with acetic anhydride, when no catalysis or decrystalizing solvent
are used, there is always hydroxyl functionality remaining after the reaction has gone to
“completion” as indicated by IR spectra. This indicates that not all hydroxyl groups have
been involved in the reaction. Acetylation of wood is a good reaction to study in the
accessibility and reactivity of wood as one acetyl group reacts with one hydroxyl group
with no polymerization. The rate controlling parameter in this reaction is the
accessibility of the reagent to the hydroxyl site. In the early stages of the reaction, lignin
reacts the fastest due to the acetic phenolic hydroxyl. This is followed by the reaction
with the hemicellulose polymers. No reaction seems to occur in the cellulose. Softwoods
react with acetic anhydride faster and to a higher extent as compared to hardwoods.
Primary hydroxyl groups react faster than secondary hydroxyl groups so woods high in
xylans (hardwoods) show a slower rate of reaction and a lower level of hemicelluloses
substitution as compared to softwoods. The primary intent of this research was to study
the effects of acetylation on the change in equilibrium moisture content.

Key Words: Accessibility, hydroxyl groups, acetylation, reaction rate, hardwoods,
softwoods.
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Introduction

The polymers in the wood cell wall contain hydroxyl groups. Not all of those hydroxyl
groups are accessible to moisture. The hydroxyl groups in crystalline cellulose and those
buried in the lignin-carbohydrate matrix are probably not accessible to moisture. Only
those hydroxyl groups in the non-crystalline portion of cellulose, and the hydroxyl groups
on lignin and hemicelluloses that are not buried in the cell wall matrix are accessible to
moisture.

The sorption of moisture in wood is presumed to be sorbed either as primary water or
secondary water (“Figure 1”°). Primary water is the water sorbed at primary sites with

high-binding energies, such as the accessible hydroxyl groups. Secondary water is that
water sorbed by less-binding energy — water molecules sorbed on top of the primary

Tl?T?TIT?I???|?|T?
1)1 i somsirat /1117,

Figure 1 — Primary and secondary water on cell wall hydroxyo groups.

It is interesting that most sorption/desorption isotherms published for wood present a
generic hysteresis curve, i.e. one curve fits all woods (“Figure 2”). While this may be
generally true, different species of wood sorb moisture to different extents depending on
amount of each cell wall polymer and extractive content (and probably on the cell wall
architecture) [1]
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Figure 2 — Sorption/desorption isotherm for wood.

In the reaction of wood with acetic anhydride, it has been observed that softwoods react
WOOD-0OH + CH3C(=0)-0-C(=0)-CH3 — WOOD-0-C(=0)-CH3 + CH3C(=0)-OH
Acetic Anhydride Acetylated Wood Acetic Acid
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faster and to a higher extent as compared to hardwoods (see “Table 1”°). Since some of
the hydroxyl sites are esterified with acetyl groups, there are fewer primary sites to which
water sorbs. And since the wood is more hydrophobic due to acetylation, there may be
less secondary binding sites available as well.

Table 1 - Weight gain due to reaction of Scots pine and aspen with acetic anhydride
at various reaction times at 120 °C.

Wood Weight gain (%) at reaction time (hrs)
025 05 1 2 4 24

Scots pine 13.7 154 195 20.7 249 237
Aspen 119 139 172 178 194 188

Isolated lignin reacts faster with acetic anhydride as compared to hemicelluloses and
holocellulose (“Table 2”) [2] [3]. Kumar and Agawal reported that at an acetyl weight
percent gain of 13.5, 86.4 % of the lignin was acetylated, 21.6 % of the hemicelluloses
and 9.3% of the cellulose [2]. Reacting wood at 120 °C with acetic anhydride and no
catalyst, at an acetyl weight gain of 16 to 19%, theoretically about 90% of the lignin is
esterified, and 25% of the holocellulose [4]. It is assumed that all of the carbohydrate
reactions takes place on the hemicellulose hydroxyl groups with little or no cellulose
hydroxyls substituted There may be a small amount of hydroxyls esterified on the
surface hydroxyls in the amorphous regions of cellulose, however, this lack of reactivity
of the isolated cellulose is based on the observation that pure wood cellulose showed no
weight gain after several acetylation reactions.

Table 2 - Weight gain of pine wood and isolated cell wall polymers after reaction
with acetic anhydride at 120 °C.

Substrate Reaction Time (min)
15 30 45 60 120 180

Scots pine 3.8 71 112 150 178 184
Holocellulose 0.7 1.4 2.0 2.6 6.2 10.3
Hemicellulose 3.8 71 151 222 273 303
Lignin 9.8 12.7 137 148 16.7 16.9
Cellulose 0 0 0 0 0 0

“Table 3” shows the equilibrium moisture content for one soft wood (Scots pine, Pinus
sylvestris) and one hard wood (aspen, Populus tremuloides) at four different relative
humidity’s [5]. Note that the EMC for the hardwood is slightly lower at each RH as
compared with the softwood.
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Table 3 — Equilibrium moisture content of pine and aspen at different relative
humidity’s (27 °C)

Species Equilibrium moisture content at:

30% RH 65% RH 80% RH 90% RH
Scots pine 5.8 12.0 16.3 21.7
Aspen 4.9 111 15.6 21.5

“Table 4” shows the cellulose, pentosans and lignin analysis for pine and aspen. Based
on the data presented, it might be expected that aspen would have a slightly lower EMC
as compared to pine because aspen contains a higher content of pentose polymers which
do not contain a primary hydroxyl group [6].

Table 4 — Chemical composition of pine and aspen.

Wood Alpha Cellulose Pentosans Klason Lignin
Scots pine 47.0 11.0 28.0
Aspen 49.0 19.0 19.0

A more detailed sugar analysis of Scots pine and aspen is given in “Table 5”. It is clear
that pines, in general, have much less pentose sugars in its structure as compared to
aspen.

Table 5 - Sugar analysis of Scots pine and aspen.

Wood Percentage in Wood (%)

Glucose Xylose Galactose Arabinose Mannose
Scots pine 44.0 7.6 3.1 1.6 10.0
Aspen 49.0 17.0 2.0 0.5 2.1

EMC values for acetylated pine are proportional to the acetyl weight gain resulting from
acetylation. A curve can be experimentally obtained and a graph can be made of EMC vs
acetyl content (see “Figure 3”). The relationship is linear so that each hydroxyl group
that is acetylated reduces the EMC in proportion. It might be expected that in the early
stages of the reaction, the most accessible hydroxyl groups might be involved in the
reaction and less available ones reacting later. But, this is not the case.
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Figure 3 — Acetyl content of acetylated pine as a function of EMC.

“Figure 4” shows the sorption-desorption isotherms for acetylated spruce fibers [7]. The
10 minute acetylation curve represents a WPG of 13.2 and the 4 hour curve represents a
WPG of 19.2. The untreated spruce reaches an adsorption/desorption maximum at about
35% moisture content (top), the 13.2 WPG a maximum of about 30% (middle), and the
19.2 WPG a maximum of about 10% (bottom). There is a larger difference between the
adsorption and desorption (hysteresis) curves for the acetylated wood as compared to
control which is not easy to explain since many of the hydroxyl groups are esterified in
the acetylated samples as compared to the control.
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Figure 4 - Sorption Isotherm for control and acetylated spruce.

Conclusions

Acetylation of hardwoods is a slower reaction than acetylation of softwoods. The level
of acetylation is lower for hardwoods as compared to softwoods. This difference may be
due to more pentose sugars in the hemicelluloses in hardwoods which do not contain
primary hydroxyl groups. The equilibrium moisture content decreases proportionate to
the increase in acetyl content. Even at a high level of acetyl weight gain, there is still
differences in the adsorption and desorption isotherm.
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Non-Enzymatic Deconstruction Systems in the Brown
Rot Fungi

Barry Goodell?, Valdeir Arantes?, Jody Jellison!

Abstract

Brown rot lignocellulose degrading fungi have evolved several times over the millennia
to develop one or more unique mechanisms to depolymerize woody cell walls. Non-
enzymatic free radical systems have been discovered which allow these fungi to at least
partially eliminate the physiologically-expensive process of producing large extracellular
enzymes for cell wall deconstruction. The first non-enzymatic system to be identified in
Gloeophyllumtrabeum (Pers.) Murrill, and now found in several other brown rot species,
is the chelator-mediated Fenton system(CMFS). The mechanism involves low molecular
weight compounds, typically catecholates (hydroxybenzene derivatives), that bind iron
from oxalate during a pH change, which occurs as these compounds diffuse from the
environment immediately surrounding the fungal hyphae into the lignocellulose cell wall.
Once in the buffered environment of the cell wall, the chelator-bound iron will react with
peroxide within the lignocellulose cell wall, to generate the powerful hydroxyl radical
oxidant via Fenton chemistry. This mechanism explains how reactive oxygen species can
be generated at a distance from the fungal hyphae to protect the fungus from damage.
Further it provides a basis for understanding how both cellulose and lignin are modified
by brown rot fungi, with the cellulosic components being metabolized by the fungus and
the lignin components re-polymerized to produce a highly recalcitrant "brown rot
modified lignin" that will persist for centuries in the environment. This research helps to
explain how biodegradation systems both cycle carbon back to the atmosphere, but also
sequester carbon for many centuries in the soil. Further, the non-enzymatic
deconstruction mechanism described, which employs reactive oxygen species, may
provide a biomimetic model useful in pre-treatment systems that are required in feedstock
production systems for bioenergy/biopolymer applications prior to enzymatic treatments.

Key Words: Fungi, Free Radicals, Lignocellulose Deconstruction, Bioenergy, Carbon
Cycling
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Abstract

Currently, no quantitative comparison exists to relate strength effects of wood samples
exposed to high-temperature laboratory conditions to real-world field performance when
exposed for an extended period of time as roof sheathing. Our understanding of how to
interpret the laboratory-induced thermal degradation data and how it is related to real-
world in-service performance of fire retardant (FR) systems is currently limited. This
paper discusses critical issues that affect this relationship and then discusses our
preliminary development of a theoretical model to relate the differential effects of
laboratory and field exposures on strength loss in FR plywood.

Keywords: Plywood, Thermal degradation, Roof sheathing, Mechanical properties.

Introduction

Over the last 25-years a relatively large data base of plywood exposed to
elevated temperatures at steady-state laboratory conditions as has been
developed by the USFPL and others [Barnes et al 2008, 2010, Winandy 1997,
2001, Winandy et al 1991]. This work led to an ASTM Standard Test Method
for FR-treated plywood [ASTM D 5516] and an ASTM Standard Practice for
for calculating bending strength design adjustment factors for fire-retardant-
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treated plywood roof sheathing [ASTM D 6805]. However, the assumed
exposure conditions used in the D6805 Standard Practice are based a non-
verified roof temperature model and not on real-world roof temperature data.
Earlier attempts at developing a steady-state versus cyclic exposure models
were inconclusive [Levan et all 1996]. This paper describes an on-going
project to develop a quantitative relationship between high-temperature,
steady-state laboratory exposures and diurnal, seasonally-cyclic exposures in
the real world because no definitive relationship based on matched data yet
exists to relate the effects on wood strength loss between laboratory and field
exposures..

Background

To model the quantitative relationship between thermal degradation of wood in a steady-
state, high-temperature laboratory environment with that in a diurnal, seasonally-cyclic
real world field exposure, we must first understand the relevant physical and
environmental issues.

Materials

Plywood comes in many grades and lay-ups. Work to date has relied almost exclusively
on higher grade plywood such a NN or AC. That decision was based on earlier chemical
effects studies that found that higher grade materials usually experience greater
treatment-related strength loss than did middle- to lower-grade materials (LeVan &
Winandy 1990). Later, a specific study relation a wide range of plywood grades and
thickness found little difference in either the initial or the elevated temperature effect of
FRT on plywood strength (Lebow & Winandy 1998).

FR Chemicals

A number of FR-chemical treatments were evaluated and this data clearly showed that
the magnitude of the initial effect of FRT on wood strength could be related to the
difference in pH of the wood before and after FR treatment (Lebow & Winandy 2001).

Time-Temperature field relationships

To obtain actual field data on the temperatures and hours of exposure over the entire
range of temperatures experienced for typical North American roof construction, matched
test structures were built in Southern Wisconsin and Northern Mississippi. The sheathing
and rafter temperature were recorded and modeled after collecting 8- and 4-years of
actual field data in Wisconsin and Mississippli, respectively [Winandy et al 2000].

Modeling Laboratory & Field Data

In our modeling, matched specimens exposed in a steady-state environment of
65°C and 75% RH for 60- or 160-days were compared to field-exposed
specimens, exposed for up three years in simulated roof structures in Mississippi
(e.g. near Starkville, MS in Southeastern US). We analyzed for trends and
quantitative relationships using non-parametric distributional analysis in which
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10t 25" 50" 75" and 90™ percentiles of each group were modeled using
regression analysis (Fig.1). For each treatment, the ratios of slopes for the mean
and the five percentile levels were then averaged for laboratory and for field.
Then the ratio of slopes between laboratory and field exposures can be calculated
and used to develop comparative relationships for the differential rates of strength
loss between cyclic-seasonal, diurnal field exposures and steady-state, high-
temperature laboratory exposures. These relationships have been developed and
show that depending on FR-treatment the Lab-to-Field relationship varies from
18:1 to 32:1 in a Mississippi climate (Winandy et al 2014).
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Figure 1. Comparative strength loss across the bending strength distributions
for matched MAP-treated plywood exposed to high-temperature, steady-state
laboratory exposure or diurnal, seasonally-cyclic exposure in Mississippi
USA.
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Abstract

In the present study, we report a simple and efficient approach for the fabrication of a
hybrid material based on Tempo-oxidized cellulose gel (TOCgel) and silica nanoparticles
(SilicaNPs) using the sol-gel process. The advantage in using the TOCgel material is
clearly due to the presence of carboxylate (COOH) and hydroxyl (OH) moieties on the
surface of TOCgel and also to the nano/micrometric size of their fibers.

In this work, silica NPS were incorporated in the cellulose nanofibers network through
two routes: physical and chemical process. In the first one, Silica NPS were physically
incorporated in TOCgel fibrous through hydrogen bound. However, the chemical process
was accomplished firstly through the use of a cross-link agent (APTES) to realize the
covalent coupling (amidation) between the carboxylate moieties of TOCgel and the
APTES molecules, and secondly by the in-situ growth of SilicaNPs directly onto the
surface of the TOCgel. Resulting composite films (SilicaNPs-TOCgel) were investigated
by several techniques including Scanning electron microscopy, FTIR, EDX and XPS
spectroscopy, mechanical tests and thermogravimetric analysis. Our results confirmed
clearly the grafting state between APTES and TOCgel surface via the formation of amide
bond at 1545 cm™ and the strong reduction of the carboxylate moieties of the TOCgel.
TGA analysis indicated the presence of silica NPS in the former composite (~ 30 %) for
the both process. In the same context, SEM images indicated that the SilicaNPs seemed
to be incorporated more homogeneously in the final composite obtained via the chemical
process more than that obtained by the physical process. Consequently, mechanical test
showed better properties for the former composite obtained through the chemical way
than that for the physical one. Finally, because of the good mechanical properties and the
well-aligned silica nanoparticles of the SilicaNPs-TOCgel composite films obtained in
this work, they can be used as a promising material in applications of sensors, piezo-
electric devices.

Keywords: Tempo oxidized cellulose; silica NPS; sol-gel process; amidation;
characterization.
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Abstract

Bacterial cellulose (BC) is gaining importance in research and commerce due to
numerous factors affecting the bacterial cellulose characteristics and application in
different industries. Apart from crystalline structure, morphological dimensions of
cellulose nanoparticles vary widely depending on the source of cellulosic material and the
conditions under which extraction and purification is performed. High degree of
crystallinity and size dimensions are of the most crucial parameters which make bacterial
cellulose, suitable for several nanocomposite applications. Two important parameters
temperature and distance of ultrasonic probe were examined to reveal the fibrillation of
bacterial cellulose nanoparticles of purified nata de coco. The prepared bacterial cellulose
dried thin films were characterized by Fourier transform infrared (FT-IR) spectroscopy
and atomic force microscopy (AFM). Results showed that after ultrasound treatment new
films were obtained with new microstructures and structural conformations, depicting
differences in crystallinity and mechanical properties, depending the purification
treatment.

Keywords: Bacterial Cellulose, Ultrasound, Structural Morphology, AFM, FTIR
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Introduction

Bacterial cellulose is composed of a pure cellulose nanofiber mesh spum by bacterials
mainly belonging to the genus Acetobacter xylinum and is produced mostly in static
cultures (Bielecki et al. 2005). Bacterial cellulose network, due to its biosynthesis in the
aqueous media binds large amounts of water — up to 99%. The reason of such interests in
bacterial cellulose arises from the ease in producing a fully biobased cellulosic material
which demonstrate unique properties including, very long polymer chains, high
mechanical strength, high crystallinity, mimics to some extent extracellular matrix, high
water holding capacity, high porosity, biocompatibility, the ability to obtain various
shapes and forms and purity (Petersen and Gatenholm 2011, Gatenholm and Klemm
2010). Thus it is a useful biomaterial in many different applications including food
industry applications, reinforced in paper manufacturing, biomedical applications
(Gatenholm and Klemm 2010), loud speakers (Kim et al. 2009), electronic paper (Shah
and Brown 2005) and biofilters for gas separation (Hosakun et al. 2014). Furthermore
due to its large piezoelectric response (Csoka et al. 2012) potentially could be utilized in
energy harvesting devices alone or reinforced with other piezoelectric materials
(Tsalagkas and Csoka 2013).

The isolation of cellulose nanoparticles without serious degradation, at low costs and
using an environmentally friendly method is always under investigation. Wang and
Cheng (2009) examined the use of high intensity ultrasound to isolate fibrils from four
cellulose sources: regenerated cellulose (lyocell), pure cellulose fiber, microcrystalline
cellulose and pulp fiber. According to the authors, six factors may affect the efficiency of
fibrillation such as power, temperature, time, concentration, size of the fibers and
distance of the ultrasonic probe. Water retention value was used to evaluate and compare
the effects of these factors. In general, water retention value was significantly increased
by high intensity ultrasound treatment for all cellulose sources. Higher concentrations of
cellulose suspensions, longer raw fibers and distance of the ultrasonic probe more than 10
mm resulted lower water retention values. In addition, higher temperature of the
suspension was also helpful for cellulose microfibrillation. Furthermore, the water
retention values of the fibers were increased as the treatment time increased. However, a
longer treatment time could result in higher cellulose degradation.

Tischer at al. (2010) subjected bacterial cellulose pellicles to a high power ultrasonic
treatment for 15, 30, 60 and 75 min. The ultrasonic treatment was carried out in an ice
bath and the ice was maintained throughout the entire sonication time. Bacterial cellulose
pellicles were prior purified by immersion in an aqueous solution of 0.1 M NaOH for one
day. As reported by the authors this treatment was to avoid the mercerization of bacterial
cellulose. Likewise, they refer, that, due to the intrinsic nature of polymerization and
crystallization promoted by Acetobacter xylinum, the crystalline material formed is of
type I and not of type II.

A two step purification process was presented by Gea et al (2011). The main objectives

of this study were to just removing the organic impurities coming from the medium
cultures of the high purity bacterial cellulose (in relation to plant cellulose) and to prevent
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any polymorphic crystal transformation from cellulose I to cellulose I1. As stated, this
treatment with 2.5 wt% NaOH followed by 2.5wt.% NaOCI prevented any structural
changes of the native fiber from cellulose I to cellulose I1.

The purpose of this study was to analyze the effect of ultrasonic treatment on the
reorganization of bacterial cellulose nanoparticles by using mild conditions and further to
develop an easy, low cost and environmental friendly, optimized process to obtain
nanocellulose films suitable for nanotechnology applications which require extensively
high physical properties, as well as enhanced ability to be reinforced with other materials.

Materials and Methods

Nata de coco. Nata de coco is a chewy, jelly-like, translucent dessert, originated from
Phillipines. Bacterial cellulose extracted from nata de coco meets the specification of
pure cellulose, as was proven by FTIR, thermal properties and solubility studies and can
be used as raw material for research of cellulose applications (Halib et al. 2012).

Purification of bacterial cellulose. Nata de coco cubes were washed and soaked in
distilled water until the pH was neutral (pH 5-7), which could require 1-2 weeks, to
remove the majority of sugar syrup. After this washing step, same amount of nata de coco
(=2.5-3.0 g of dried BC) were purified. In order to obtain pure bacterial cellulose, nata de
coco was purified by alkaline treatment to remove the bacteria and any soluble
polysaccharides and microorgamisms. In the first method, nata de coco was purified by
boiling a concentration of 0.5 (w/v %) in 0.1 M NaOH at 70° C for 2 h under continuous
stirring. In the second treatment, nata de coco cubes were immersed overnight in 2.5
wt.% NaOH. This method hereafter referred to as one step purification. A third sample
was prepared in the same way as the second sample, and successively treated with 2.5
wt.% NaOCI (two step purification). Bacterial cellulose was then rinsed with distilled
water until neutral pH conditions. A fourth sample without any treatment, called
untreated was used as control. After purification step, nata de coco was blended for a few
minutes using a laboratory blender and homogenized, poured into silicon trays and dried
up in the oven at 50° C.

Then, 0.1 wt% of dried cellulose films were added in 80 mL of distilled and was
subjected to further grinding with a hand blender, prior to ultrasonication for 30 min. The
concentration was estimated as solid weight percent of cellulose in distilled water. Two
essential parameters of acoustic cavitation, temperature (no water bath, cold water bath
and ice water bath) and distance of the ultrasonic probe (4 cm and 1 cm from the bottom
of a 100 mL beaker) were investigated. Maximum power, time and volume of
concentration were maintained stable. After this process, the ultrasonicated BC was
reconstituted in the form of films and dried at 50° C once again.

Infrared analysis. Fourier transfer infrared (FTIR) spectra of the BC sheets were
obtained using a Jasco FTIR 6300 spectrometer. Spectra were obtained in the mid
infrared region (4000-500 cm™) at 4 cm™ resolution and averaging of 50 scans by using a
Diamond ATR PRO 470-H.
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Atomic force microscopy. The topography and surface roughness of the cellulose films
were determined using a Bruker Multimode 8 with Veeco V nanoscope analysis, using a
V-shape cantilever, no-tapping mode. Width of bacterial cellulose nanofibrils was
measured with Image-Pro Plus analysis software.

Results and Discussion

Temperature change. The temperature of water suspension during ultrasonication
treatment changed significantly depending on time and the cooling methods used. Optical
observation during process showed that maximum power needed more time to be reached
when cold water and ice water bath are used. This means variations on the power also.

Effect of pretreatment by NaOH. One of the most significant treatments performed on
cellulosic fibers to enhance properties such as crystallinitym accessibility of unit cell structure,
dimensional stability and tensile strength is mercerization. Pretreatment by NaOH swells the
fibers and the fibers become more susceptible to fibrillation and remove impurities present in
cellulose and affects the relative amounts of crystalline and amorphous regions and the amounts
of cellulose I and cellulose Il simultaneously (Colom and Carrillo 2002).

Unfortunately, this mercerization process is often accompanied by an unwanted transformation of
the crystal structure from cellulose I to cellulose I1. Microfibrils keep its fibrilar morphology after
treatments with NaOH solutions of less than 9% w/w, but change into irregular aggregates when
treated with NaOH above 12% w/w corresponding to the crystal conversion to cellulose I1. The
crystallinity of the resulting cellulose I1 is very low after a brief alkali treatment (Shibazaki et al
1997).

FTIR. The FTIR spectra of bacterial cellulose prepared from nata de coco are shown in
Figure 1. For further analysis, only the optimum processes of each treatment was chosen
to depict the differences among them. The results of bacterial cellulose produced from nata de
coco showed peaks that confirming the purity of cellulose produced. At the same time the N-H
stretch peak from proteins and amino acids disappears even in the pure nata de coco.
Additionaly, no evidence of change in cellulose type (I to I1) due to the of change in
cellulose type Il purification treatment was observed in the FTIR spectrum at this region,
even in 0.1 M NaOH treated bacterial cellulose. This result is in accordance with Tischer
et al. (.2010). 0.1 M NaOH treatment is a common method used for purification of bacterial
cellulose for biomedical applications. Table 1 presents the characteristic absorption peaks
and bands of bacterial cellulose obtained from nata de coco and these obtained from
regenerated cellulose fibers.

The results of the infrared crystallinitty ratios obtained from each film, as a function of
different ultrasonic cavitation treatment are shown in Table 2. The total crystallinity
(TCI) and lateral order (LOI) indices, proposed by Nelson and O’Connor (1964) and
obtained from 1420/893 and 1375/2900 cm* absorbance ratios respectively, were used to
study the 9crystallinity changes. TCI with substrates containing a high crystalline
cellulose I content such as bacterial cellulose and LOI are useful to follow structural
changes during caustic treatments (Colom and Carrillo 2002).
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It can be seen that these infrared ratios produce different values which represent spectral
differences, due to the different structural conformation of ultrasound treated cellulose.
Films obtained after ultrasonication for 30 min in 4 cm cold water bath, pretreated with
2.5 wt% NaOH resulted the higher crystallinity.

Table 1: FTIR peak assignments for bacterial cellulose and cellulose 11.

Bacterial cellulose Bacterial cellulose (Geaetal.  Regenerated cellulose (Colom
(Halib et al. 2012) 2011) and Carrillo, 2002)
3440 v O-Hcellulose 3443 v O-H cellulose Il 1420 6s CH:
I
2926v CH 3345 v O-H cellulose | 1376 5C-Hb
1440 6 CH> 3150-3220 v, N-H 1336 in plane 8 C-OH
1300 5 CH 2930, 2860 v, CH. 1316 CH2 wagging
1163 v C-O-C 1425-1435 in plane 8 CH2, C- 1278 6 C-H
OH
1040 6 C-O 1146-1160 v, COC 1235 in plane 8 C-OH
1111 v C-Cring 1227 in plane 6 C-OH

(polysaccharides, cellulose)

870-900 out of plane CH & 893y v, (COC) in plane
vibrations

v = stretching, 6 = bending, s = symmetric, a = asymmetric

Table 2. Infrared crystallinity indexes of ultrasound treated and untreated bacterial
cellulose films

Treatments TCI Az7o/Asges LOI Aigzo/Ages  HBI Aszzos/ Aiszo
BC untreated 0.67 1.25 411
BC untreated 1 cm cold water 0.69 1.16 3.04
0.1 M NaOH untreated 0.71 1.39 3.84
0.1 M NaOH 1 cm cold water 0.72 1.27 3.68
One step pur. Untreated 0.69 151 3.75
One step pur. 4 cm cold water 0.88 1.28 3.31
Two step pur. Untreated 0.67 1.50 3.72
Two step pur. 1 cm ice water 0.74 1.30 3.63
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Figure 1: FTIR spectra of untreated and ultrasound treated bacterial cellulose from
nata de coco

Atomic force microscopy. A polarized optical microscopy image of nata de coco is
shown in Image 1. The surface morphology of cellulose microfibrils is important factor in

Image 1: Polarized optical microscopy of crude nata de coco.

interfacial interactions. Thus, the surface changes in width of bacterial cellulose, were
determined. The mean width of the ribbons before ultrasonication, in the untreated
bacterial cellulose was determined to be 39.95 (+ 9.5) nm. In the 0.1 M NaOH treated
31.44 (£ 9.2) nm, in one step purified 36.11(x 7.6) nm and in two step purified 32.84 (+
10.8) nm. In 0.1 M NaOH and two step purified bacterial cellulose was apparently a
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reduction in the width. In the bacterial cellulose samples that were ultrasonicated, only a
slightly reduction was observed after ultrasonication. However, the estimated width of
the measured microfibrils is in accordance with literature (Habibi et al. 2010). A possible
explanation for the obtained width values of no-ultrasonicated bacterial cellulose is the
two times grinding with high power blenders.

Yet, the ultrasonic treatment changed the microfibrillar arrangement, leading to a film
with a different nanostructure. Analysis of the atomic force images illustrated more
homogeneous films, more separated individual ribbons and less aggregated microfibrils.
The ultrasound energy is transferred through searing and cavitation to the glucan chains,
promoting the conversion of amorphous material into crystalline material (Tischer et al.
2010). The Image 2a shows the surface of untreated film, while Image 2b displays the
changes in ultrasound treated bacterial cellulose.

Image 2. Atomic force microscopy no tapping-mode height images of bacterial
cellulose thin film: untreated (a) and ultrasonicated (b)

Conclusions

In this present work, we have demonstrated that ultrasonic processing in mild conditions
was effective in changing the microfibrills structure of bacterial cellulose. The great
advantage of these ultrasound treatments is that we can obtain nice, homogenous thin
films, while after mechanical blending in majority cellulose nanoparticles exists as
aggregates. FTIR and AFM results, revealed that ultrasound transformed the crystalline
structure and consequently the mechanical properties of the obtained bacterial cellulose
films. Even though FTIR spectra anlalysis, presents these changes, still TCI and LOI are
empirical values. Thus, further analysis with XRD, TGA-DSC curves and stress-strain
curves are needed in order to further verify the results.
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Abstract

Plant biomass consists of various biopolymers like cellulose, hemicellulose, lignin and
pectin. For the production of nanofibrils cellulose is isolated from the natural compound
and used for instance for very strong papers or as fibrils for purposes of reinforcement.
Here the suitability for fibrillation in a high-pressure homogenizer of native and partially
chemically digested cell walls from beech & spruce wood and sugar beet pulp is
compared with cellulose from chemical wood pulp. Fibrillation of native cell walls is
worse in comparison to wood pulp shown by mechanical paper tests and microscopy
(electron, atomic force and light microscopy). However, for the bonding of wood non-
cellulosic biopolymers could be helpful. Bonding tests of spruce wood (based on EN 302-
1) show that cell wall fragments, which still contain non-cellulosic biopolymers, perform
not less than nanofibrillated cellulose.
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Introduction

In 2012 the worldwide production volume of sawn lumber was 413 million m3 while 301
million m3 of wood-based materials were produced (FAO 2014). Particularly in the last
two decades the wood-based materials industry recorded a massive growth, despite short-
term reductions due to the global economic crisis. In addition to the wood properties
subjected the anisotropy, the restricted dimensions because of natural tree growth
contribute to the necessity of wood-based materials. The necessary adhesives almost base
on fossil raw materials, why the interest for alternatives out of renewable resources is
great.

Wood consists of three main biopolymers, cellulose, hemicellulose and lignin, which
prove already different adhesive properties. For Pizzi it was possible to glue wood alone
with friction. Those joints show strengths over 10MPa. NMR-studies revealed a cross
linking action between lignin and furfural originated from hemicellulose, as well as a
self-polymerization of furfural. Images show fused fibrillated cells whose network is
newly twisted and then embedded in the new and hardened polymer matrix (Pizzi 2006).
For many hundreds of years paper had been produced out of cellulose and its cohesion is
possible completely without adhesives. Mechanical entanglement, hydrogen bonds and
van der Waals forces among other things are enough, to produce today papers from
Nanocellulose, those strengths reach those of steel, without any adhesive (Klemm,
Kramer et al. 2011).

Outgoing from previous experience with Nanocellulose in this work the fibrillation of
different lignocelluloses in a high-pressure homogenizer was examined. An interaction
between the polymers of the wooden cell wall and the fibrillated lignocelluloses will be
expected due to the area enlargement after the finest disintegration. Which biopolymers
interact better with the wooden cell wall will be evaluated by glue attempts, to obtain a
better understanding for future research about natural binders.

Materials and Methods

Materials. Different plant materials from different origin and pulping process were used
for fibrillation. This ranges from never dried beech pulp from Lenzig AG (Austria) and
already nanofibrillated cellulose out of kraft pulp from Daicel Finechem Ltd. (Japan). For
lignocellulosic materials dried wood, spruce and beech from the institute belonging
carpentry is used but also byproducts of food industry, particularly sugar beet pulp from
CO Agrana (Austria). Respective dry content is listed in Table 3.

Table 3 Dry weight of different materials

never dried beech pulp (NFCs) | 77,1% | beech (Be) 93,2%
nanocellulose (Daicell) (NFCk) | 8,6% spruce (Sp) 91,7%
sugar beet pulp (SBP) 27,2%
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Methods. The nanofibrillation takes place in a high-pressure homogenizer (APV1000)
between 600 and 800bar, a dry matter of 0,5% and is repeated for 20 passages. Wood is
previously milled at dry state in a cutting mill (Retsch) with a 0,2mm sieve and later wet
(7% dry matter) in a toothed colloid mill (FrymaKoruma MZ80) at narrowest mill gap,
repeated 5 times. Sugar beet pulp is previously milled only in the toothed colloid mill to
enable the subsequent nanofibrillation.

Additionally all variants are modified in a previous chemical digestion before the
homogenization step. A TEMPO mediated carboxylation of cellulose is applied for never
dried beech pulp (tNFCs). The reaction performs for two hours at 60°C under neutral pH
conditions (Saito, Hirota et al. 2009). To modify the chemical structure of wood, the
milled wood flour is treated with 0,125M NaOH at room temperature for two hours under
permanent stirring (cBe, cSp) (Gregorova, Wimmer et al. 2009). Sugar beet pulp is
treated in 0,5M NaOH at 80°C for two hours, afterwards washed with deionized water,
then NaOH and again with water. In a further step the pulp is bleached with NaCIO; at
70°C for two hours, followed again by a washing step with water (cSBP) (Leitner,
Hinterstoisser et al. 2007). A part of the fibrillated suspensions is used for film casting in
PTFE coated petri dishes under the fume hood to produce later tensile test samples
(55x10x<Imm). Their material properties (tensile strength, Young’s Modulus,
eleongation) are tested in a universal testing machine
(ZwickRoell020+LaserExtensometer) at 22°C and 50+£5%RH. A microscopic
characterization and analysis of fibrillation degree is done with a light microscope (Carl
Zeiss Axioplan2ie MOT), scanning electron microscope (FEI Quanta FEG 250) and an
atomic force microscope (Bruker Dimension icon with Scan Asyst). The adhesive
properties are tested based on standard EN 302-1 but with spruce instead of beech with
the upper named universal testing device with lap shear test samples. Therefore, the
suspensions are concentrated after the homogenization step to 3% dry matter in a drying
kiln at 80°C. After that, the suspensions are applied on newly planed spruce lamellas
(thickness 5mm) with a spatula (application quantity 30, 60 and 120g/m?). In a hydraulic
press (Langzauner LZT-OK 175L) the lap shear samples are pressed at a pressure of
0,5MPa and 50°C for 3 days and later conditioned at 20°C and 75%RH. Variants pressed
at 120°C stay in press for 15 minutes and are conditioned fixed to avoid warp. For light-
microscopic analysis of adhesive joint samples (4x4x2mm) from the lap shear samples
are embedded in epoxy resin (Agar Scientific Low Viscosity Resin KIT R1078) whose
surfaces are finished with a microtome.

Results and Discussion

Differences between the homogenized suspensions are obvious after a few hours in a
beaker by different sedimentation rates. Sugar beet deposits very fast, Be and Sp less
quickly, whereby chemically modified variants deposit more slowly. NFCs, NFCK,
tNFCs and cSBP suspensions stay homogenous over months what refers to a high degree
of fibrillation.
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Microscopy: Distinguishing for rapid deposition are large unfibrillated bundles that are
present at SBP, Be and Sp. cSBP and tNFCs are fibrillated to such small sizes that no
particles can be detected under the light microscope. No distinction between the two
unmodified cellulosic variants is visible.

Under the scanning electron microscope, the differences are clearer. NFCs, NFCk and
cSBP are better fibrillated compared to Be, cBe, Sp and cSp, so the microfibrils are no
longer bundled. At tNFCs the microfibrils are especially fine and visibly not bundled
anymore. On the surface of dried films the isolated fibrils are also present at Be, cBe, Sp
and cSp, otherwise the fibrilbundles are fibrillated only superficially.

Figure 10 top left: tNFCs, fine fibrillated nework; top right: Be, bundles only fibrillated on its surface;
down left: cSP, fibrils still in bundles; down right: separated fibrils on films surface.

Under the atomic force microscope even fine fibrils and their diameter over the height
can be analyzed. At all variants, nanofibrils with diameter below 10nm exist, especially at
cSBP and tNFCs are many elementary fibrils until 1,5nm detectable.
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T

Figure 11 Atomic force microscopy: left: cSBP with elemty fibrils measurng 3- in diameter; right:
tNFCs elementary fibrils measuring 1,5-2nm.

Mechanical properties of dried films: Cohesive strength of adhesives is one critical
property in bonding theory. Tension tests of samples out of the casted, dried films show
that tNFCs feature tension strength over 150MPa. Also NFCs and NFCK are in the area of
100MPa. Untreated lignocelluloses form very fragile films that do not get over 20MPa.
By chemical pretreatment the strengths climb clearly, particularly cBe and cSBP reach
the NFCs level almost under 100MPa, even though many undissolved polymers beside
Cellulose are contained.
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Figure 12 Results of films tensile test: gray=lignocellulose, white=cellulose; left: tensile strength (MPa) of
films from dried homogenized suspensions; right: Young’s modulus of same specimens.

The linear elastic behavior of the different films shows for the celluloses similar results
with up to 19GPa Young’s Modulus. For the lignocelluloses, the untreated variants are
once more very fragile and less stiff. However, the chemical treatment causes a clear
increase in stiffness particularly for beech. Possibly, because of increased crystallinity
after alkaline treatment since more free hydroxyl groups exist (Das and Chakraborty
2006). For sugar beet pulp, the stiffness increases little but the base level is generally
something over the other untreated variants.
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Films with notably high strain yield the variants cSBP, NFCs and NFCk with up to 10%
breaking elongation. That enables the known slide-stick mechanism of hydroxyl groups
from cellulose chains, which form again hydrogen bonds after break. This phenomenon is
apparent also in force progression, where after a plastic deformation the curve again rises
before the test specimen cracks. Half as extendible are films from tNFCs. All further
variants remain under 3%.

Adhesive quality: Beside cohesive strength, the adhesion of the bonding agent plays a
major role in bonding theory. The testing of adhesives quality following standard EN
302-1 proves the shear strength of glue line where also adhesion influences results. The 3
cellulosic variants achieve no higher shear strengths than lignocelluloses. Untreated sugar
beet has a higher adhesive quality compared to the other variants with the exception of
cBe and tNFCs (p<0,05). This indicates that high cohesive strengths are not necessarily
conterminous with high adhesive quality. SBP features particularly low cohesive
strengths when testing adhesives quality values above 3MPa are achievable.
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Figure 13 left: lap-shear strength of homogenized suspensions as adhesive for spruce wood; right: lap-
shear strength of fibrillated sugar beet at different pressing conditions (white=cold, gray=120°C).

0

Commercially available adhesives for wood-based materials have to reach higher shear
strengths. They have to be tested on beech because according to standard 10MPa have to
be achieved where the shear strength of spruce is already exceeded. In a second
experiment, the pressing time is shortened by raising pressing temperature and
application amount is approached to usual industrial quantities (Figure 13). As a result,
strengths increase further over 4MPa what approximately is half the shear strength of
spruce (Konnerth and Gindl 2006). The evaluation of surface of break shows partial
wood break in the form of fiber coating on the adhesive.

The temperature was kept low at the tests to modify wood and adhesive very little. For
explanation, why SBP suits best the conversion of hemicellulose to furfural that has
known bonding properties can more or less be excluded. In SBP beside hemicellulose and
cellulose great amounts of pectin and proteins are contained (27 or 7%) (Dinand, Chanzy
et al. 1999). Bonding properties of proteins are known and were used before the
petrochemical renaissance. Pectins are located in the middles lamella between the wood
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cells. The microscopic analysis of glue lines shows that fibrillated cells are too big for
entering lower cell rows of wood-components. Few fibrils adhere on S3 which surface is
apolarer (Obersriebnig, Konnerth et al. 2013). A huge part of gluing area make newly cut
cells and cell-spaces where percentage of Pectin is higher.

Conclusion

In the high-pressure homogenizer lignocelluloses fibrillate not as fine as pure cellulose or
carboxylated cellulose those fibrillation is possible until elementary fibrils. On the basis
of diameter reduction of fibrils and fibril bundles the probability for failures and
irregularities inside the material reduces which indicate high tension strengths of “glue
films”. Only a chemical pretreatment and a partial destruction of noncellulosic matrix
polymers induce to higher cohesive strengths. To asses adhesives quality adhesion plays
also an important role for which noncellulosic matrix polymers may be more suitable. So
show untreated sugar beets the highest shear strengths over 4MPa what corresponds to
the half shear strength of spruce. Cellulose may form hydrogen bonds to cellulose. If
wood is glued the cellulose fibrils however are not accessible but enclosed from lignin,
hemicellulose and pectin. Hence, it would be an asset if development of natural binders is
rather based on this biopolymers.
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Abstract

The range of problems which are related to an establishment of wood strength properties
regular dependence with the parameters of ultrasonic waves taking into account
temperature and humidity of a material.

Mathematical model of acoustic wave spreading in such anisotropic elastic materials as
wood further developed, that establishes a relationship between the mechanical
properties of wood and spreading of acoustic waves with the changing temperature and
humidity of material, for the first time a mathematical model of acoustic waves spreading
in a wood proposed, which takes into account exponential type functions with rheological
behavior of wood and allows determination of viscoelastic properties, methods of
determining a speed of acoustic waves spreading in a wood developed, which reduced
measurement error significantly.

Also the appliance and equipment developed for ultrasonic examinations which allowed
ensuring a possibility of carrying out of the experimental acoustic studies in a wide
spectrum of the moisture and temperature conditions.

The results allow to predict the mechanical properties of wood for the acoustic waves
spreading with the changing temperature and humidity of the material; acoustic methods
simplify and speed determination of wood mechanical properties, device which was
designed and developed provides contactless determination of the speed of acoustic
waves spreading in a wood; algorithms for processing acoustic signals developed as well.

On the basis of estimated dependences between the ultrasonic wave speed of spreading
and wood strength properties, the new acoustic method for qualimetry of wood assorting
by its strengths for coniferous and a hardwood species on structural function of
rectangular cut is developed.

Keywords: wood, a tensor of elasticity moduluses, anisotropy, temperature, moisture,
ultrasonic methods, speed of an ultrasonic wave distribution.
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Introduction

Wood refers to the capillary-porous materials and has the anisotropy of mechanical
characteristics, which leads to some difficulties in the process of its investigation. In
recent decades, the possibility of experimental determination of the wood and wood
composite materials” mechanical characteristics by non-destructive methods of control,
particularly acoustic is outlined in scientific articles. Mostly, the experimental acoustic
studies performed in room temperature conditions and in a limited range of humidity are
described. Only a few studies were conducted in a wide range of temperature and
humidity changes [2,4-7]. Today the topic of wood mechanical characteristics
determination with the help of acoustic methods is not enough investigated. In particular,
the analysis of literature showed that nowadays the development of mathematical models
that could describe the acoustic waves spreading in the wood as a viscoelastic material is
of vital importance.

Materials and Methods

Theoretical results. A spatial mathematical model of the acoustic waves spreading in
anisotropic elastic materials concerning the wood which establishes a relationship
between the wood mechanical properties and the speed of acoustic waves spreading is
accomplished.

The equation of motion, which is derived from the fundamental law of dynamics, taking
into account Hooke’s law can be written as:

o%u, . o%u,
atz ”kl aXJ 'an

where: p — density of material (mass per unit volume), u; — movement along the axis i,

p 1)

ciji — the components of the elasticity tensor of elasticity, t —time.

The spreading of a plane sinusoidal wave in the wood can be written as:

U = A -7 = A exp[i( at —kx)] )
where: A — the wave amplitude, k — the wave vector, « — the cyclic frequency, i? = -1.

By substituting the relations (2) in (1) after the mathematical transformations we obtain
the equation of the following form

Cijt AN —PAin,Z =0 @)

By introducing the tensor of the second rank I = ¢j3 N N;, the equation (3) can be
written as follows :

Ty —pSv,° P, =0
( il il Vg ) m (4)
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where: & —the Kronecker symbol, P, (p,,p,,ps) — the unit vector component in the
direction of displacement (polarization).

Expression (4) is a system of three homogeneous linear equations which provide the ratio
between the components of the elasticity tensor ¢y, and the phase velocity v, of the
acoustic wave which spreads in the homogeneous anisotropic elastic medium.

In order to ensure that the system of equations (4) have a solution different from
p, = P, = p3 =0, it is necessary that the determinant consisting of (Fi, —pé)‘i,vd,z), was
equal to zero.

Because of the symmetry of the elastic moduli the tensor 7, is also characterized by the
Since the wood is considered as an orthotropic material, the number of independent

tensor components of elastic moduli decreases from twenty one to nine.
Thus, the Christoffel tensor for the wood as the orthotropic material takes the form:

2 2 2 2 2 2
Iy =CyyNy +CeNy +CssNg, L gy =CegNy +CppNy +CyyNg, Iy =(Cpp +Cog JNyN,,

2 2 2
'35 =CsgNy +CyuNg +CagN3, Iyg =(Cyg + Co5 )Ny, 55 =(Co3 +Cyq JNyNs, ()
Py =T Iy =135 = 1.

Now we consider the system of equations (4) in the case of acoustic bulk wave spreading
along the axis of the wood symmetry. By substituting the appropriate values of the
Christoffel tensor (5) we obtain:

2 2 2 2 2 2 2 2
(Ciny +CesNy +CosNy — oV, " )X (CagNy +CppNy +CyyNg — V" ) X

2 2 2 2 (6)
(Cs5Ny +CggNy +Ca3n5 —pV," ) =0

From the equation (6) it follows that along each axis of symmetry depending on the
polarization fluctuations it is possible to have three types of acoustic waves, longitudinal
and two transverse ones. Thus, by considering the acoustic waves spreading along the
axis of the symmetry wood, we can determine the six diagonal tensor components of the

elastic moduli ¢, = ,ovqb2 ,a=1...6. The off-diagonal tensor components of the elastic

moduli can be calculated, provided the acoustic wave spreading in the direction that does
not coincide with the symmetry axes [1].

The problem of the acoustic waves spreading in the wood, taking into account its
viscoelastic properties is of vital importance nowadays. Synthesized mathematical model
of the acoustic waves spreading with regard for the exponential type of relaxation kernel
wood.
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The solution to the equation of motion (1) can be represented as:

u(x,7) =G (x,2)**F(x,7)+72[G (x,7)* p(x)+G (x.7)*p(x)} ()

o(%,7) =G, (X 7)**F(x,2)+72[6,(x,0)* p(x)+ G, (x,7)* w(x)}, (@)
where: G (x,z) — the dominant function for interchange, F(x,z) — the massive power,
G, (X,7) —the dominant function for stress, ¢ and y — scalar and vector potential of

the movement vector u, y — the ratio setting of the acoustic waves spreading rate, * —
the convolution in time.

In order to find these functions it is necessary to apply consistently the integrated Fourier
transforms on the spatial coordinates x (q — the transformation parameter, marked "F"

for the Fourier transforms) and the Laplace transform in time 7 (s — the transformation
parameter, marked "L" for the Laplace transform).

Inverse transformations are performed consistently. We first determine the original of the
dominant function by Fourier

k .
GL(x,s):ge‘”'x“‘(s); GL(x,5)= _SIGN(X) sepe(s) )
S 21,

where: sign(x) — signature x, 77, — the parameter that depends on the Poisson
coefficient, k(s) — the function which takes into account the core of wood relaxation.

After a series of mathematical operations the end result can be presented in a such form:

GL(x s)=—me‘s"k(s)=—we‘”ﬂ(y s+ /) (10)
o 2 2 '

Mo up

f(y,s)= . (y.s)f(y.s);

m* L m* A m m* 1
) -sy 3 an [s <s—ﬁ>]n =0 am[;j 2. —Yap Al
flL(y,s):e’Sy 1(s-F) —_g  ma —g m —gm-1

where: fL(y,s)=e Ve(sMgMlhklsprke(s=] _ i Cul(Y) _

m

m=0 S
k
ool _ S — Amk+looa+ .Am ool m* g Am
S e A S e S Sl
j=0 Jl S m=0 S k=0 k' m=l §
A,a, f — physical properties of the material.
GL(x,8)==—k(s)e ™) = e g (y,5+ ) (1)
2sy 2sy
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0°(y.5)= i (Y:8)05(¥,8) 05(y.8) = k(s - e el eMats-male-il -

m M+l o g . AM
where: = Z m(y) (1 Za A +A M-+ms +1 }X

sm m1 s™ g™ & g

M +1 — Sm = ol S

— 1 _y(s_ﬂ)Am*Jrl - am+rm+1'Am Am ‘
J_{ Ly }Zk{ﬂyz }

The coefficients ¢, (y) are determined by the rules of the power-series [3].

Development of the experimental equipment. In order to ensure the conduction of the
experimental studies series in the acoustic variable climatic conditions the experimental
setup of acoustic studies (Fig. 1) and the laboratory climatic chamber have been outlined
and developed at the Department of Information Technology, National Forestry
University (UNFU), Ukraine (Fig. 2).

Figure 1. Axonometric block diagram of the experimental setup of acoustic researches.

1 — pattern in the shape of a parallelepiped; 2 — suspension; 3 — pendulum mechanism; 4
— electromagnet; 5 — microphone; 6 — filter; 7 — frequency meter; 8 — oil seal thrust for
weighing the samples in a climate chamber; 9 — bath with oil; 10 — electronic weight; 11
—wall of the climatic chamber; 12 — anchor installation; 13 — oil seal tube.

In order to control the chamber mechanisms and systems a two-channel controller RD2
of NPF “REGMIK” production is wused, the controller is equipped with
RS232/RS485/USB interface for its connection with a PC. This allows: to use the PC
software “system of data collection”, which provides the possibility to read, view and
record the information from the device and the humidity and temperature sensor; to
display the information in tabular or graphical form; to conduct rapid change in the
regulatory parameters of the device. [6,7].

Obtained by the method of free oscillation data rate of acoustic waves penetration in the

temperature range (from 18 to 60°C ) and moisture content of wood (inside) is shown in
(Fig. 3). The speed of acoustic oscillations (SAO) (acoustic free oscillation method ) was
determined by means of sample frequency and size in appropriate direction:
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C=21-f=21-(n/T) (12)
where: C — the speed of acoustic oscillations; | — the sample size in the direction of
oscillation; f —the resonant frequency; n — the number of periods in the selected area of

the timing diagram; T — the length of selected area of the timing diagram.

Figure 2. Axonometric block diagram of the working area and channels of the climate
chamber airflow circulation.

1 — the working area of the chamber; 2,3 — the capacities for air pressure equalization
with the flow lenses; 4 — double-speed fan; 5 — signal connectors; 6 — direct channel; 7 —
hydration channel; 8,9 — two drainage channels; 10 — heat channel; 11 — cooling
channel; 12 — hydration cassette; 13 — drying cassette Ne 1; 14 — heating element of the
heating cassette; 15 — aluminum radiators installed on the cold side of the six Peltye
elements; 16 — channel of the units silica gel regeneration in drying cassettes; 17 — two
rows of needles; 18 — blade evaporator; 19 — cassette holding tank; 20 — one of the three
drainage pipes; 21 — simultaneous doors for the channels opening and closing.

The metrological support of experimental research is done. Time diagrams of the
experiments conducted were investigated with the help of digital oscilloscope with a
sampling rate of 10 MHz, and the computer's sound card with a clock frequency of 192
kHz.

For sound card a relative error of the resonance frequency is
d ={n/t}=on+ot=4t/t=[(1/192000)/0.032375] -100% = 0.02%. For example,
the absolute error of the sample size measured by the caliper is 0.05 mm, while the
sample size 1 =101 mm, is ol = Al /1 =(0.00005/ 0.101)-100% = 0.0495%.

The relative error of SAO was found for each measurement, 6C =+0.0695% . The SAO
absolute  error of the sample for the wvalue 123479 m/s s
+ AC =+C - 06C = +1234.79-0.0695% = +0.86m/s, which is less than the well-known
studies.

Results and discussion. The statistical analysis of the experimental results allowed to
obtain the dependence of the third order regression with the coefficient of multiple

determination R? =0,9985.
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C=by+b, W +b, W2 +b, - W? +b, - T +b-W-T? +b, - W2.T° (13)
b, =1303,52;b, =-12,04;b, = 0,1132;b, = -0,0004;

where:
b, =-0,0005;b, =8,89E - 06;b, =-7,86E - 08;

Previous investigations make it possible to establish the dependence of the elastic moduli
tensor component cs; from the changes in temperature and moisture content for the pine
wood. Using the established patterns of connection between the speed of acoustic waves
and elastic moduli c,; it is possible to identify other components of the elastic moduli

tensor. Further we will continue to record c.; =G,; as G,;.
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Figure 3. The dependence of SAO (VLT) from changes in temperature and moisture

content for pine wood (acoustic method of free oscillations)
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Figure 4 The dependence of the shear modulus G13 from the changes in temperature and

moisture content of pine wood.
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Conclusions

o Mathematical model of acoustic wave spreading in the wood as an orthotropic
elastic material allows to determine the wood elastic moduli tensor coefficients taking
into account the variable temperature and humidity environmental conditions with the
purpose to measure the velocity of acoustic oscillations. To assess the influence of
viscoelastic wood properties a new mathematical model of the acoustic waves spreading
in the wood has been developed. The kernel of wood relaxation is taken into account in
the model in exponential form.

o The designed and developed device of acoustic researches provides contactless
determination of SAO in the wood. There is no direct mechanical contact of excitation
devices and the reception of oscillations according to the pattern. The rate that does not
change despite the changing environments is used which provides the measurement error
of SAO the short sample with the length of 10 cm no more than +1u/c.

o The designed and developed chamber provided the climatic conditions in such
ranges: temperature range +10++125°C and humidity range 2 +98%. The design of the
chamber and developed specialized modules allow to conduct the acoustic studies of the
wood and wood materials in a wide range of temperature and humidity changesa,
directly in the working area of the chamber without removing the samples.

o On the basis of the established relationships between SAO and wood mechanical
properties, a new method of quality control is introduced, in particular the acoustic way
to sort the soft and hardwood wood of constructional purposes rectangular in strength
according to the standard EN338.
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Abstract

Wood is a natural «smart» material which possesses «shape-memory effect. The model of
hygro-thermo-mechanical strains of wood as an elastic-viscous-plastic material describes
deformative conversions at this phenomenon. This model is taking into account formation
of elastic-viscous frozen strains. The quazi-residual frozen strains are the result of
temporary reconstruction of wood nanostructure. For quantification of the shape-memory
effect of wood the quantities of this effect of polymers, such as Rr (strain recovery rate),
Rf (strain fixity rate) were used. Results of a quantitative assessment of shape memory
effect at moisture content changing on the bent samples of beech sliced veneer are
presented. Changes of molecular-topological structure of wood polymers at the
implementation of the shape memory effect were investigated by method of thermo
mechanical spectrometry. Thermo mechanical curves, quantitative and molecular
relaxation characteristics in topological blocks of wood are presented.

Keywords: A. Memory Effect of Wood, C.Quantification of the Shape-Memory Effect of
Wood, B. Thermomechanical Spectrometry, A. Molecular-Topological Structure
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Introduction

The so-called functional materials the properties of which allow to meet particular
purpose become more common (Ozerin 2008). In the class of functional materials can be
erected a subclass of so-called "smart" materials that are based on the achievements of
modern materials and computer science. The way the entire system of a “smart”
material is arranged allows it to perform a self-controlled "intelligent™ action, it is
capable of "thinking"like a living organism , to adopt and implement the solution.
Alloys, ceramics and polymers with shape memory effect belong to smart materials
(Hiltz 2002, Lendlein and Kelch 2002 , Kauymov and Strahov 2011). They are capable
to keep the temporary shape received as a result of deformation under certain conditions
(programming). At return to initial physical conditions the sample remembers a
permanent shape, i.e. there is a recovery of an original shape. Thus, the sample
remembers two forms — permanent and temporary. Some polymers remember three forms
(Lendlein and Kelch 2002), there were data on polymer which four forms can remember
(Xie 2010).

Wood as a complex of biopolymers is a natural smart material possessing a shape
memory effect. As an environmentally friendly, technically advanced material, wood and
wood composites are gaining importance among modern materials. Comparing with
artificial materials the wood has the competitive advantages such as possibility of giving
of a complex of new properties, effective application of coatings, recycling, waste
disposal, etc.

Background

The memory effect of wood was experimentally discovered at the end of the 1970s
(Ugolev 1986). Further research of various aspects of this phenomenon were mostly of
qualitative character (Ugolev 1976, Ugolev 2011). Research of deformative conversions
at various histories of deformation were conducted (Gorbacheva 2000, Ugolev et al.
2011, Ugolev 2014). It was shown that wood can remember the kind of applied loading.
The Shape Memory Effect (SME) is latent property of wood. Visualization and
quantification of SME on bent mini-samples of sliced, rotary-cut and fine-line veneer of
birch, beech, pine and obeche were carried out at temperature and moisture content
change. The multi-shape memory effect of wood also was investigated (Ugolev et al.
2013).

For quantitive assesment of this dominant feature of wood as a natural smart material
two important quantities for shape-memory polymers were used (Lendlein and Kelch
2002):

. R is the strain recovery rate, it describes the ability of the material to memorize its
permanent shape and is a measure of how far a strain that was applied in the course of the
programming is recovered.

. Ry is strain fixity rate, it describes the ability to fix the mechanical deformation
which has been applied during the programming process and so memorize its temporary
shape.
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The shape memory effect of wood is based on frozen strains. They were detected by us
in wood fastened specimen at drying in the early 1960s (Ugolev 1961). The quazi-
residual frozen strains are the result of temporary reconstruction of wood nanostructure.
It takes place under the controlling load influence while wood stiffness increases at
drying or cooling (Ugolev 2014). They disappear at wetting and heating. Using the
model of hygro(thermo)-mechanical strains of wood (Ugolev 2005, Ugolev 2011,
Ugolev 2014), based on the integral law of wood deforming under loading and moisture
content and/or temperature changing (Ugolev and Lapshin 1971, Ugolev 1976)
equations for the calculation of the shape memory effect quantities R and Rf were
obtained .

The strain recovery rate Ry is determined as follows:

R = Eevp~Ep
T Eevp
(1)
here, =.,, is the total hygro(thermo)-mechanical strain, £, is irreversible, plastic strain.

The strain fixity rate R is calculated by the formula:
Rf —

s _ &f +Sp

Eevp Eevp (2)

here & is set strain after unloading; &; = eev1 — gev2  is frozen strain equal to the difference

between the elastic-viscous strains of the wood at the initial and final temperature and
moisture content conditions.
Hence:

Ef = Eevp(Rr + Rf - 1)

SME is based on changes in wood structure. Wood material can be presented as a
composite material consisting of cellulose microfibrils embedded in the lignin-
hemicellulose matrix (Erinsh 1977, Salmen 2004). The spatial structure of the matrix is a
superposition of three interpenetrating networks: H-net is a network of hydrogen bonds
between carbohydrates, and also between lignin and carbohydrates; LH-net is a network
with covalent bonds between lignin and hemicelluloses; L-net is a physical one between
lignin macromolecules (Erinsh 1977).

(3)

Our earlier research conducted in collaboration with the Institute of Solid State Physics
of RAS (Ugolev et al. 2007) by FTIR-spectroscopy method showed that drying of the
loaded birch wood led to changes first of all in amorphous areas of cellulose, and also in
network of hydrogen bonds of wood. The degree of orientation in amorphous area of
cellulose additionally increases at mechanical loading as a result of reorientation of
molecular chains. Such a structural rearrangement occurs during the cooling of loaded
wood. At the same time concentration of hydrogen bonds plays an important role.

In research (Jakes et al. 2012) shape memory effect at twist of pine wood microsample
with RH changes was investigated . To clarify the mechanism of the memory effect the
experiments by nanoindentation were carried out. Authors propose that hemicelluloses
dominate shape fixity mechanism (Ry) and lignin dominates shape recovery (Rr).

189



Proceedings of the 57th International Convention of Society of Wood Science and Technology
June 23-27, 2014 - Zvolen, SLOVAKIA

However , this assumption is debatable , and additional researches in this area are
necessary.

To detect changes in the wood structure during the formation of frozen strain responsible
for the memory effect of wood , research by a method of thermomechanical spectrometry
was conducted.

Materials and Methods
Samples and Procedure. For research of molecular-topological structure samples of
beech sliced veneer along the grain (200x15x0,6 mm) at different test procedure were
used. As an example, Table 1 shows the data for one set of tested specimens.

Table 1.  Testing and measured characterictics

Ne Test procedure Shape of sample Strain | Quan
of tities
sam of
ple SME
1- Before testing Permanent shape e=0

Bk- | (initial conditions) - o

140

1- Programming Temporary shape e=es= |Rf=

e+ € 0,9872
142 | W1>100%, bending,
drying under load at
t=80°C to W2~9%,

unloading \ y

Bk- | Wetting at t=80°C to /

1- Recovery of initial | Shape recovery €=¢p Rr=
Bk- | conditions 0,8932
143 | Wetting at t=80°C to
W1>100%, bending,
drying under load at

t=80°C to W2=9%, \/
unloading, wetting at
t=80°C to W>>100%

Thermomechanical spectrometry. The thermomechanical spectrometry (TMS) (Ol'hov
etal. 1992, Olkhov and Jurkowski 2005) is non-solution method of diagnostics of a
molecular-topological structure of polymers, was developed at the Institute of chemical
physics of the RAS. It allows to carry out complex molecular-topological testing of
polymers during one experiment practically as express analysis (Ol’khov et al. 1996,
Ol’khov and Irzhak 1998, Bazarnova et al. 2002).

Using this method in molecular mass and the topological analysis of the matrix of wood
(hemicellulose, lignin) without solvents and multistage operations solubilizing cellulose
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simplifies and makes more reliable analysis. Thermomechanical curves (TMC) of beech
wood were obtained at perpendicular orientation vectors of application thermomechanical
load and grain direction in the temperature scanning range from - 100 to 300°C.

Results and discussions

Relaxation parameters, the phase state and molecular characteristics of the fragments of
the macromolecules in the structure of topological blocks of wood were determined.
Figure 1 gives an example of TMC of sample with temporary form, in Table 2
characteristics of molecular topological structure for all samples are presented.

All the samples are characterized by rubbery mobility of cross-linked chains in a pseudo-
network of an amorphous block, atypical for native wood. This is explained by a multi-
stage processing of sliced veneer samples .
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Figure 1 The thermomechanical curve of wood sample having a temporary shape
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As shown in Table 2, the original beech wood has topologically diblock amorphous-
cluster structure of the pseudonetwork structure with a ratio of blocks 0.76:0.24. Asa
result of programming the sample remembered the temporary shape, the frozen strains
are formed. Thus there is a significant transformation of the topological structure, it
becomes triblock. The high-temperature amorphous block of pseudonetwork structure
with T'c = 19 °C (molecular-mass characteristics M'cn = 2790, M'cw = 4640, K = 1.66 )
is formed.

The part of more ordered cluster block is increased. The ratio of low - and high-
temperature amorphous and cluster blocks is 0.26:0.3:0.44. In the amorphous block the
molecular masses are significantly reduced that indicates the destruction of the three-
dimensional networks formed of lignin and hemicelluloses , lignin-carbohydrate and
hydrogen bonds. In the cluster block temperature of the beginning of a segmental
relaxation in a cluster rises, molecular mass of clustered chains almost doubles.

Table 2 Molecular-topological structure of beech wood

Wood characterictic | 1-Bk-140- 1-Bk-142- 1-Bk-143-
permanent shape temporary shape shape after recovery
Amorphous block of pseudo-network structure
Ty,°C -73 77 -71
oux 105 K? 6.67 6.28 8.82
o2 x 10° K1 19.8 17.2 23.8
Vs 0.072 0.064 0.052
Men 2830 125 2500
Mecw 5000 180 4670
K 1.77 1.45 1.87
®a 0.76 0.26 0.83
Tw,°C 193 3 213
High-temperature amorphous block of pseudo-network structure
T',°C 19
M’cn -- 2790
M'ew 4640
K’ 1.66
o 0.00 0.30 0.00
T'»,°C 213
Cluster block of pseudo-network branching
Ta, °C 196 225 216
oz x 10°K1 -285.7 -284.9 -286.9
M 17780 35480 2200
o 0.530 0.520 0.520
0 0.24 0.44 0.17
T¢,°C 216 250 223
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| Moisture content, % | 9.3 | 7.6 | 10.2

Here: Tg, T'g are glass transition temperatures; o1, 02,0tz are coefficients of linear
thermal expansion; Mcn , M'ch are number-average molecular weights; Mcw , M'cw are

weight-average molecular weights; K, K’ are polydispersity indexes; @., ¢'s are weight

volumes of amorphous blocks; T , T'« are temperatures of an output on a high elastic
plateau; Te i is temperature of the beginning of a segmental relaxation in a cluster; Mg is

molecular weight of the clustered fragments of chain; ¢ is weight volume of

topological cross-links; @ is weight volume of the clustered fragments of chain; Tt is
temperature of the beginning of molecular flow.

Transition at 19 °C, determined by the TMS for beech wood, obviously, can be explained
by fluctuations in the liberated OH groups after the breaking of hydrogen bonds in the
components of wood (Goring 1963).

When returning to the initial conditions the frozen strains disappeared and the permanent
shape is recovered. However, the full recovery of an initial form doesn't occur because
of irreversible plastic strains (Table 1). Here takes place complete structural degradation
of the high-temperature block , initial diblock structure of wood with some quantitative
changes of molecular relaxation characteristics is restored. The portion of the amorphous
block increases, ratio of blocks is 0.83:0.17, the geometrical free volume V¢ decreases.
In the cluster block considerable decrease in molecular mass of the cluster fragments of
chains is noted, at the increasing of temperature of the beginning of a segmental
relaxation in a cluster Tc;, and temperatures of molecular flow Tr.

Conclusions

The research conducted by the method of thermomechanical spectrometry, showed
relationship between quantities of shape memory effect and changes in the molecular-
topological structure. While forming the temporary shape there happens a substantial
transformation of topological structure of wood, the high-temperature amorphous block
of pseudo-network structure is formed. At recovery of permanent shape full structural
degradation of the high-temperature block is observed, the initial topological structure of
wood is restored with some quantitative changes of molecular and relaxation
characteristics.

Results of this research belong to the area of fundamental wood science. They can be

used for the developing of new smart materials based on wood with a set of specified
properties and for the improvement of existing technologies.
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Abstract

Grain direction is influential for numerous wood properties: Appearance either in round,
sawn or planed wood, strength, distortion, workability, etc. This paper describes fiber
pattern and models for fiber directions in stem cross-cuts and along stems. Deviations in
the general pattern are introduced by naturally occurring phenomena like apex undulation
corresponding to pith eccentricity, out-of-roundness of stem cross-cuts, knots in general
and in particular ‘udder-shaped’ branches, butt end irregularities, curved stems, etc.
While grain angle in a stem cross-cut can be modeled with just two random parameters:
grain angle changes linearly with distance from pith, four parameters are needed for an
idealized stem model, and still substantial model errors must be expected. Including out-
of-roundness in the model would add a handful of parameters for a cross-cut model and
innumerous parameters for the stem model. The same argument applies to models
including knots or other complex phenomena: A deterministic model for any given stem
would require a prohibitive large number of parameters, leaving such analyses to
stochastic models.

Keywords: Fiber distortion, spiral grain, pith undulation, branch swelling, curly grain

Introduction

Grain direction is influential for numerous wood properties: Appearance either in round,
sawn or planed wood, strength, distortion, workability, etc. Wood is frequently described
as an anisotropic material with three distinct directions: Longitudinal along the stem,
radial outwards from the pith and tangential to the circular annual rings. Correspondingly,
location within a stem is commonly given in cylindrical coordinates, (r, a, h) (i.e. radius
from pith, azimuth, height from base). In an idealized stem, the grain (i.e. fiber, tracheid)
direction is considered to coincide with the stem direction, and so even in timber sawn
from round logs. However, a number of naturally occurring factors in a tree affect the
grain directions. The objective of this paper is to give an overview of grain angle (GA)
variation and models for grain angle in naturally growing trees. Damages to the growing
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tree are not described. The descri
description will even be valid for

ption is mainly based on Norway spruce, but most of the
Scots pine.

Spiral grain

Qualitative description. Strange and atypical phenomena in nature has always triggered

man’s curiosity, and heavy spiral

grain as can be seen in old and gnarled trees, certainly

is among such spectacles. Often one will find neighboring trees similar in all respects

other than grain direction: One st

raight-grained, the other strongly spiraled. The reason

for these differences is still not settled and must be sought in the genetic origin. For a

long time the term “spiral grain”
the stem surface. Qualitative
terms were used, e.g. 'a left
spiral during youth passing
through zero spiral to right spiral
at maturity' (Northcott 1957), or
trees were classified into distinct
groups of different grain pattern
(Bues 1992). Traditional know-
ledge in Scandinavia advices
that while logs with any grain
angle in the usual right-handed
direction can well be used in
loghouse constructions (Fig. 1),
‘wrong-twisted’ (i.e. left-
handed) must be avoided as they
otherwise would ‘twist out of the
wall’ (Heeg 1974).

Grain angle in cross-cuts.
Ormarsson (1995) was first to
propose a linear model for GA
outside of the juvenile wood,
where a; are parameters related
to the given cross-cut:

GA=a +ai-r

This model has later been
verified (Gjerdrum et al. 2002).
That is, in the juvenile zone near
the pith, there is a rather abrupt
change in GA, followed by a
constant change rate (Fig. 2).
This model worked equally well

was applied mostly for fibers that can be observed on

. R e a——— Qﬂ.
A log with heavily twisted grain included in
a loghouse construction along with more
straight-grained logs.

Fig. 1

Fig. 2  Spruce opened with the split-disk method.
GA changes rapidly in the juvenile wood,
and subsequently linearly with distance
from pith.
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for radius r given in spatial distance or in cambial age (i.e. number of rings from the pith).
The parameters ao and a: were bi-normally distributed and slightly correlated (r = -0.3 to -
0.5). The background for the constant change rate was later explained by Schulgasser and
Witztum (2007): Stresses between tracheids during maturation due to the microfibril
angle in the cell wall.

Grain angle variation along the pith. A first guess would be that grain angle is constant
along the stem, at least for corresponding radii. However, a recent study revealed some
variation — and some new challenges to deal with (Gjerdrum and Bernabei 2009,
Gjerdrum 2011. An augmented model including a couple of additional parameters was
suggested:

GA=ao+ar-r+(a+ a) - exp(r)

The additional parameter a,

accounts for local pith angle and
as for GA transfer from pith
through juvenile to mature
wood; exp is the Euler function.
Consequently, this formula
models the GA all through the
stem, juvenile wood inclusive.
The four parameters are random
and must be settled: ao, a1 and a3
for each stem, and a, for each
location along each stem. Model
error for stem model amounts to
2.3°, as compared to 1.6° for the
disk model. A major challenge is
to identify a precise definition of | Fig. 3 Pith undulation inside a stem section.

the longitudinal axis. One option
would be to take the local pith direction, another to align along the cross-cut disk’s outer
shape. As can be seen from Figure 3, these do not necessarily coincide. Analyses indicate
that neither work better; indeed, neither work very well at all. The above model was
based on outer shape, and pith angle variation (i.e. standard error for a;) was estimated to
2.2°.

Other Grain-affecting Traits

Apex undulation and pith eccentricity. Eccentric pith might well originate from
reaction wood with wider rings in one part of the stem, e.g. due to a leaning tree.
However, a lesser or stronger degree of eccentric pith (Fig. 4b) will be found in virtually
every stem cross-cut, also perfectly devoid of compression wood. One reason for this,
alongside azimuth variation in ring width, is the never perfectly straight apex (Fig. 4a).
Nevertheless, the growing tree has an intrinsic ability to smoothen this irregularity, and
after some years the outer surface of the stem appears quite smooth and straight, even for
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pronounced apex deviation (Fig. 3). No representative observation of the magnitude of
this eccentricity is known, but practical experience from sawmill operation indicates a
standard deviation for the radial pith eccentricity in any direction in the magnitude of 10
mm. As already described in the previous paragraph, the change rate along the pith is
equivalent to standard deviation for pith angle 2.2°.

Fig.4 a. Apex unulation (left)
b. Eccentric pith in absence of reaction wood (right)

Out-of-roundness. Pith eccentricity
implies a form of out-of-roundness in that
the radius (observed from the pith) varies
considerably around the disk. However,
out-of-roundness is a wider trait, including
any radius variation with azimuth. The
typical cross-shape of a spruce and pine
disk is neither circular nor elliptical, but
rather irregular (Skatter and Hgibg 1998):
Five to seven parameters are needed for an
appropriate model. No representative
analysis for shape variation along stems is
known. For sawn timber, out-of-roundness
only affects the radial vs. the tangential
fiber directions in boards, which usually is
of lesser significance than altering the
longitudinal direction. Most trees tend to
be more irregular near the base; this trait is

Fig. 5 Severe out-of-roundness is
found near the stem base, and
more in pine (picture) than

most outspoken in Scots pine (Fig. 5). spruce
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Representative knots have been modeled by
numerous authors and in numerous ways. Here
is not the place for a full overview, so just one
example will be given. In her doctoral thesis on
effects of knots in structural timber, Foley
(2003) clearly demonstrated the intricacy of
modeling knots in wood, with size, direction,
live or dead knot, and then accounting for the
distinct transfer zone between clear wood and
the knot wood (Fig. 5). And that is for a single
knot, before adding the complexity related to
knot formation in stems: Distance between
whorls and number and direction of knots in
and between each whorl.

05 ,,? N

A (s ¥
Fig. 6  Transfer zone between clear
wood and knot wood

Complex fiber structures related to knots and branches. Some trees grow atypical,
yet completely normal, grain patterns. Although most trees grow slight out-of-roundness
pattern near the branches, in a few trees this can be found in very pronounced forms.
Some trees form cavities, but more often noticeable bumps can be found, sometimes
referred to as udder branches (Fig. 7a). This occurs more in spruce than pine, usually in
solitary or dominant trees. In a stem, fibers can be visualized as ‘flowing’ around knots
much like water flowing slowly past a rock in a river. And just like water forms whirls
when water speed increases, similar complex, curly ‘eddies’ can occasionally be found in
the transfer zone (Fig. 7b.). Grain whirls are mostly found in old trees. Udder branches
can cause some extra trouble for the debranching and debarking operation. That apart,
udder branches, grain whirls and similar phenomena are rare with little practical impact;
they can rather be considered nature’s gift to trigger human curiosity. And so, the
modeling of these phenomena will be appealing — but with little commercial impact.

. POTSERRRR e - :
Fig. 7 a. Some trees develop ‘udder branches’ (left)
b. Complex grain whirls in the transfer zone surrounding the knots (right)
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Conclusions

Although plain spiral grain in stem cross-cuts is easily modeled and just takes two
parameters for an adequate estimation, a mathematical prediction model has only been
available for two decades. A stem grain angle model has been suggested, but higher
model errors must be expected, probably mostly due to the undulating pith and problems
to define an exact direction for the longitudinal axis. Fiber direction in connection with a
knot can be modeled, but when it comes to knot locations in a stem, only stochastic
models useful for simulation are at hand. The same is valid for out-of-roundness and
more complex fiber structures: Models describing single cases might enlighten the
understanding and significance of such phenomena, but deterministic models for
predictive use seems far out of question.
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Variation in Cell Morphology of Genetically Engineered
Aspen and Cottonwood
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Zhouyang Xiang

Abstract

To meet specific needs of the wood and fiber industries, trees with modified chemical
components are desired. Lignin-modified transgenic trees have the potential to benefit the
paper making, fiber and bioethanol industries, which require huge amount of energy and
cause environmental problems when dealing with the unwanted. In addition, genetic
engineering of trees provides unique opportunities to explore the roles and effects of
single woody cell wall chemical components such as cellulose, hemicelluloses, and lignin
in order to gain new insights on cell wall biosynthesis, tree growth, and wood properties.
The overall objective of our research program is to investigate various wood and fiber
properties in relation to the chemical composition of the cell walls to gain new insights
for specific utilization including solid wood, fiber, composites, and energy. This
presentation will discuss the effect of the chemical alterations in transgenic poplar trees
on cell wall formation and cell morphology. Transgenic aspen (Populus tremuloides) and
cottonwood (Populus trichocarpa) clones with modified chemical composition were used
for this investigation. Trees were harvested after six-month of growth in the greenhouse.
From each sample tree, scanning electron microscope images and image analysis of
transverse microtome sections were used to assess variation in cell wall formation and
cell morphology. Vessels and fibers characteristics were measured and analyzed in order
to improve our understanding on woody cell wall components biosynthesis as it relates to
cell wall formation and secondary xylem development.
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Rapidly Hydrolysis of Lignocellulosic Wood Biomass
Hyeun-Jong Bae

Chonnam National University, Gwangju
South Korea

Abstract

Lignocellulosic wood biomass is an abundant, cheap and renewable resource on earth
which can be converted to liquid transportation fuels. However, it is widely recognized
that bioethanol production from wood biomass is limited by inefficient and economical
extraction of recalcitrant lignin under mild conditions and with minimal loss of
polysaccharides.

The economical production of biofuels is hindered by the recalcitrance of lignocellulosic
biomass to bio-processing, causing high amount of consumption of enzymatic
bioconversion and impeding hydrolysis of pretreated lignocellulosic biomass. We tested
and determined the major rate-limiting factor in the hydrolysis of pre-treated wood
biomass by examining cellulase adsorption to lignin and cellulose, amorphogenesis of
lignocellulose, and re-hydrolysis. Based on the our results, equivalence between enzyme
loading and the open structural area of cellulose was required to significantly increase
productive adsorption of cellulase and to accelerate enzymatic saccharification of
lignocellulose. Specially, Amorphogenesis of lignocellulose by acid treatment to expand
open structural area of the cellulose fibers resulted in twofold higher cellulase adsorption
and increased the yield of the first re-hydrolysis step. The total yield from wood biomass
was increased to 70% after 3 h. These results provide evidence that cellulose structure is
one of important effects on the enzymatic saccarification.

Keywords: Enzymatic bioconversion; Amorphogenesis; Lignocellulose
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Abstract

The paper deals with the nature of contact comfort by tactile and behavioural interaction
of human and wood/wood materials as a part of body conscious design/ human-centered
design. After considering the complexity of contact comfort we suggest to set the
following parameters or indicators for expressing the feeling of contact comfort: thermal
comfort related to thermal conductivity, effusivity and thermal contact conductance of the
surface, roughness of surface, hardness of surface including the elasticity of the
supporting material layer, sorption activity of the surface in terms of absorbing the
external moisture (e.g. sweat or humidity of air/its condensates),having control over
body position, possibilities of maintenance connected with cultural background of users,
individual mental and physical setting that creates overall feeling of comfort. One can
express most of them by measurable parameters and all of them by subjective references
of respondents. In this paper we will focus on the first two parameters and also their
relation to the other ones mentioned above.

Roughness is extremely important for the overall feeling of contact comfort and it has
direct relation to the other features. The paper presents the methodology and results of the
pilot study of contact comfort. Different wood based materials and wood species with
different types of surface finishing in comparison with other materials were investigated
by using a test chair. The paper presents some examples of the cooperation of the two
authors within the research project “Interaction of Man and Wood”, since 2011.
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Introduction

In the clothing and textile industry there is a lot of research about comfort which is
related to “contact comfort” as specific term for comfort sensations. According to Das
and Alagirusamy (2011) the factors influencing the clothing comfort sensations of the
wearer can be divided into three groups: physical factors (deals with the human-clothing-
environment system); psycho-physiological factors of wearer; and psychological filters of
the brain. The comfort status of the wearer depends on all these factors and their complex
interactions and synchronizations. The most common clothing comfort related sensory
attributes are thermal, moisture, tactile, hand and aesthetic experiences. The experts in the
field of sensory attributes can easily identify the difference between these attributes.
When the level of human activity or the temperature and humidity of a microclimate
change, the changes in various sensory perceptions, like warmth, chilliness, scratchiness,
dampness etc. can be very easily detected.

Table 1 List of related measurable parameters linked with indicators of contact comfort and how
they contribute to contact comfort

Indicators of MEASURABLE PARAMETERS Unit Increasing (+) or

contact comfort decreasing (-) attitude of
the variable towards (or
in relation) to contact

comfort

THERMAL Thermal conductivity () W/mK -
COMFORT thermal effusivity/diffusivity (a) m?/s -

Thermal contact conductance (hc) -
ROUGHNESS Roughness (Ra) um +
HARDNESS Brinell hardness (HB) N/mm? -
SORPTION Water sorption coefficient (A) kg.m?2s1? 4+
PARAMETERS  Apparent moisture diffusivity (K) m2/s +

Diffusion coefficient (D or De) m2/s +

Water vapor diffusion resistance -

coefficient (p)

Water vapor diffusion permeability (o) S +

This paper examines tactility and “contact comfort” as a more general expression, from
both a technical/physical and a social/psychological point of view. Assessing the
complexity of “contact comfort” of a person touching a material, we suggest the
following parameters or indicators for expressing this contact comfort:

- thermal comfort related to thermal conductivity, effusivity and thermal contact

conductance of the surface
- roughness of the surface
- hardness of the surface including the elasticity of the supporting material layer
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- sorption activity of the surface in terms of absorbing the external moisture (e.g.
sweat or humidity of air/its condensates)

- having control over the body position (e.g. in the case of a seat shell)

- possibilities of maintenance connected with cultural background of users

- individual mental and physical setting that creates an overall feeling of comfort.

Most of them can be expressed by measurable parameters and all of them can be
assessed by subjective preferences of respondents. Tab. 1 lists related measurable
parameters linked to contact comfort together with a hypothetic or expected contribution
to contact comfort expressed by signs (+) for increasing of the variable and (-) for
decreasing (e.g. the lower the thermal conductivity, the higher the contact comfort).

Materials and Methods

In order to assess the sitting comfort (as a special case of “contact comfort”) we
developed a test chair which shows the following features (fig. 1): exchangeable seat,
backrest and armrest made of different materials with different types of finishing that are
usually used in the production of chairs. The skeleton of the chair is designed according
to contemporary ergonomic standards in order to offer a usual somatic comfort so as to
allow the respondent to concentrate on the contact comfort.

The following test materials were used:
1. polypropylene
aluminium
thin plywood board set with PUR-lacquer finishing- high glance spruce glued
board set without finishing
beech glued board set with PUR-lacquer finishing - high glance
beech glued board set with flax oil finishing
beech glued board set without finishing
spruce glued board set with PUR-lacquer finishing - high glance (focus to “sliding
effect”)
8. spruce glued board set with flax oil finishing
In second extended phase of the tests three more materials were added (tested with
respondents in Slovakia only).
9. WPC (Wood Plastic Composites)
10. Plexiglas
11. Cork

wmn

No ok

The materials were selected according to their usual contemporary presence for
manufacturing seating furniture for indoor and outdoor purposes or according to their
potential to be used in this field.
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Fig. 1 Testing chair with exchangeable sets of seat, arm rests and backrests, arm rests are also usable for
testina the edae radius preferences.

We tested the materials by short-term interaction like an initial first impression (after 1-2
minutes of contact) and medium-term interaction (after 10 minutes of contact) in a typical
office environment at a room temperature of about 22°C by artificial air-conditioning.
One part of the test was performed in Austria (in an institute surrounding of the authors)
and the second part of the test was executed in Slovakia at the Faculty of Architecture in
summer 2012 where the rooms were naturally ventilated with no air-conditioning and a
room temperature of about 25 °C (summer condition). The difference in the
microclimatic conditions has contributed to the mapping of the both situations that are
common with seating furniture. After each test cycle with the respondents (assessing the
immediate contact comfort and the medium-term contact comfort of 10 minutes) the chair
was equipped with another test material.

Due to the explanatory approach of the study only 12 test persons in Austria and 12
persons in Slovakia were asked to participate in the study (24 respondents altogether).
There was no further statistical and gender related approach in the current investigation.
The following questionnaire was used for the response of the respondents.

cold I | warm
smooth I I rough
hard | | soft
wet | | dry
| |
| |

poor control over good control over
sitting position sitting position

The last question about comfort/discomfort should mirror an overall impression.

discomfort I I comfort

The respondents were asked to make a simple cross on the line of each of the bars with
opposite characters. Using this method we wanted to make the decision easier about their
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feeling the contrasting features (e.g. hard or soft). When analysing the questionnaires, a
scale from 0 to 10 was put on each of the lines with the contrasting features and the
specific numerical value was taken into account for the further evaluation.

Results

In Tab. 2 we can see all results of the subjective preferences. Here the higher
rating, the warmer the surface was felt and thus provided higher thermal comfort. The
overall comfort also depends on the kinds of clothes the respondents were wearing. By
testing the thermal comfort of the material (characteristic cold/warm), the highest rating
of all had cork (8,0/8,5) followed by spruce raw (7,3/7,5), and the lowest rating had
aluminium (0,7/2,2). WPC composites with (3,1/4,3) exhibits tactile characteristics nearer
to plastics than to wooden materials. Almost in all cases the thermal comfort increased
with running time as the body is “heating up” the surface and the material with the
passing time (additional explanation to the effect is provided in Fig. 2).

Considering the indicators smooth/rough the smoothest material was polypropylene
(2,0/2,1) with aluminium right behind. From the wood based materials, the smoothest
was solid beech wood lacquered followed by lacquered plywood. Solid spruce wood with
no finishing together with cork was considered like the roughest. Polypropylene with
high glance finishing caused very similar reaction as aluminium.

Tab. 2 Evaluation of all criteria considered by contact comfort by all tested materials. There are always two
ratings, first by first contact - 1. milestone and second for the Il milestone after 10 minutes

Average values from tests in Austria and Slovakia together

Features of Material cold f warm | smooth / rough puu;,:g:llrus_ldttci:;trul hard / soft | wet [/ dry d I:;?“T;:ﬂ
Milestones I I1. 1. 1. . 1. L [ L[ . .

polypropylen 31| 43 | 20 21 3,7 4.3 3331|4442 39 ([ 41
aluminum 0,7 2,2 2,1 2,2 4.0 4.4 26323541 29 2.8
beech plywood {5mm thick) lacquered 44 | 5,3 3,1 3,3 4.9 5,1 44 45|47 (43| 42| 44
solid beech glued board {25mm thick) lacquered 45 | 54 | 2,0 2,6 4.9 4,6 48 (47|42 40| 49 | 44
solid beech glued board (25mm thick] oiled 55| 63| 33 5,1 6,7 5,9 53|44(58|58| 59| 52
solid beech glued board {25mm thick) raw 52 | 81| 51 5.1 3.9 5,6 474354 |355] 3,2 | 43
solid spruce glued board {18 mm thick) lacquered 58 | 67 | 24 2,8 4.6 4,9 41 (41]155|55| 46 | 46
solid spruce glued board (18 mm thick) oiled 68 | 7.1 | 45 4,1 6,4 6,4 5.9 |56|56|66| 60 5.6
solid spruce glued board (18 mm thick) raw 73| 7.5 | 3.6 4,9 7.4 7.0 59|59|68|65| 63| 5,8
WPC {22mm thick) 3,0 3,9 4,5 4,9 39132149149 48 3,2
plexiglass, {8mm thick) 19 | 31| 31 3,1 26|28 (48 [47] 35| 22
cork raw {8mm thick) g0 | 85 3,6 3,6 6,2(63]69|70] 63 6,9

By the parameter control over the sitting position we mean preventing a sliding effect
that occurs on high glance finishing with low friction of seats or sitting shells. Here we
can see the parallel between the parameter smooth/rough, thus the results were according
to this correlation. The poorest control over sitting position was reached on
polypropylene 3,7/ 4,3, where with passing time we can see a tiny improvement of the
feeling of control. Here the higher the rating, the better the control over the sitting
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position. The highest rating (and the best control over sitting position) was achieved by
raw solid spruce wood (7,4/7,0), the second was solid spruce wood oiled (6,4/6,4).

There was the hypotheses that the
more times passes, the more intense
the hardness is felt, but the test
didn’t shown such an attitude.
Aluminium (2,6/3,2) and Plexiglas
(2,6/2,8) were considered the hardest
materials.

By evaluating sorption activity,
(tested by the parameter soft/dry),
we think it is necessary to interact
with the material for a much longer
time. Most of materials were rated
quite high which means as “dry”
between 3,5/4,1 by aluminium and
4,4/4,2 by polypropylene and 6,8/6,5
by raw spruce and by cork (6,9/7,0).
The warmer and rougher the
materials were felt, the drier they
were felt, too.

The parameter discomfort/

comfort is to express the overall
comfort, regarding mental setting to,
whereas the higher the rating is, the
higher the comfort. It is interesting
to observe that the rating was similar
as by the other parameters, the
highest rating had both raw solid
spruce (6,3/5,8) and cork (6,3/6,9)
and the lowest rating had aluminium
and Plexiglas so we can state that
the previous testing of the single
parameters had influenced this
evaluation.

heat and moisture transfer

raw solid wood

no

. heat and moisture transfer

raw solid wood

heat and moisture transfer

polyethylen

Fig. 2 Schematization of the interaction of the human
body with materials with different setting of surface
finishing
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Tab.3 Comparison of subjectively expressed rating of indicators of contact comfort with
measurable parameters by single materials. Average subjective rating (ASR) and objective parameter from
reference (OPR)

: Optimal . S
Materials Thermal comfort roughness Hardness Sorption abilities
OPR ASR OPR ASR
thermal for Rough- | for ASR OPR

ASR conductivity | property | ness property | OPR for Absorption
cold / A smooth / | Average | hard / HB property | coefficient
warm [W/(m*K)] | rough Ra [um] | soft [N/mm2] | wet/dry | p[cm?g]

Polypropylene 3,7 0,22 2,1 3,2 708 4,2 10000 3

Aluminum 15 200 & 2,2 29 80t 4,0 oo Bl

beech plywood

(5mm thick)

lacquered 49 0,17 1 3,2 45 - 45 67-72 110

solid beech glued

board (25mm 2000-

thick) lacquered [ 5,0 4] 2,3 4,8 338 4,1 40000%* 14

solid beech glued

board (25mm

thick) oiled 59 4] 5,2 4,9 - 5,8 }

solid beech glued 10

board (25mm 50/400 19

thick) raw 5,7 0,20 B4l [ 51 4,5 341 55

solid spruce glued

thick) lacquered 6,3 4] 2,6 080 |41 12 5,5 24]

solid spruce glued

board (18 mm

thick) oiled 7,0 4 4,3 5,8 - 6,1 -

solid spruce glued

board (18 mm

thick) raw 7,4 0,15 B4l 55 7 59 15,6 0 | 6,7 50/40012

WPC (22mm

thick) 3,5 0,24 B 4,4 28 [t 49

plexiglass, (8mm 180-

thick) 2,5 0,18 1 3,1 2,7 20012 4,8 50000 [

cork raw (8mm

thick) 8,3 0,045B1 |56 6,6 7,0 5-10

Hwillems, W.M., Schild, K., Dinter, S., Stricker. D. 2007. Formeln und Tabellen Bauphysik, 1. Auflage,
Wieshaden

121 Schotz, W., Huse, W. 1999. Baustoffkenntnis, 14. Auflage, Werner Verlag

[31 Handbuch fiir Energieberater, 1994. Joanneum Research

[4I There were not found particular values for the different surface finishingof spruce and beech

51 http://terrassenshop.ch/terrassendielen/holz-kunststoff-verbund-wpc/upm-profi-deck.html

[6lwillems, W.M., Schild, K., Dinter, S., Stricker. D. 2007. Formeln und Tabellen Bauphysik, 1. Auflage,
Wiesbaden, Vieweg Verlag

71 Wagenfihr, A., Scholz, F. 2012. Taschenbuch der Holztechnik, Hanser Verlag

(81 Comparison of Brinell, Vickers and Rockwell hardness (according to DIN 50150). In:
http://www.strack.de/pdf upload/info/vickerst.pdf?sid=1&opentree= 28

B http://www.gunreben.de/index.php/holzhe-brinellhe-informationen-299.html

1191 Dunky, M.,Niemz, P.,2002. Holzwerkstoffe und Leime, Heidelberg, Berlin, Springer Verlag

(111 http://terrassenshop.ch/terrassendielen/holz-kunststoff-verbund-wpc/upm-profi-deck.html
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112 Eyerer, P., Elsner, P., Hirth, T., 2005, Die Kunststoffe und ihre Eigenschaften, 6. Auflage, Heidelberg,
Berlin, Springer Verlag

(131 willems, W.M., Schild, K., Dinter, S., Stricker. D., 2007, Formeln und Tabellen Bauphysik, 1. Auflage,
Wiesbaden, Vieweg Verlag

[141 pyC paint has absorption coefficient p 2000-10000 cm2/g and by water Water-thinnable clear varnish
it is 2500-10000 cm2/g and by epoxid paints it is 10000-40000 cm2/g

It was possible to evaluate every element separately (seat, backrest, armrest) because
there are different demands from the ergonomic perspective, but in this pilot study it
would be too much time demanding and the attention of respondent would be diminished
a lot with too many question to answer and this tiredness could be contra-productive for
our goal. The less contacted part is the armrest and the most intensive contact is at the
seat, which is heated by own human heat in the most intensive way.

Tab. 3 shows a comparison of subjectively expressed ratings of contact comfort with
measurable parameters of single materials. The attitude is similar. These relations will be
further explored.

Thermal comfort and roughness of surface are closely related to each other. The rougher
the surface, the better thermal comfort is felt thanks to the presence of air in the contact
zone between the body and a material (fig. 2) The rougher, regular or balanced rough the
surface, the higher a contact comfort is achieved, because the thermal contact resistance
will be greater for rough surfaces as an interface with rough surface will contain more air
gaps with low thermal conductivity. An interface acts like a very thin layer of insulation,
and thus the thermal contact resistance is only significant for highly conducting materials
like metals. This hypothesis was verified in our tests.

The comparison between natural oils and synthetic lacquer shows that the oils are
perceived as warmer and rougher. The comparison between contact with natural wood
even with synthetic finishing and contact with laminates, the laminates are perceived as
colder and smoother. Roughness is a strategic feature also for all other parameters.

Discussion and Conclusion

According to a literature review and our own field research we have synthesised
following parameters that play an important role in creating contact comfort such as:

- surface temperature thermal conductivity/effusivity

- roughness of surface

- hardness of surface

- sorption activity of surface in terms of absorbing the external moisture from the

human contact area

- having control over body position

- possibilities of maintenance — socio-cultural influence

- individual mental and physical setting that creates an overall feeling of comfort.

If we compare the finishing of different wood materials, in general all parameters were
evaluated higher with raw surfaces and lowest with lacquered surfaces (Tab. 2). The
Thickness of the material does not play and considerable role, thus the evaluation of
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5 mm thick lacquered plywood was very similar to solid beech wood board with the same
finishing. In our pilot study we explored them more deeply and created a methodology on
how to get a feedback from users. The pressing of the veneers in the plywood production
process causes a densification of the wood and the density increases about 5-10%.
Therefor the thermal conductivity is increased (a and 1), too and standard plywood
moulded elements as used as sitting shells, are to be felt as colder. These characteristics
can be assessed by various measurement methods and due to this knowledge one can
generate particular qualities of material surfaces that are in immediate contact with
human body. In some cases an optimised surface performance with regard to contact
comfort gives a trade-off with other important parameters such as mechanical, water and
chemical resistance of the surface. This has to be considered at the final decision for a
product design.

The choice of material by creating any kind of built-environment is influential for later
behaviour, well-being, health and performance of occupants. That is the reason why the
aim of our research is to show “human factors of materials”, too. In the on-going research
project we will do the necessary measurements of missing parameters important for the
different kind of comfort (with focus on contact comfort), especially for the different
surface finishing of materials. We will also evaluate dependencies between subjective
and objective parameters.

We will create some tool for the evaluation of materials regarding their human
friendliness - overview of characteristics important for interaction of human and material
- properties important for supporting users” well-being or complex comfort which
includes health, social and economic importance, too. It will be summarized in an
interactive database that will be an easy tool for professionals (architects, designers,
engineers) but also for the public.
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Abstract

The properties of wood are well documented and have been the focus of intensive
research. Contrary to that, very little is known about the aging process of wood or the
properties of the aged material, although such information is necessary to properly
conserve wooden cultural heritage objects, as well as for the re-use of aged wood.
Another challenge are the contradictory results and statements of studies on this topic.
Therefore for many properties of aged wood no definite conclusions exist. A wide range
of experiments on the chemical, physical and mechanical properties of aged wood were
carried out to obtain results. Supplementary investigations on the role of factors
influencing the properties of recent wood were conducted and a thorough literature study
done. Based on the collected information, possible relationships between different
properties were considered. It could be shown, that aging is governed by chemical
changes. Even for specimens with 120 years of age a decrease in the extractive and
hemicellulose content and signs of degradation of lignin were detected. Additionally,
color changes were observed, namely an increase in redness and yellowness and a
decrease in lightness. However, no significant influence of the mentioned chemical
processes on the hygroscopic or mechanical properties were found, at least for up to 200
years of age (investigated in this work). Furthermore, it was confirmed that the aging
process is dependent on the storage and service conditions and on the wood species as
well.

Keywords: wood, aging, physical properties, chemical properties, mechanical properties
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Introduction

The aging process of wood and the properties of aged wood have been scarcely
investigated so far. In addition, the results of the studies are often contradictious and hard
to compare to each other, as both, the wood species and the age of the specimens, vary
and often the used methods differ.

The current study aims to fill this scientific gap and to contribute to the knowledge about
the aging process of wood.

The main objectives were:
- delivering a complete characterization of wood aged in dry air,

- providing the necessary parameters for modelling wooden structures (furniture,
simulating stresses induced through changing climatic conditions),

- reviewing of the assumptions and contradictions in earlier publications,

- describe the aging process and its effect on selected physical and mechanical wood
properties.

Materials and Methods

Chemical tests and physical-mechanical properties:

To this aim, a wide range of experiments were performed on three different wood species
commonly used in Europe: Norway spruce (Picea Abies L. Karst.), silver fir (Abies alba)
and European oak (Quercus robur resp. petrea). Additionally new wood was investigated
as reference material to the aged samples. Only defect-free clear specimens of sound
wood were used for the investigations.

The age was determined with dendrochronology.

Grading from boards:

For a grading with ultrasound, aged wood (Norway spruce) used in an old buildings was
obtained from companies that deal with wood from deconstructed buildings. Thus, the
origin and history of the material is not known in detail.

The following investigations were carried out according to EN or DIN:

e Chemical investigations: determination of the proportion of the main components
of wood (lignin, cellulose, hemicellulose, extractives and ash) by wet chemical
methods; estimation of the crystallinity of cellulose and the cellulose/lignin ratio
based on Raman spectra; analysis of extractives by means of gas-
chromatography/mass spectroscopy (GC/MS);

¢ Investigations on the microstructure by means of environmental scanning electron
microscopy (ESEM);

e Color measurements;

e Investigations on the hygroscopic behavior: determination of sorption isotherms
and swelling coefficients for a single and repeated climate cycles,
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e Investigations on strength and elastic properties: determination of bending
strength as well as elastic and shear moduli with ultrasound (different testing
devices)

e Investigations on the fracture behavior: determination of impact bending strength
and fracture toughness; assessment of the proportional limit and the breaking
strain in bending; analysis of fracture surfaces.

In order to be able to isolate the effects of aging, a multiple linear regression analysis was
applied to the measured data. With this information about the influence of various factors
on the investigated properties was examined. Besides specimen age, the factors density,
annual ring width and moisture content were included in the model for regression
analysis.

Results

Table 1 give an overview on changes due to aging based on values determined for recent
species.

Chemical properties (table 2)

Chemical investigations revealed a decrease in the hemicellulose content with increasing
age in the fir and oak samples. Additionally, their degradation products were detected by
means of GC/MS investigations on the extractive compounds. The findings coincide well
with literature, as almost all studies that considered the hemicelluloses in the aged
samples reported a decrease of their proportion or some kind of modification, both in
softwoods and hardwoods. However, no changes were found for the 120 years old fir
samples. This could be due to the species, but also because of a more favorable storage
conditions. As no earlier results are available regarding hemicellulose content in this
species, the reason for this behavior cannot be determined.

Similar to earlier investigations carried out by different authors on specimens younger
than 400 years, no significant difference between the cellulose content of aged and recent
wood was found for softwood. Next to the ratio of cellulose, its crystallinity was
investigated as well. The results indicate that no significant changes occurred in the
samples. Kohara and Okamoto (1955) suggested that the crystallinity of cellulose in
softwoods increases during the first hundred years of aging, followed by a decrease,
while no increase occurs in hardwoods. Results of the current study are in agreement with
this theory, as most other publications. However, an increase in crystallinity was reported
for hardwood samples up to 180 and 260 years by (Popescu et al. 2007; Gawron et al.
2012). The reason behind this discrepancy may be the accuracy and differences between
the applied methods (Thygesen et al. 2005; Agarwal et al. 2010).

Similar to cellulose, the proportion of lignin in the samples did not vary considerably
among the samples. This included the reference material. However, degradation products
of lignin among the extractives were found through GC/MS analysis. Degradation and
oxidation of the lignin structures due to aging has already been reported in literature
(Borgin et al. 1975a; Ganne-Chédeville et al. 2011). Some authors observed a change in
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the proportion of lignin, namely an increase for samples between 300 and 800 years of
age (Narayanamurti et al. 1961; Tomassetti et al. 1990) and a decrease for wood older
than 4100 years (Van Zyl et al. 1973). The higher relative amount of lignin may be a
consequence of a loss in the holocellulose fraction, but weight gain due to oxidation may
contribute to this effect as well.

After summarizing the available literature and the current results, it can be stated that the
chemistry of wood undergoes small changes during aging.

Physical and mechanical properties

The color of wood is determined by its chemical structure, thus any change in its
chemistry can affect its color. As expected, the executed color measurements showed
clear differences between aged and recent samples. An increase in redness and
yellowness and a decrease in lightness was observed for all three investigated species.
This is in accordance with the results of other studies on aged wood (Kohara and
Okamoto 1955; Oltean et al. 2008; Miklecic et al. 2012). The pictures in Fig. 1 illustrate
the differences between recent and aged wood.
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Fig. 1:Ligthness as function from wood age
Hygroscopic behaviors

During investigations on the hygroscopic behavior of the samples, swelling coefficients
and sorption isotherms were determined, for some specimens during multiple climate
cycles. In contrast to results of previous studies and the beliefs of craftsmen about the
improved dimensional stability of aged wood, no significant difference between the EMC
and swelling properties of recent and aged samples were found. The exposure to cycling
humidity resulted in a small decrease in the EMC, but did not affect the swelling
coefficients from aged wood.
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Table 1: Overview of the trends in property changes during aging, based on current

results and literature values M increasing; \: decreasing; = no change
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! contradictory results; * younger/clder than 400 years; * change in trend around the age of 100 years; * determined by mechanical test;
*increase by 300-800 years of age/decrease by 4100 year old samples
Table 2: Proportion of components determined by chemical analysis
sample age ash extracts cellulose |hemicellulose lignin X
SA05 | 210 years 0.26% 1.29% 52.42% 19.88% 28.29% 102.14%
o |SA06 | 150 years 0.33% 1.50% 52.95% 23.40% 29.48% 107.66%
o
g SAO07 | 150 years 0.30% 1.84% 49.03% 27.11% 28.51% 106.78%
“ | SA08 | 120 years 0.32% 2.66% 49.03% 29.44% 30.50% 111.94%
SRO1 |recent 0.26% 2.39% 53.01% 32.31% 29.00% 116.98%
FAO6 | 120 years 0.39% 2.95% 51.83% 19.32% 31.27% 105.76%
&= |FAO7 |120 years 0.40% 1.34% 56.43% 22.82% 29.90% 110.89%
FRO1 |recent 0.29% 1.38% 52.26% 20.98% 28.14% 103.05%
~ | OA04|250 years 0.27% 5.24% 42.15% 17.37% 28.90% 93.92%
103
© | OR03 | recent 0.30% 11.96% 35.34% 29.09% 31.62% 108.31%
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Mechanical properties

No significant differences wood were found between the mechanical properties of aged
and recent in the current investigation (see Table 1). The correlation of density and
moisture content with certain mechanical properties and the high variability of all
properties is well known in wood science and was proven several times by regression
analysis.

The dynamic elastic moduli for aged and recent spruce boards are plotted against the raw
density in Figure 2. The values in this range and for this species correspond to the ones
found in literature. The coefficients of determination and the slopes of the regression
lines are quite similar for both groups of specimens and are compliant with well-known
data for this type of measurement.
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Fig. 2: Scatter plot of dynamic elastic modulus over raw density for
aged and recent spruce wood (through testing of boards with
ultrasound), Kranitz et al. 2014

Summary and Conclusions

The results suggest that the properties of wood stored under dry, indoor conditions
change only to a small extent in the investigated time span of 200 years. The changes are
mainly found regarding the chemical composition and color. This may not limit its
usability. However, as storage conditions can remarkably affect the aging process, a
condition assessment of aged wood based only on the age may be insufficient. As in most
cases the history of the material is unknown, it is strongly recommended to further
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investigate the aged material before processing, especially when it is intended to be used
in a load-bearing role.

Table 3: MOE (Eg), bending strength (ov), fracture energy in bending (Wh),
proportionality limit and breaking strain determined in bending (ep) for aged and recent
wood

P arw Es Gp Whp Coa% Go.2% Ep
[g/em?]| [mm] [MPa] | [MPa] [J] [MPa] | [MPa] [%]
mean| 0.41 1.14 10385 77.2 7.70 63.5 70.4 117

SA06 jf-::rs 4 |sd 0.02 0.10 619 3.0 0.49 138 19 0.03
cov 4.0% 8.7% 6.0% 3.9% 6.4% 2.9% 2.7% 2.5%

mean| 0.46 1.60 12233 85.3 7.83 75.7 79.9 1.07

samples |age n

SA07 jf-::rs 6 |sd 0.01 0.57 1275 5.2 2.58 11 6.5 0.21
cov 3.0% | 36.0% | 10.4% 6.1% | 33.0% | 1.5% 8.1% | 19.3%

g 120 mean| 0.44 2.47 12900 84.3 8.11 72.6 78.8 1.09
g SA08 years 5 |sd 0.01 0.43 686 9.0 1.82 6.3 9.1 0.12
< cov 2.5% | 17.5% 5.3% 10.7% | 22.4% | 8.7% | 11.5% | 11.4%
120- mean| 0.42 2.63 11936 80.3 7.44 68.4 73.7 1.06

SA09 | 150 29|sd 0.06 1.28 1584 10.8 2.16 7.2 10.5 0.17
years cov 13.6% | 48.8% | 13.3% | 13.4% | 29.0% | 10.6% | 14.3% | 15.8%

mean| 0.41 2.60 11264 75.2 7.30 60.5 66.9 1.08
SRO1 | recent |45 ]|sd 0.02 0.96 2630 9.0 1.83 13.9 15.6 0.25
cov 5.6% | 36.9% | 23.3% | 12.0% | 25.0% | 23.0% | 23.3% | 23.1%
mean| 0.43 2.27 14325 77.2 7.45 60.7 69.0 1.09
FAOD8 3;::“ 4 |sd 0.04 0.60 2382 7.1 1.77 3.2 4.5 0.13
cov 9.2% | 26.4% | 16.6% 9.2% | 23.7% | 5.2% 6.6% | 11.6%
mean| 0.45 2.12 14117 86.8 8.32 72.2 80.7 1.09
FAOG jf-::rs 6 |sd 0.02 0.32 1903 5.6 1.36 3.7 2.9 0.09
cov 3.4% | 14.9% | 13.5% 6.5% | 16.3% | 5.1% 3.6% 8.2%
mean| 0.45 1.61 13767 69.7 5.12 59.0 58.9 0.83
FAQ7 120 3 |sd 0.01 0.24 1837 16.2 3.15 8.5 19.2 0.28
years cov 2.8% | 14.6% | 13.3% | 23.2% | 61.5% | 14.5% | 32.5% | 34.2%
mean| 0.48 2.40 14759 86.6 8.47 70.9 78.8 1.11
FRO1 | recent | 27 | sd 0.03 0.83 1664 8.9 2.14 74 7.1 0.15
cov 6.1% | 34.6% | 11.3% | 10.2% | 25.3% | 10.5% | 9.0% | 13.1%

fir
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Abstract

Mechanical disintegration of wood is a central process in the woodworking industry.
Optimisation of mechanical disintegration processes requires a basic understanding of the
cutting process. However, a basic understanding of the influence of wood properties (e.g.
fibre orientation, moisture content, temperature, etc.) on the cutting process as well as
effects on surface quality, particle geometry, and mechanical weak boundary layer is
lacking. The movement of the knife into the workpiece necessarily causes deformations
around the process zone. Besides machining settings quantity and quality of deformation
strongly depends on wood properties. Therefore, aim of this study was the development
of a method to examine deformations at macro- and micro-scale during the cutting
process. Analysis of the cutting process was done by means of a modified pendulum. The
wood sample is fixed on the lower part of the fin, whereas the exchangeable cutting tool
is positioned at the bottom dead centre of the pendulum. The actual cutting process
happens when the fin is passing the knife at a cutting speed of around 6 m/s. For
deformation measurements a so called randomised Speckle-pattern was applied on the
surface of the sample to be examined. The cutting process was then observed by a high-
speed camera. Images of the cutting process were analysed by the aid of Digital Image
Correlation. For this preliminary study vertical deformation of spruce when cutting
parallel to the grain (0°) was examined.

Keywords: deformation analysis, digital image correlation, cutting process, wood
Introduction

Cutting of wood is a central process in the woodworking industry (Maier 2001, Heisel

and Troger 2001). Beside the requested effect of disintegrating also undesired effects like

deformation and irreversible damage of the surface of the workpiece is taking place
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(Singh et al. 2002). The microscopically rounded cutting edge and the clearance surface
of the knife cause a significant densification of the cell walls within the process zone.
This more or less reversible densification process as well as irreversible deformation is
the cause for the so called mechanical weak boundary layer (Stehr and Johansson 2000)
which has a negative influence on subsequent process steps, e.g. bonding (Gardner 2002).
To improve disintegration processes, concerning surface quality or particle geometry, the
disintegration process has to be understood in more detail. For this reason it is necessary
to examine the interaction between workpiece and cutting tool. Previous investigations of
cutting processes addressed force analysis (Kivimaa 1952) and energy optimisation
(Gottldber 2003) of the cutting process as well as surface quality (Fischer and Gottléber
2005) and surface energy (Frybort et al. 2014) of the freshly machined surface. To
examine occurring deformations a method was developed enabling deformation
measurements during the cutting process. Therefore an adapted pendulum was equipped
with a high speed camera. Deformations of the workpiece during the cutting process were
analysed by using Digital Image Correlation. For further studies this method will be
combined with cutting-force measurements which deliver useful knowledge for a better
understanding of disintegration processes.

Materials and Methods

Pendulum. For cutting-force measurements a pendulum (Wolpert, Vienna, Austria) was
modified for analysis of linear cutting processes with cutting speeds around 6 m/sec
(Krenke et al. 2014). Therefore a vertically adjustable machine table (IEF Werner,
Furtwangen, Germany) is mounted on the bottom dead centre of the pendulum. The
changeable knife HW: 30 x 12 x 1,5 (Leitz, Oberkochen, Germany) is fixed on the
machine table. The wedge angle of the knife is 55°, the cutting angle & was fixed at 65°.
The table enables adjustment of different cutting thicknesses in steps of 1um. The sample
is screwed on the adapted hammer (Fig. 1a). The comparatively high mass of the hammer
(6 kg) enables constant cutting speed during the cutting process of 20 mm sample length.
Cutting thickness was 100 pum.

Sample preparation. For deformation analysis solid samples of flawless spruce (Picea
abies Karst.) were used (Fig. 1). To enable steady cutting through a more or less
homogenous material without early- and latewood transition zones samples were
prepared to allow cutting along the year ring. To analyze deformations by Digital Image
Correlation a Speckle pattern is used on the surface to be investigated. The speckle
pattern consists of randomly distributed dark spots, whereas necessary spot size is
dependent on the resulting pixel size of the image. For the size of the image with

10 x 4 mm at the given resolution of 800 x 320 pixels a diameter of the dots of the
Speckle pattern of around 40 um is needed. To enhance contrast the samples were primed
with white color prior to creating the Speckle pattern. A thick paint film has to be
avoided to guarantee measurement of the wood sample instead of the paint. For creating
the Speckle pattern an airbrush Evolution (Harder & Steenbeck, Norderstedt, Germany)
with a nozzle of 0.15 mm in diameter was used.
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Figure 14: a Sample geometry, Speckle pattern and cutting direction, b cutting is happening on the
flat surface with 20 mm in length along the year rings, ¢ cutting direction 0°

High speed camera. To measure deformations during the cutting process a high speed
camera Motion NX 7 (IDT, Tallahassee, USA) was mounted onto the Pendulum. To
achieve exposure times 1 ps two cold-light sources Marathon multiLED LT (Videal,
Niederdnz, Switzerland) were used. The cutting process was recorded with 16.500 fps.

Deformation measurement. For deformation analysis Vic-2D Digital Image Correlation
Version 4.4.1 (Correlated Solutions, Columbia, USA) was used. For correlation
procedure the reference image and three subsequent images and the scale of the images
were defined. The area of interest was defined with 3 x 2 mm. Due to the large movement
of the sample between the consecutive images an initial guess of three points was defined
for each image to enable a correlation between the individual images. The subset size was
defined with 21 and the step size with 5 and it was placed in a region of the sample where
deformation is as small as possible. The amount of deformation was read out of the
deformation plots.

Results and Discussion

For deformation analysis a high contrast of the Speckle pattern is mandatory. Therefore
white background and clearly distinguished black dots of appropriate size are necessary.
To enable short exposure times of 1 ys an adequate illumination is needed. Reducing
aperture (e.g. 1.2) is counterproductive as a deep depth of field is preferable for the more
or less rough wood surface.
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First results of cutting parallel to the fibre (0°) showed deformations of up to 30 pum at the
freshly cut surface (Figure 2). Deformation quickly decreases until a distance to the
freshly cut surface of around 0,15 mm. An examination of Fischer (1980) with a similar
experimental set-up and the same cutting thickness of 100 um showed deformations
between 0.05 um for sharp knives and 100 pum for blunted knives at the freshly cut
surface. The study of Fischer (1980) showed deformation of 10 to 40 um at 8 mm
distance to the freshly cut surface. This high deformation is mainly thought to be
attributed to the low cutting speed of 2.5 m/s compared to this study with a cutting speed
of 6 m/s. Comparing own results with values from literature is difficult as results from
literature are somewhat contradictory. McKenzie (1960) did not find an influence of
cutting speed (0.0002 to 142 m/s) on surface quality. In contrast, Ohta and Kawasaki
(1995) reported that cutting mechanism is changing with cutting speed due to a change of
the apparent stiffness of specimens under varying cutting speed. They observed high cell
wall deformation at low cutting speeds (0.00008 m/s) compared to less cell wall
deformation and therefore to a rather smooth surface at higher cutting speeds (5 m/s).
Comparing results of this study with an unpublished examination at quasi static cutting
speeds (1 mm/min) confirm the influence of cutting speed on the degree and depth of
deformation. To identify the minimum cutting speed concerning deformation quantity
further studies are necessary.

':I T T T T 1
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Distance to freshly cut surface (mm)

Deformation in vertical direction
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[
A

Figure 15: vertical deformation plotted against the distance to the freshly cut surface, cutting parallel
to the grain (0°)

Conclusion
Measurement of deformation during the cutting process is possible by Digital Image

Correlation. The influence of the cutting speed on the deformation behaviour could be
shown. At higher cutting speed (e.g. 6 m/s) there is less deformation inside the sample
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compared to lower cutting speed (e.g. 2.5 m/s). Further studies are needed to identify the
minimum cutting speed concerning quantity of deformation and therefore surface quality.
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Abstract

A combination of the traditionally used and newly explored sources may reveal highly
innovative ways.

The goal of this study is to provide an insight into the behaviour of the material and new
applications of those fibre/particle wood and waste leather composites.

For this reason exclusively wood particles and fibres of spruce were used for the trials.
Wet white (WW) leather particles, which are treated with herbal tannins and wet blue
(WB) leather particles, which are tanned by using chromium-containing chemicals, were
mixed with the wooden materials. To obtain meaningful comparisons, wood - leather
combinations with 0%, 25%, 50%, 75% and 100% leather to wood content were
produced. Besides the mechanical properties such as the internal bond (1B) the bending
strength (MOR) and modulus of elasticity (MOE) was determined. Further physical
properties as thickness swelling after 24h watering were investigated.

In the case of urea-formaldehyde (UF) bonded particleboard (700 kg/m3) the results show
that all considered properties (IB, MOE, MOR) decrease with increasing leather content.
If using UF bonded wood fibre (900 kg/m3) the results show an irregular improvement of
the IBs with increasing leather content, whereas MOE and MOR decrease in equally. The
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wood/leather samples show a significant difference in thickness swelling than 100%
wood panels.

Keywords: Wet White Leather, Wet Blue Leather, Wood-Leather based panels,

Introduction

The ever-growing environmental consciousness of Western society increases the need for
energy from biomass material [9] and better building material [17]. Thus the procurement
of raw materials and resources for the wood products industry is significantly influenced.
Because of this ever-growing demand of resources, the need cannot be met exclusively
from sustainably harvested timber [16]. Therefore it is imperative to search for new and
better alternatives [1] and proceed as resource saving as possible.

Investigations in nearly every section of new material resources have been made through
the passed years. Most of these investigation aims were to up- or recycle a by-product to
a composite material and to find possible supplements to the wood fibres and particles for
wood based panel production [10]. Han [14] and Halvarsson [12][13] produced
fibreboards from wheat and reed remains in combination with UF and UMF adhesives.
Also exotic materials as coconut fibres [27], steam exploded banana bunch fibres [24],
industrial hemp fibres [8], bamboo and rice straw [15] were investigated mechanically as
well as physically and obtained meaningful insights into possible alternatives to
conventionally produced fibre- and particleboards. Kargarfard [18] investigated
encouraging agro-based materials as cotton and corn stalks in MDF panels. Lee [19]
combined bagasse with other bio based materials, as bamboo, in particle panels and
analysed their mechanical and physical properties.

Besides the bio-based materials also fossil-based materials, as plastic waste [2], were
examined in combination with wood particles and fibres, and its degradability
determined. A seminal way of by-product up cycling seems to be the usage of waste
materials, as chicken feathers and leather shavings, which occur in the meat production
[23], [20]. Most of these by-products are currently degraded thermally or getting
landfilled on depositories in Central Europe [25] and the United States [28].

Winandy [28] manufactured and investigated medium density wood/chicken feather fibre
composites and obtained interesting results in mechanical and physical properties.
Investigations by Ostrowski [22] and Griinewald [11] describe the mechanical and
physical effects of leather shavings in wood fibre materials with medium density and as
insulating mats. Wieland and Stockl [26] analysed the fire resistance of MDF boards with
different leather contents and described a fire retarding behaviour of the wood/leather
composite. This material combination of leather and wood, is issued in the European
Patent by Lackinger (2009).

The aim of this study is to define the influence of leather type (Wet White=WW, Wet
Blue=WB) and amount to the mechanical and physical properties of particle and high-
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density fibreboards (HDF). Wood/leather combinations were mixed with leather contents
0-100% in 25% steps.

Materials and Methods

Materials

For this investigation the leather particles were provided by “Lackinger Consulting”
Salzburg, Austria. Two different leather types, which are defined as wet white (WW) and
wet blue (WB), were used. For the tanning process of WW a synthetically non-chromatic
tanning is used whereas in WB chromium is connected with the proteins of the hides in a
stable bond. Both leather types were dried to a moisture content of 8 = 1% in a dry kiln.
In a further step the dry particles were sieved to a grid size <4 mm and separated into a
fine and a rough part. The provided particles derived from spruce (Picea abies) were
exclusively core layer particles with a length > 6 mm and a moisture content of 9 + 1%.
The used wood fibres (Picea abies) were provided by MDF Hallein, Austria and had a
moisture content of 8 + 1%. For this investigation all tested samples were prepared using
the adhesive Urea- Formaldehyde “Prefere 10F102” by MetaDynea, Krems, Austria with
a solid content of 66% and a 30 per-cent Amonium Sulfat-solution as a hardener.

Production of the panels

The particleboards with dimensions 450 x 450 x 12 mm and fibreboards with dimensions
450 x 450 x 4.5 mm were produced under laboratory conditions. Both panel types were
manufactured with different leather to wood contents (0%, 25%, 50%, 75%, 100%) to
provide a meaningful insight into the influence of the material content to the panel
properties. Whereas the particleboards were prepared with a density of 700 kg/m?, for the
fibreboards a density of 900 kg/m? was defined. Both panel types were produced with a
resin amount of 10%, by using a Hofer HLOP 280 automated hot-press at 120°C with a
pressing factor of 0.5 min/mm. After the pressing process the samples were stored in a
standard climate (20°C / 65 % r.H.).

Testing Methods

The testing samples for both board types, for the modulus of rupture (MOR) and
elasticity (MOE), were prepared by the formula 50 mm x (50 mm + 20 mm x thickness)
which is in accordance to the EN 326-1:2005 [6] and the EN 310:2005 [3] with a
crosshead speed of 10 mm/min. To analyse the internal bond (I1B) the test was conducted
according to EN 319:2005 [5] and therefore the testing samples were prepared in
dimensions of 50 x 50 mm. To obtain meaningful results, each of the mechanical tests
had an amount of 5 samples [n=5].

The samples for the thickness swelling after 24 hours watering were prepared in
dimensions of 50 x 50 mm and the test was conducted in accordance to the EN 326-
1:2005 [6] and the EN 317:2005 [4]. For the thickness swelling investigation 5 samples
of the pure wood panels and leather/wood panels with leather contents of 50% and 100%
were tested.
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Results
Influence of the leather type and amount on mechanical properties

The mechanical investigations show, in all cases, a significant influence of the leather
type and the leather amount to the mechanical properties of the particle- and fibreboards.
As clearly visible in Error! Reference source not found. and Error! Reference source
not found. the modulus of elasticity decreases with increasing leather content for both
leather and both board types. Interestingly the 25% WW and WB HDF show a higher
MOE mean than the pure wood high density panel. The particle boards in Figure 1 show
a linear declining for higher WB and WW content. Although the WB values show a slight
distortion at 75% in their developement, it is not as significant as the MOE for the HDF
on Figure 2. According to the analysis of variance (0=0.05) it is to say that the amount of
leather is highly significant for both particle- and fibreboard, but the type of leather
shows significant influence on particleboards only.

Comparing between fibre- and particleboards, it is to say that the decreasing of MOE
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Figure 1: MOE of Particleboard Figure 2: MOE of High Density Fibreboard

properties is more significant and in a high gear crucial for HDF than for particleboards.
The MOR results show a similiar behaviour of values to the MOE results. While HDF
WW 25% and WB 25% indicate an explicitely stronger performance than the 100%
wood based HDF panel, the particleboards show a decreasing MOR with increasing
leather content. Interestingly in both types of panels the WB means show a non-linear ,
whereas the WW means show a clearly linear behavior for particleboards in correlation
with the leather amount. The analysis of variance (p=0.05) shows that the amount as well
as the type of leather significantely influences the MOR properties of the particleboards,
but not the combination of both.
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Figure 3: IB of Particleboard Figure 4: IB of High Density Fibreboard

Figure 3 and Error! Reference source not found. show the medians and standard
deviations of the Internal Bond results, which indicate a relation between transverse
tensile strength and leather content in the panels. It is to say that the IB is decreasing with
increasing leather content in the particleboards. However, the IB results of WW 25%
medians represent the strongest tensile strength properties, and also the median WB 75%
samples show a higher IB (Fig. 3). As visible in Error! Reference source not found. the
medians of the IB of HDF rise with increasing leather content. Both leather types show a
higher performance in the board with 50% content than with 25% or 75% leather content.
Except WW 25% every median of the WW panels shows a higher IB than the median of
pure wood HDF. According to the analysis of variance (p=0.05) for the particleboards
and the fibreboards the type of leather has no significant influence on the IB. For both
panel types the amount of leather has a high significant influence, but the combination of
leather amount and type is only significant for the particleboards.

Influence of leather type and amount on physical properties
Figure 5 and Figure 6 show that there is a significant difference of thickness swelling

after 24h watering between particle- and fibreboards with various leather content and
pure wood panels.
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The particleboards with leather show an intense hydrophilic behaviour compared to the
pure wood particleboard. Whereas the wood particleboard shows an increase of thickness
of around 24%, WW 50% and WW 100% swelled over 35% in thickness. WB 50% and

WB 100% performed weaker and show slightly higher values than the wood

particleboard.

Also the fibreboards show a similar behaviour in Figure 6 as the particleboards, although
not as distinctively. Here the panel WW 100% with around 17% and WB 100% with
around 13% show the strongest performance in swelling. WW 50% and WB 50% nearly
reached the same increase of thickness of around 11%. According to the analysis of
variance (p=0.05) there no significant influence of the leather type but of the amount of
leather on the swelling behaviour.
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Figure 6: High Density Fibreboard Thickness Swelling after 24h Watering
Conclusions

1. The results for the modulus of rupture (MOR) and of elasticity (MOE) showed a
decrease for particleboard and fibreboard with increasing leather content. Only
the high-density fibreboards with 25% leather amount could achieve higher
results than 100% wood fibreboards. A different linking behaviour between
leather particles and UF resin and wood fibres and UF could be considered. To
get certainty about this behaviour the linkage and penetration of UF to leather
could be discovered in further research.

2. Regarding to the findings of the internal bond (IB) the results showed astonishing
insight into the importance of the mixing proportion between leather particles and
wood. Probably the correlation of the density of the panel and the particle size of
the leather particles is a significant factor, which needs more research to obtain a
better understanding

3. According to the results of the physical investigations the enormous hydrophilic
behaviour of boards with higher leather content is to mention. To really use
leather as an alternative to wood fibres in particle or fibreboards any kind of
additive needs to be involved to reduce its water adsorption.
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Abstract

This study focuses on bark-insulation boards made out of bark from several different tree
species, aiming to find the ideal bark-species for thermal insulation. Therefore bark from
fir/spruce-, larch-, pine- and oak- trees has been used to produce bark-insulation-boards
(thickness ranging from 10 to 20 mm) with a density ranging from 0,3 g/cm?3 up to 0,8
g/cm3, different particle sizes (10 < x1 <30 mm, 6 < X2 < 10 mm, 3 < X3 < 6mm) as well
as different adhesive systems (UF, MUF, Tannin) with varying resination. All boards
were further tested on their mechanical properties (MOR, MOE, IB, TS and WA after
24h) as well as on their thermal conductivity (1) values and were then statistically
analyzed to determine the ideal board properties. Summarizing it was found that all the
evaluated bark species can be used for insulation board use. Thermal conductivity is
primarily influenced by panel density. With regard to panel stability all tested resin
systems proved to be acceptable.

Introduction

Caused by the current situation of resource scarcity, the future trends and needs lead to a
necessity to put on further research on alternative and sustainable solutions referring to
raw-materials based on natural resources as adaptive and exchangeable building
materials. The fact that an average amount of 10 % of a tree is bark (Xing et al. 2006),
projected to the amount of sawn timber all over the world, and bark is hardly used as
building, leads to the conclusion that there is a reasonable potential capacity for further
research on this raw-material sector regarding the building industry (Kleinhempel 2005).
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Inspired by the natural purpose of bark itself, protecting the tree stem from external
influences, research was done on bark and its insulating properties. (Barbu 2011, Kain et
al. 2012, 2013)

The aim of the following study was to compare bark of different tree species like fir
(Abies alba), spruce (Picea abies), pine (Pinus sylvestris), larch (Larix decidua), oak
(Quecus spec.), according to its thermal and mechanical properties. Therefore different
bark panels with varying density, resination and particle size were produced. The
different board types were further on tested, following standardized testing methods, and
statistically analyzed to find the ideal species as well as technical properties.

Materials & Methods

As raw material bark from fir-, spruce-, larch-, pine-, and oak-trees was chosen and
determined to be compared. Therefore bark from surrounding saw-mills in the area of
Salzburg was gathered and subsequently dried in a vacuum dryer located at the Salzburg
University of Applied Science in Kuchl. The bark, which was dried to an average
moisture content of 5-10 %, was separated into 3 fractions sizes using fractioning
machinery with different mesh sizes. In the following process, boards from all available
kinds of fraction sizes as well as bark-species were produced with a density ranging from
0,3 g/cm3 up to 0,8 g/cm3, using three different adhesive systems with an adhesive-
content varying from 8 % to 20 % (Table 1).
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Table 1: Experimental design with the explanatory variables of the bark based insulation

panels
Particle | Target Resin Resin No.
Bark . .
size density | type amount | sample

8 1
300 UF 1 1
MUF 8 1
12 1

350
UF 8 1
12 1
Oak 6/10 MUF 8 1
12 1

400
UF 8 1
12 1
MUF 8 1
12 1

450
UE 8 1
12 1
8 1
3/6 400 MUF 12 2
UF 8 2
MUF
Spruce 400 8 5
| Fir UF 12 >
6/10 8 >

MUF

12 2

450
UF 8 2
12 2
200 S 0 1
250 S 0 1
13/30 400 UF 8 3
8 3
500 UF 7 3
Pine 350 UF 12 1
8 2
400 UF 10 1
8/13 12 0
6 1
500 UF 8 2
12 3
3/6 400 MUF 8 1
Tannin 15 2
250 20 2
UF 15 1
. 15 2
Tannin 20 >

300
UF 12 1
15 1
Tannin 10 2
350 15 2
UF 12 1
Larch 8 1
6/10 MUF 12 1
8 2
. 10 2
400 Tannin 5 5
20 2
8 1
UF 12 1
MUF 8 L
12 1

450
UF 8 1
12 1
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5
10
15
20
800 Tannin 10 2

As binding agent two commonly used adhesives from the wood-industry have been used,
urea-formaldehyde (UF) and melamin-urea-formaldehyde (MUF), and one innovative
natural adhesive system based on tannins.

500 Tannin

NININN

The UF adhesive systems were activated with 5% of an 25 % ammonium sulfate solution
and possesses a solid content of about 60 %. For the tannin based adhesive systems, 50 %
tannin powder and 50 % water was mixed carefully to a homogeneous viscous solution
and following brought to a pH of about 9 by adding gradually a 32 % caustic soda
solution. The viscous mixture was further added a 33 % hexamine solution to synthetize
the binder before mixing it with the bark particles (Kain et al. 2014).

The particles were resonated in a laboratory ploughshare mixer and finally pressed with a
common hot-press at a temperature of 180°C.

After pressing several different board types (Table 1), regarding to density, adhesive-
type, binder-content, particle size and bark-species, the boards were tested on their
thermal and physical properties. The thermal conductivity, as well as physical properties
like MOR, MOE, IB regarding to panel boards, was determined by standardized testing
equipment. Finally all test results were statistically evaluated in order to determine the
best combination for a bark board.

Results and discussion

As a general result it can be said that thermal conductivity is improving by lowering
density of bark boards relating to all tested bark-types (Figure 16). That fact was proven
by coefficients of determination between 0.4 and 0.9 for the regression between panel
density and thermal conductivity with the different bark species. An univariate analysis
of variance showed bark species statistically very significantly (p<0.01) influences the
thermal conductivity, whereas the particle size doesn’t show an effect in that respect.
Boards out of spruce/fir bark showed an on average a 4 mW/(m*K) lower thermal
conductivity than pine bark boards.

Focussing on the IB (as the most important mechanical board characteristic) again it ia
positively correlated with density showing coefficients of determintation between 0.3 and
0.7 for the different resin systems (Figure 17). Also bark type and resin content showed
highly significant (p<0.001) influences on the IB whilst no statistical significant
influcence of the resin type was found. In that respect larch boards showed for a given
density the best 1B values and naturally a higher resination resulted in better internal
panel stability. Particle size did not show a clear effect on the panels’ IB (Figure 18).
Moisture resistance of the bark panels was studied by the means of water absorption after
24 h of immersion. An univariate analysis of variance showed that density, bark species,
resin type, and resin content highly significantly (p<0.001) influence the water
absorption. Although variation in water absorption is quite high, it could be clearly
shown that density is negativley correlated with water absorption and that the natural
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tannin resin system is competitive to the studied UF and MUF resin (Figure 19). The
lowest water absorption was achieved with oak bark.
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Figure 16: Panel density and bark species effect on thermal conductivity
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Figure 17: Panel density and adhesive type effect on IB
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Figure 19: Water absorption after 24 hours depending on density and resin system

Panel thermal conductivity is nearly 4 times stronger influenced by panel density than is
by bark type (shown by partial eta squared values in ANOVA). IB is twice as much
influenced by density than it is by bark type or resin content. With regard to water
absorption density has the highest explanatory power. Roughly half as good is the
explanatory power of bark type and resin content. Whereas for further optimization
higher resination boards out of oak bark would be beneficial for lower water absorption.
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Conclusions

Generally it was found that all studied bark species are suitable for insulation panel
production. Also, the three studied resin systems were proven to show sufficient strength
properties. Overall it can be said that by dropping density the thermal conductivity is
getting better, but internal bond however decreases. Therefore the most important task for
future research activities will be an optimization of thermal conductivity and internal
bond varying density, resin amount and probably particle size (as it is a key criterion for
low density panels). The performance of the ecological tannin resin systems was as good
as it is with UF or MUF resins and therefore ecological bark insulation panels can be
produced without any hesitation.

Acknowledgment

The authors like to address their thanks to the companies Peter Graggaber GmbH in
Unternberg for the and Wimmer Holz in Kuchl for the bark, to Egger GmbH in
St.Johann/Tirol and Dynea (today Metadynea) in Krems/Donau for the resins, to Untha
GmbH and Holztechnikum in Kuchl for chipping and screening and also to Mrs. Eva
Troppova from Gregor Mendel University in Brno for her support during the Eramus
exchange term.

Literature

Barbu, M.C.(2011): Current developments in the forestry and wood industry.
ProLigno7(4):111-124

Kain G., Teischinger A., Musso M., Barbu M.C., Petutschnigg A. (2012): Thermal
insulation materials out of tree barks. Holztechnologie 53(4):31-37 (in German)

Kain G., Barbu M.C., Teischinger A., Musso M., Petutschnigg A. (2013a): Substantial
bark use as insulation material. Forest Product Journal 62(6): 480-487

Kain G., Barbu M.C., Hinterreiter S., Richter K., Petutschnigg A. (2013b): Using bark as
a heat insulation material. Bioresources 8(3): 3718-3731

Kain G., Gittler V., Barbu M.C., Petutschnigg A., Richter A., Tondi G. (2014): Density
related properties of bark insulation boards bonded with tannin hexamine resin. Eur. J.
Wood Prod.

Kleinhempel A. K. (2005): Innovative insulation materials in civil engineering — current

state of research and market compendium. Department for Energy, University of Bremen
(in German)

242



Proceedings of the 57th International Convention of Society of Wood Science and Technology
June 23-27, 2014 - Zvolen, SLOVAKIA

Xing C., Deng J., Zhang S. Y., Riedl B. and Cloutier A. (2006): Impact of bark content

on the properties of medium density fibreboard (MDF) in four species grown in eastern
Canada. For. Prod. Journal 56(3):64-69

243



Proceedings of the 57th International Convention of Society of Wood Science and Technology
June 23-27, 2014 - Zvolen, SLOVAKIA

Some Properties of Fire Retardants and Sand Dusts of
Medium Density Fiberboard Filled Thermoplastic
Composites

Ayfer D. Cavdar®®, Hulya Kalaycioglu?, Ertugrul Casur®, Fatih Mengeloglu®

! Assistant professor, Interior Architecture Department, Karadeniz Technical
University, 61080 Trabzon, TURKEY
* Corresponding author
adonmez@ktu.edu.tr
2 Professor, Forest Industry Engineering Department, Karadeniz Technical
University, 61080 Trabzon, TURKEY
3 Ph.D and Director, Kastamonu Integrated Wood Industry & Trade
Company, 41400 Kocaeli, TURKEY
4 Professor, Forest Industry Engineering Department, Kahramanmaras
Sutcuimam University, 46100 Kahramanmaras, TURKEY

Abstract

Physical, mechanical, thermal, fire and biological properties of sand dusts of medium
density fiberboard filled thermoplastic composites incorporated with different contents of
aluminum tri hydrate (ATH) and zinc borate (ZB) were investigated. In this study, the
performance analysis of the composites produced with the extrusion method was
accomplished by using sand dusts of medium density fiberboard (SD_MDF) as
lignocellulosic materials and high density polyethylene (HDPE) and polypropylene (PP)
as thermoplastic polymer. Coupling agents and fire retardants (FRs) were used to
improve fire properties of the composites, and their effects on technological properties
were evaluated. The performances of the composites were evaluated in aspect of
physical, mechanical, thermal, fire, and biological properties. ATH had a positive effect
on tensile modulus of the composites whilst ZB had adversely effect on that of the
composites. However, strength properties of the composites slightly decreased with usage
of FRs. In the light of obtained results, it was specified that use of FRs improved
physical, biological, thermal and fire properties of SD_MDF filled thermoplastic
composites.

Keywords: A. Sand Dusts of Medium Density Fiberboard, A. High density
polyethylene, A. Polypropylene, A. Fire Retardants, B. Mechanical properties, B. Fire
and thermal properties, B. Biological and physical properties
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Introduction

Natural fiber filled thermoplastic composites or wood-plastic composites (WPC) are still
new materials relative to other wood based composites. The most widespread use is in
outdoor deck floors, but it is also used for railings, fences, landscaping timbers, cladding
and siding, park benches, molding and trim, window and door frames, and indoor
furniture (Clemons 2002). These composites are often considered a sustainable material
because they can be made using the waste products of the wood industry ( Mishra and
Naik 2005, Kylosov 2007).For examples, a MDF plant of capacity of 314000 cubic
meters per year is occurred in 12500 tons of sand dusts. Considering nearly five million
m? of MDF production per year in Turkey, it means 390000 tons of sand dusts in a year.
Our previous study demonstrated that sand dust of MDF could be utilized as filler in
polymer matrix (Donmez Cavdar et al. 2013).

Both wooden materials and plastics are in flammable material group. To Improve fire
performance of these materials, fire retardant chemicals (FRs) are commonly used. FRs
can be directly added during the processing into the furnishing material or polymer
matrix (Kodowski et al. 1999). From past to present, several fire retardants have been
used such as brominated FRs, phosphorus flame retardants (PFRs), boron compounds,
metal hydroxides. Nowadays, halogen based FRs have been banned due to human health
hazard and halogen free FRs has been became prominent in many countries (Joseph and
Ebdon 2007).

The aim of this research was to determine the effects of halogen free and environmental

friendly fire retardants, which are zinc borate and ATH, on the properties of sand dust of
MDF filled thermoplastic composites. Mechanical, physical, thermal, fire and biological
properties of the composites were determined.

Materials and Methods

Materials

In this study, sand dusts of MDF panels provided by Kastamonu Integrated Forestry
Industry and Trade Inc., Turkey. The dusts (=200 mesh) were generated from the sanding
of the panels produced from beech, pines and oaks fibers and urea formaldehyde resin
based on 65 % solid content. High density polyethylene (HDPE)(MFI/190°C/2.16 kg =
0.35 g/10 min) and polypropylene (PP) (MFI/230°C/2.16 kg = 5 g/10 min) produced by
Petkim Petrochemical Co., Turkey were used as a thermoplastic matrix. Coupling agents,
maleic anhydride grafted polyethylene (MAPE) and maleic anhydride grafted
polypropylene (MAPP) were supplied by Clariant International Ltd, in Germany. As fire
retardant chemicals (FRs), aluminum tri hydrate (ATH) and zinc borate (ZB) were used
and purchased from Poliya Co. and Etibank Co., respectively.

Composite Manufacturing

SD_MDFs, coupling agent and FRs powders with HDPE or PP were mixed with high-
speed mixer (Teknomatik, Turkey), speed range 5-1000 rpm, for 5 min. The
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compounding was accomplished using a laboratory scale single screw extruder
(Teknomatik, Turkey) to produce homogenous the composite pellets. The set
temperatures of the extruder were controlled at 170°C, 175°C, 180°C, 185°C, and 190°C
for five heating zones and the extruder screw speed was set to 40 rpm. Pellets were
cooled in water and granulated. Granulated pellets were dried at 105 °C for 24 h and
pressed under 100 bar pressure, at 200°C temperature for 20 min using a mould
dimension of 20cm by 20cm by 0.5cm. After pressing, the composites were conditioned
in a climatic room with the temperature of 20 °C and the relative humidity of 65%. The
raw material formulations used for the composites are presented Table 1.

Table 1 Parameters of manufacturing the thermoplastic composites

Composite formulations (%)

r?;)nrre]r ?;‘;t: fylgztlc ;:goeunrf[“ng FRs FRs SD_MDF  Plastic Coupling Wax
(phr) Loading agent
Control_ HDPE  HDPE MAPE - 40 54 3 3
Control-PP PP MAPP - - 40 54 3 3
Al HDPE MAPE ATH 20 40 54 3 3
B1 HDPE MAPE ATH 40 40 54 3 3
C1 PP MAPP ATH 20 40 54 3 3
D1 PP MAPP ATH 40 40 54 3 3
A2 HDPE MAPE ZB 3 40 54 3 3
B2 HDPE MAPE ZB 6 40 54 3 3
C2 PP MAPP ZB 3 40 54 3 3
D2 PP MAPP ZB 6 40 54 3 3

Physical properties

Water absorption (WA) and thickness swelling (TS) of the thermoplastic composites
were evaluated according to EN 317 (1993). Five samples, dimensions of
50mm*50mm*5 mm, from each group were used for the WA and TS tests. Before
testing, samples were conditioned in a climatized room at 20°C and 65% relative
humidity. The samples were weighed and their thicknesses were measured. The measured
samples were dipped into water and their weight and thickness were measured
periodically during 6 months (after 2 h, 24 h, 48 h, 72 h, 96 h, 120 h, 144 h, 168 h, 2
weeks, 3 weeks, 4 weeks, 2 months, 3 months, 4 months, 5 months, and 6 months).
Before each measurement the surface of samples were wiped out with paper towel. The
samples were weighed to the nearest 0.001 g and measured to the nearest 0.01 mm
immediately. Five replicate samples were tested for each composite panel type.

Mechanical properties

Flexural and tensile properties and impact strength of the thermoplastic composites filled
SD_MDFs and FRs were determined by ASTM D 638, ASTM D 790 and ASTM D 206,
respectively. The flexural and tensile properties of all group samples were determined on
Zwick Testing Unit with a capacity 10kN (1000 kg). Impact strength samples were
notched with a Polytest notching cutter by RayRanTM and tested on a HIT5.5P impact
testing machine manufactured by ZwickTM. Test sample dimensions were in accordance
with the respective ASTM standards and each obtained value represented the average of
ten samples.
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Thermogravimetric analysis (TGA)

Thermal properties of samples were investigated by Thermogravimetric Analysis (TGA)
using a Shimadzu TGA-50 model thermal analyzer. All samples were performed under
the dynamic nitrogen of a flow rate at 20 mL/min using a heating rate of 20°C/min from
room temperature to 800°C.

Differential Scanning Calorimeter (DSC)

Differential scanning calorimeter (DSC) analysis was performed with Shimadzu DSC-60
in a dry nitrogen atmosphere (30 ml/min) with a heating rate of 10 °C/min from room
temperature to 500 °C.

Fire Performance: Oxygen Index test (LOI)

Limiting oxygen index (LOI) analysis was performed with Dynisco brand LOI chamber
which conforms to ASTM D 2863 standard. The limiting oxygen index is a measure of
the percentage of oxygen that has to be present to support combustion of the plastic based
materials - the higher the LOI the lower the flammability. In the LOI test, all samples
with dimensions 100mm x 15mm x 5mm were supported in a vertical glass column, and a
slow stream of oxygen/nitrogen mix was fed into the glass column. Each sample was
ignited with a flame and burned downward into the unheated material. Then the
minimum oxygen concentrations which would support combustion for all samples were
recorded as a percentage.

Decay test

Decay test was carried out according to principles of EN113 with small modifications on
sample dimensions, kolle flasks and total test period. Plastic sterile petri dishes were used
instead of kolle flasks. A total of five replicate samples with dimension 10mm x 10mm x
5mm for each group were exposed to fungi attack. Beech (Fagus orientalis L.) and Scots
pine (Pinus sylvestris L.) samples like composite samples were also exposed to fungal
attack as a reference samples for validity of decay test. Prior to the test, samples were
dried in an oven at a temperature of 1032 °C until they reached constant weight, and
were measured the weights, and then were sterilized in an autoclave for 55 min at
temperature of 125 °C. Sterilized malt extract agar solution of 4.8% concentration was
poured into each petri dish, and a brown-rot fungus (Coniophora puteana) was inoculated
in the petri dishes. After incubation at 20°C and 65% RH for ten days, two samples were
placed on the mycelium growing in each petri dish. The petri dishes were then incubated
at 20°C and 65% RH. All samples were cleaned, dried at a temperature of 103£2 °C,
weighed and the mass loss calculated on the basis of oven dry weight before and after
fungal attack for 60 days. The weight losses of pine and beech samples for C. puteana
attack were found to be 41.38 % and 15.41%, respectively. These results of weight loss
verified the decay test was valid according to EN 113.

Results and Discussion

Physical Properties: Water Absorption (WA) and Thickness Swelling (TS)
The results of WA and TS tests of SD_MDF and FRs filled thermoplastic composites are
shown in Figures 1 and 2. When the composites produced from HDPE, the lowest and
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highest WA values were found as 1.67 % and 3.46% after 6 months immersion time.
These values for PP based composites were found as 4.44 % and 8.06 % after the 6
months. Regarding TS values of HDPE based composites were ranged between 0.18%
and 0.31 while those of PP composites were ranged between 0.62 % and 1.32 % after 6
months immersion time in water. The WA and TS values of all samples increased with

increment of water immersion time.
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Figure 1. WA properties of SD_MDF and FRs filled thermoplastic composites
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led thermoplastic composites

Usage FRs into the polymer matrix decreased WA and TS values. In previous studies,

they have been reported that some of FRs (such

as ZB) has also shown a water repellent

property and improve dimensional stability of wood composites (Stark et al. 2003,
Gnatowski and Burnaby 2005, Kylosov 2007). However, HDPE based composites had
higher dimensional stability (low WA and TS) than PP based composites. This may
happen due to the different characteristics between these plastics.

Mechanical Properties

The results of mechanical tests of SD_MDF and FRs filled thermoplastic composites are

shown in Table 2.

Table 2. Mechanical properties of SD_MDF and FRs filled thermoplastic composites

Flexural Properties

Tensile Properties

ID FS FM TS ™ EB g/m)
(MPa) (MPa) (MPa) (MPa) (%)
Control_HDPE 24 68t 1692.57 12.82 598.38 2.71 21.68
1.722 34.91 0.14 9.90 0.18 3.60
Control_PP 32.01 1803.72 16.43 695.97 3.07 20.22
0.50 80.61 0.95 22.60 0.09 0.56
Al 23.45 1269.99 14.04 586.25 2.86 19.10
0.52 27.62 0.69 14.73 0.07 0.67
Bl 23.38 1275.59 13.48 627.67 2.57 19.02
0.79 75.54 0.80 20.61 0.07 1.60
C1 30.68 1549.64 16.43 721.73 2.58 18.94
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1.46 31.64 1.27 27.89 0.23 1.50
D1 30.05 1568.11 16.43 831.78 2.51 18.46
1.00 25.55 0.35 9.15 0.05 1.33
A2 23.88 1134.26 15.01 586.99 3.08 19.28
0.46 26.49 0.31 10.63 0.15 0.72
B2 22.54 1135.24 14.97 587.37 3.09 20.25
0.76 46.51 0.93 24.25 0.28 0.62
C2 29.67 1156.00 15.64 607.47 3.11 20.24
0.81 58.62 3.00 34.93 0.48 0.73
D2 29.17 1166.69 15.22 648.78 3.08 28.53
1.50 25.70 1.00 32.36 0.30 0.48

(1) Mean, (2) Standard deviation FS: Flexural Strength, FM: Flexural Modulus, TS: Tensile Strength, TM: Tensile Modulus, EB:
Elongation at Break, IS: Impact Strength

The highest flexural properties of the composites were obtained from control samples.
Usage of FRs caused a small reduction on flexural properties of the samples. In previous
studies were reported that metal hydroxides such as ATH, ZB or magnesium hydroxide
had adversely effect on strength properties of thermoplastic composites (Katz and
Milewski 1978, Yeh et al. 1995, Yeh et al. 1998, Ramazani et al. 2008, Wang et al. 2010,
Goode et al. 2011, Kurt and Mengeloglu 2011, Kurt et al. 2011). According to Song et al.
(2004), this reduction is mainly due to agglomeration of FRs and phase separation
between FRs and thermoplastics. Based on finding results, FRs (especially ATH) usage
had not dramatically reduced strength properties of the composites samples. This is
owing to the fact that addition of MAPE/MAPP can enhance the ductility of metallic
hydroxides filled thermoplastics conceivably by improving the poor interfacial adhesion
between PE/PP and metallic hydroxides and natural fibers (Yeh et.al. 1998, Kurt et al.
2011).

The tensile properties of the samples didn’t negatively affect when FRs used in the
polymer matrix. Many researchers have reported that usage of organic filler materials in
polymer matrix has caused a reduction on tensile strength (Yeh et al. 1995, Chiu and
Wang 1998, Ramazani et al. 2008, Hornsby 2010) but this is related to filler composition
and matrix. If the stress is transferred from matrix to filler completely, tensile strength
increases. Ramazani et al. (2008) found that ZB and ATH decreased the tensile strength
of polymer composites without using a coupling agent and they concluded that MAPP
served as a bridge for adhesiveness between filler surface’s and matrix and prevented a
probable decrease when to increase filler in polymer matrix. Also Goode et al. (2011)
found that FRs used with coupling agents in polymer matrix had no adversely effect on
the strength properties; even it was informed that some brome based FRs used with
coupling agents in polymer matrix increased strength properties.

Tensile modulus of the composites improved with addition of ATH into polymer matrix
by 5-20 %. When increase filler loading into polymer matrix, the elasticity of material
decrease and it gets rigidity (Abu Bakar et al. 2010). However, ZB usage adversely
affected on the modulus values of the composites, this decrease on the modulus of the
composite was 2% and 13% for HDPE and PP, respectively. Elongation at break values

250



Proceedings of the 57th International Convention of Society of Wood Science and Technology
June 23-27, 2014 - Zvolen, SLOVAKIA

of the composite decreased with increment of ATH into polymer matrix alike those of
tensile strength. Fillers such as lignocellulosic material and ATH have significant effect
on brittleness of the composites. When addition the fillers into polymer matrix, the
composite was more brittle than unfilled HDPE/PP. It is known that if rigidity increases
elongation at break decreases in the material. In some researches, this situation was
explained due to the fact that elastic strain properties of the solid interphase between
polymer matrix and filler decreased (Zaini et al. 1996, Abu Bakar et al. 2007).

Impact strength of the samples decreased when ATH used in the polymer matrix while
the strength values increased by a 41% with increment of ZB in PP-matrix. This may be
related to shape and grain size of FRs (Riley et al. 1990, Mareri et al. 1998, Suppakarn
and Jarukumjorn, 2009). Some filler which has smaller grain size positively affects IS of
the thermoplastic composites (Riley et al. 1990, Da Silva et al. 2002). Since the grain size
of ZB is smaller than that of ATH, this may increase the IS values.

Thermal Properties (TGA and DSC)

Summary of TGA and DSC results which are onset degradation, peak temperature,
residual weight after 500 °C, onset and melting temperatures of the composites were
presented in Table 3. Thermal stability of the samples improves with increment of ATH
and ZB loading into polymer matrix. The curves of TG gave similar peaks to the control
samples. An increase of the residue char was observed after 500 °C. Also, it was seen a
deceleration on weight loss rates of the composite filled with FRs during thermal
degradation. It is known that metal hydroxides and borates promote the charring (Chen et
al. 2006, Choi et al. 2009, Dogan et al. 2010). Metal hydroxides thermally decompose on
heating to form oxides and water. This endothermic process attributes to cool the surface
of material and improve the charring (Hilado 1998, Jang and Lee 2001, Kong et al. 2008,
Li et al. 2010).

Table 3. Results of TGA and DSC analyses of the thermoplastic composites

Thermo gravimetric data DSC data

Onset Peak Temperatures (°C) Residue Onset Melting

Temperature 1t 2nd 3rd after 500 Temperature ~ Temperature
ID (°C) Peak Peak  Peak  °C (%) (°C) (°C)
Control_HDPE 290 335.7 4751 135 121.4 133.9
Control_PP 282.6 362.3 4.25 151.3 162.9
Al 305.8 3324 4836 27.1 121.8 129.9
B1 305.5 3249 4793 33.2 120.4 130.3
C1 289.2 348.5 16.9 151.9 163.7
D1 289.2 3515 21.3 152.3 163.3
A2 309.3 3409  419.7 483.6 18.6 117.9 130.7
B2 314.9 337.7 4635 215 117.9 130.7
c2 300.2 358.0 8.0 152.7 164.0
D2 301.3 365.5 115 152.3 164.0

According the DSC data, the curves of melting temperature for all samples gave one
similar peak. The melting temperatures ranged from 130 to 134 °C and 163 to 165 °C for
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HDPE- and PP- based composites, respectively. Also, the analysis results showed that
FRs and SD MDF didn’t affect the melting temperature of polymer matrix.

Limiting Oxygen Index (LOI)
LOI levels of the samples were significantly increased by usage of FRs according to that
of neat HDPE/PP. This is clearly seen in Figure 3.

Figure 3. LOI levels of SD_MDF and FRs filled thermoplastic composites

The highest LOI levels were obtained from the thermoplastic composites filled ATH at
40 phr loading. Fire retardant materials need higher oxygen concentration to ignite than
flammable materials (Sain et al. 2004). ATH and ZB act as heat sinks and prevent
oxygen to set fire to flammable compounds by releasing water, or by forming a protective
layer as a coating (Garcia et al. 2009, Hornsby 2010).Table 4 shows classification of all
composite samples in this study according to 1ISO 4589.

Table 4. Fire Classification of the thermoplastic composites according to 1ISO 4589

LOl level  Classification of Fire Composite Type
<23 Combustible or Flammable Material Neat HDPE, Neat PP
24-28 Limited Fire Retardant or Fire Resistance Control PP, C2, D2
Material
29-35 Fire Retardant or Fire Resistance Material Control HDPE, A1, B1, C1, D1, A2, B2
Decay Test

Table 5 shows the results of decay resistance of SD_MDF and FRs filled thermoplastic
composites. Although, the weight losses of pine and beech wood samples for C. puteana
attack were found to be 41.38 % and 15.41%, respectively, the weight losses of all
composites were found too low after decay test. FRs also decreased the weight losses of
the samples and the lowest weight losses were obtained from ZB (6phr) filled
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composites. It is known that boron compounds such as zinc borate effectively provide
protection wood and wood composites from decay fungi etc (Laks and Palardy 1993,
Tsunoda et al. 2002).

Table 5. Weight losses of the thermoplastic composites after decay test.

FRs Type ATH ZB

Polymer Type HDPE PP HDPE PP

Usage of FRs 0 20 40 O 20 40 0 3 6 0 3 6
(phr)

Mean (%) 037 035 0.09 054 0.28 0.20 037 019 006 054 021 0.08
S.D. 0.12 016 0.1 028 0.22 0.08 0.12 008 0.02 028 014 0.05
Reference Scotch pine 41.38 (8.64) Beech wood 15.41(3.40)

According to CEN/TC38/WG23 N34 the ranges of weight loss (%) in the five durability
classes is as follows very durable <5, durable > 5 to <10, moderately durable > 10 to <
15, >15 to <30 and not durable >30. In this study, all composite samples were located in
the class of “very durable” due to their weight losses of less than 5 %. This is related
directly to moisture content of materials since fungi need a minimum 18-20 % of
moisture content to attack wood or wooden materials before decay begins (Schmidt and
Czeschlik 2006). Although, wood plastic composites have high dimensional stability due
to hydrophobic plastic if natural fiber reinforced composites content high fiber loading
(especially more than 50%), they could be attacked by fungi, decay etc. This also has
been corrected with some research (Kamdem et al. 2004). The WA values of all
composites were found less than 20 % even after 6months in this study, therefore weight
losses weren’t seen remarkably after decay test. In addition, SD_MDF contents melamine
and its known that the melamine is water resistant (Pizzi 2003).

Conclusions

This paper showed that FRs affected the properties of the filled thermoplastic composites.
Mechanical properties of the samples slightly reduced with increment of the FRs while
tensile modulus of those increased with increment of ATH. FRs improves dimensional
stability by decreasing WA and TS values and thermal stability of the composites.
Melting temperature of the composites didn’t change with using FRs according to results
of DSC analysis. FRs also increased the residue charring and LOI levels of the samples.
Fire retardant performance of samples increased with the high loadings of ATH. FRs also
improved resistance against decay fungi by decreasing the weight losses of the samples
and the lowest weight losses were obtained from ZB (6phr) filled composites. In the light
of obtained results, it was specified that use of FRs enhanced physical, biological,
thermal and fire properties of SD_MDF filled thermoplastic composites.
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Abstract

Giant timber bamboo such as Moso are potentially ideally suited to the production of
engineered strand-based structural composite building materials. Conversion to strands
utilizes a much higher proportion of the culm than the conventional milled, dried strips
currently used to fabricate laminated bamboo lumber and boards, and also incorporates
the fibre-rich, strongest portion of the culm located at the outer cortex into the composite.
Previous studies have found Moso bamboo produces good quality strand-based
composites, but commercial development of these for housing construction in China is
thwarted by the lack of an efficient, automated technology for converting culm stock to
strands. There are very few published details of experience in converting bamboo culms
to strands, and how it contrasts with stranding wood logs. In this work we take an
iterative approach to systematically assess the effects of different material and stranding
parameters on bamboo strand dimensions and quality to arrive at an optimal set of
conditions for converting re-saturated Moso bamboo culm stock to strands using a disk
flaker. Adjustable material parameters included tissue moisture content and temperature,
culm piece size, shape, orientation, slicing plane; and adjustable flaker parameters
included knife projection and material feed rate. Optimum conditions involved stranding
quartered culm pieces vertically, i.e. slicing along the fibre direction, to a nominal target
thickness of 0.65 mm (knife projection = 0.726 mm), corresponding material feed rate of
0.47 m/sec. Optimum disk operating speed is 734 RPM and low counter knife angle of
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40°. Further optimisation may be required to reduce the incidence of fibre damage on the
rear face of strands.

Keywords: A. Bamboo, A. Aspen, C. Processing, C. Disk Stranding,

Introduction

Despite a plethora of mostly milled slat-based bamboo products available on the market
for interior applications such as flooring and cabinetry, little of the vast resource that
China grows is converted into building materials such as structural composite lumber
(SCL) and panels (OSB and plywood), mainly due to strong consumer preference for
inorganic building materials. Most current bamboo processing industries are highly
labour intensive with very low product recovery from culm-stock, and loss of the
strongest part of the culm from slat milling. Factories in China produce OSB from pine
and poplar wood mainly for the export market, and there is one company, Yunnan Yung
Lifa Forest Co Ltd, located in Hunnan Province, that has spent several years adapting
OSB technology to bamboo driven by a niche market for tough, durable flooring to
replace tropical timber plywood used in shipping containers (Anon 2012, Grossenbacher
2012). However, the main impediment to the efficiency and economic viability of this
operation is the slow and still labour-intensive technique used to cut up culm stock and
produce strands. At present there is no automated purpose-designed slicing machinery to
convert the long, hollow bamboo culms to strands (Anon 2012a,b). A conventional disk
flaker designed for logs is used at Yunnan Lifa to generate strands from culm sections
that have been manually cut into short, node-free rounds in which small diameter rounds
are stacked inside larger diameter ones (Boeck, F. 2013, Personal Communication). This
is likely done so as to ensure maximum number of strands produced per machine running
time. Nevertheless the OSB process still represents one of the best opportunities for
automation and mass production of bamboo-based panel building materials. There has
been some development work in China on producing strands and wafers from Moso
bamboo for use in structural strand-based composites (Fu 2007a, b; Zhang et al. 2007).
However there is almost no published information specifically relating to stranding
bamboo in a parameter-controlled flaker. The objective of this work was to
systematically investigate the effects on bamboo strand dimensions and quality of
adjusting material parameters such as culm piece size, geometry and presentation to
cutting blade, and flaker parameters including knife projection and feed speed.

Materials and Methods

Rewetting seasoned culm tissue. To develop a method for re-saturating culm tissue
prior to stranding, forty 130-mm-long culm pieces (representing 10 different Moso stems)
were randomly selected and divided into two batches of 20 pieces each, one soaked in
water at 20°C for up to 4 days and the other boiled for 6 h followed by steeping over-
night in cold water. Each piece was first weighed and its volume determined using the
Archimedian method. Specimens were removed, drained and weighed at intervals of 1 h,
3h,6h,24h, 48 h, and 96 h then oven dried at 105°C for 24 h to give to calculate MC.
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Stranding. To minimise fines and damage to the flaker knives only bamboo tissue that
had been saturated to the maximum capacity based on the findings of the re-wetting
experiment was stranded. A 0.94-m diameter laboratory Disc Flaker (6/36 Lab Flaker)
built by Carmanah Design and Manufacturing, Ltd, Vancouver BC, was used (Fig. 1).
The flaker is designed to simulate the flaking action of a full size 37/118 disk flaker
whose knife velocity at the blade mid-point is around 2585.3 m/min (Carmanah 2006).
The thickness of the strands, and the amount of fines produced is mainly dependent on
the finely balanced interaction between knife protrusion setting, disk rotational speed, w,
and the feed rate, F, of the material into the machining blade/s (Kruse et al. 2000). Knife
angular velocity at the mid-point of the blade length is a function of disk radius to blade
mid-point and disk rotation speed (RPM) as follows:

Vi = 2wnr/12 (Egn. 1)

where: Vi = knife velocity in mm/min; manufacturers recommendation for the scaled
down, small diameter disk is 1404.5 m/min, o = disc rotational speed in RPM, and r =
radius to the mid-length of the knife blade (i.e. 30.48 cm). Rearranging Eqn. 1:

o = 12Vi/2x (Eqn. 2)

gives a recommended disk rotational speed of 734 RPM which was used and kept
consistent throughout all stranding trials for bamboo. To produce a particular desired
strand target thickness at a fixed w, the material feed rate (F) in mm per second is
calculated as follows:

F = nktw/60 (Eqn. 3)

where: n,, = number of knives per disc (i.e. 1), t = target thickness of strands (i.e. 0.5
mm, 0.65 mm or 1.25 mm), and « = 734 RPM. F for target thickness of 0.5 mm =6.12
mm/sec; 0.65 mm = 7.95 mm/sec; and 1.25 mm = 15.29 mm/sec.

Blade lubrication

Feed drawer

Hydraulic
feed buffer

Blade mounting

Figure 1 CAE 6/36 Lab Flaker showing (a) removable slicing blade, and (b) disk, housing
and feed drawer.
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Experimental parameters. Different flaker and material-related parameters were
investigated in seven smaller experiments to arrive at an optimum set of processing
conditions for stranding larger quanties of Moso bamboo. A fully balanced, multi
factorial matrix design was heavily constrained by cost and time limits for the flaker.
Instead, an iterative approach was taken to progressively build up an understanding of the
stranding process and ensure bamboo strands as much as possible matched the quality
and thickness distribution of industrial OSB strands of Aspen. Experiment designs are
summarized in Table 1. Eventual best quality moso strands were compared with
industrial face strands of Aspen (Populus tremuloides Michx.) supplied by the
Weyerhauser OSB mill in Edson, AB.

Strand quality assessment. Strand length was constant at 130 mm, and measured strand
physical parameters were thickness and width; with a visual and tactile surface
smoothness classification into three broad groups. Depending on the experiment 200 or
250 strands from each of 14 different batches of dried strand types were randomly
sampled in handfuls of approximately 50 strands each from the batch. The thickness and
width of only intact strands (not fines or broken pieces) were measured using digital
calipers and both visual and tactile assessment made as to whether the strand fell into one
of three surface smoothness groupings: (1) rough on both sides, (2) smooth on one side
and rough on the other, or (3) smooth on both sides.

Table 1 DoE for seven stranding experiments for different material and stranding

conditions.
Experiment Factor Levels Constants Responses n
Form: quarters

. MC: 140% Surface

Nominal 1.25 mm Temp: 20°C quality 250
1 Strand 0.65 mm . )
: Alignment: Strand 250
Thickness 0.50 mm . .
horizontal thickness

Orientation: radial

Form: quarters

Temp: 20°C
Alignment: Surface
Tissue 40% horizontal quality 200
2 Moisture 140% Orientation: radial Strand 200
Content 0 Nom thickness: thickness 200
1.25 mm Strand width
Feed rate: 15.29
mm/s
Forn_1: quarte-rs Surface
Alignment: ualit 200
Tissue 20°C horizontal g y
3 o . . Strand 200
Temp. 80°C Orientation: radial -
) ) thickness 200
Nom thickness: .
Strand width

1.25 mm
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Feed rate: 15.29
mm/s

Form: quarters

MC: 140%
Temp: 20°C Surface
- . Alignment: quality 200
Slicin Radial .
Orientat?on Tangential horlz_ontal S_trand 200
Nom thickness: thickness 200
1.25 mm Strand width
Feed rate: 15.29
mm/s
Form: whole
rounds s
MC: 140% urface
: Horizontal Temp: 20°C quality 200
Alignment ) : ) Strand 200
Vertical Nom thickness: -
0.65 mm thlckne_ss 200
Feed rate: 7.95 Strand width
mm/s
MC: 140%
Temp: 20°C
culm Whole rounds Alignmen_t: vertical Surfa}ce 250
shape Half rounds Nom thickness: quallt)_/ 250
Quarters 0.65 mm Strand width
Feed rate: 7.95
mm/s
Form: whole
Mrgufgg% Surface
Feed rate 6.12 mm/s Temb: 20°C quality 200
7.95 mm/s . ‘ . Strand 200
Alignment: vertical X
. ) thickness
Nom thickness:
0.50 mm
Form: quarters
MC: 140%
Temp: 20°C Surface
Best Moso Alignment: ualit 250
Strand strands horizontal %tranc)i/ 250
type Aspen mill Orientation: radial .
strands Nom thickness: th'Ckne.SS 250
0.65 mm Strand width
Feed rate: 7.95
mm/s
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Results and Discussion

Culm re-saturation. The average tissue moisture content of culm pieces subjected to
either cold water or hot water treatment at increasing time intervals is shown in Fig. 2.
Starting moisture content was around 10%, and after 6 h soaking in cold water average
tissue moisture content was 25.7%, and boiling for the same duration resulted in 46%
MC, both of which were too low to enable adequate stranding. After 24 h the MC of cold
water soaked tissue was only 38.5%, while MC of pieces boiled then steeped in cold
water for a further 18 h was 126.6%. After a further 3 days soaking (to 96 h from start)
the cold water specimens reached 75.2% MC, while the boiled and steeped pieces were
142.7%. Fresh Moso culm stock harvested and stranded by Lee et al. (1994) was 137%
MC. We can therefore be confident that the tissue was fully re-saturated by boiling for 6
hours followed by steeping for 24 h or so as the tissue water content is similar to that
measured for green culm stock. It is possible 6 hours boiling may not be necessary and a

useful follow-up study would be to measure MC after boiling for 1 or 2 hours followed
by cold water steeping.

[y
o]
o

[
D
o

----- cold water

=
'
o

boil/cold
120 A+

100 A

80 A

Moisture content (%)

60 -
40

0] T

start 1h 3h 6h 24h 96h
Soak time (h)

Figure 2 Average MC of Moso culm pieces at 0, 1h, 3h, 6h, 24h, and 96h exposure to

cold or boiling water, n = 20. Boil/cold pieces were boiled for 6 h followed by steeping in
cold water for 24 or 96 h.

Strand quality-surface smoothness. The visual appearance of ‘rough’ and ‘smooth’
strand surfaces of bamboo and aspen mill strands is shown in Fig. 3.
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Scale =20 mm

Figure 3 Appearance of the strand surface of (a) bamboo and (b) Aspen mill strands. Top
strand has a ‘rough’ surface and bottom strand has a ‘smooth’ surface.

The proportions of strands in each of the three surface smoothness categories for different
experimental parameters are given in Table 2. The greater proportion (60%) of industrial
aspen strands were classified as smooth both sides, and 10% considered to be rough on
both sides. Bamboo strand surface quality (i.e. maximising the proportion of strands that
were smooth on both sides) was very sensitive to tissue moisture content, knife protrusion
setting, material feed rate and whether the pieces were stranded horizontally or vertically.
Full tissue saturation to above 130% MC, low knife protrusion setting, slower feed rate,
and stranding vertically were all necessary to maximise the proportion of ‘smooth-both-
sides’ strands. The high proportion of strands that were smooth one side, rough on the
other is believed to be due to tensile stress and shearing forces on the backs of strands
caused by the angled back of the cutting blade (designed to force sliced wood veneers to
break up into narrower stands). A schematic diagram of illustrating this is shown in Fig.
4. Trying to produce strands above 1 mm in thickness resulted in many more strand
quality issues than at narrow knife settings. Stranding the culm pieces horizontally,
whereby the knife contacts the hard outer cortex first produced uneven strand thickness
across strands, rougher surfaces and tendency for wide strands to curl along the grain
with drying. Vertical culm slicing, and radial orientation so that the blade slices through
the radial-longitudinal plane of the culm wall greatly improved strand quality and surface
smoothness classification with greatly reduced propensity for curling during drying
(Figure 5).

Table 2 Percentage of strands in each smoothness category, n = 200.

Parameter levels Rough both SmOOtrl' Smooth
sides Rough both sides
Industrial aspen
Industrial ring flaker 11 30 59
Bamboo
Knife 1.25 mm 49 25 26
protrusion 0.65 mm 6 70 24
0.50 mm 9 57 34
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. 40% 60 33 7
Tissue MC - ooirated 49 25 26
Tissue 20°C 49 25 26
Temp 80°C 63 30 7
Orientation radial_ 49 25 26
tangential 34 35 31
Alignment Horizpntal 27 43 30
Vertical 9 57 34
Feed rate 0.37 m/s 9 57 34
0.4 m/s 28 61 11
Whole 6 70 24

Piece Size rounds
Half rounds 8 74 18
Quarters 10 70 20

“Smooth-Rough: one surface smooth, the other rough

This side of the blade
(counter knife angle) exerts
high shearing forces on the
tissue.

Back of Front of
strand strand
rough || smooth

Figure 4 Slicing configuration for bamboo strands.

Strand quality-thickness and width distributions. The average and COV for strand
thickness and width for all 16 stranding iterations plus industrial aspen strands are given
in Table 3.

Table 3 Average strand thickness and width for different stranding conditions. COV-
Coefficient of Variation.

Strand thickness (mm) Strand Width (mm)
Average Ccov Average CoVv
Industrial aspen
Parameter Setting 0.67 35.7 18.1 50.3
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Bamboo
Knife 0.50 mm 0.47 40.8 NA NA
protrusion 0.65 mm 0.65 37.7 NA NA
1.3 mm 1.32 31.9 NA NA
Orientation radial_ 1.32 31.9 11.6 23.7
tangential 1.61 36.2 15.1 37.6
Tissue MC 40% 1.22 26.8 8.9 19.1
Saturated 1.32 31.9 11.6 23.7
Tissue 20°C 1.34 32.0 20.8 52.3
Temp 80°C 1.63 35.7 11.6 23.6
Alignment Horizpntal 0.66 37.7 17.0 48.5
Vertical 0.65 30.3 18.5 52.4
Feed rate 0.37 m/s 0.47 48.6 NA NA
0.4 mf/s 0.84 40.6 NA NA
Whole NA NA 20.5 61.5
Size Halves NA NA 17.6 39.9
Quarters NA NA 12.88 30.7

NA = Not Applicable

Mg ¥ (] . 3
Ff/ﬂlyuﬁ]n://m | |\\1‘)H\\\\\‘\\\\\\\\\\\\\\\\\V
7T cm 2 a = S

Figure 5 Culm piece alignment (horizontal, top; or vertical, bottom) in relation to strand
curling after drying.

A comparison of the thickness and width distributions for optimum bamboo strands and
Aspen mill strands is shown in Figure 6.
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Figure 6 Frequency distributions for (a) strand thickness, and (b) strand widths for Moso
bamboo and industrial Aspen mill strands. n = 250.

From Table 3 and Fig 6, optimal strand dimensions (average thickness, thickness
distribution, and width distribution) was obtained when fully saturated culm pieces were
quartered and stranded vertically at 734 RPM with a knife protrusion of 0.726 mm
(nominal strand thickness = 0.65 mm), corresponding feed rate of 7.95 mm/s. Average
strand thickness and coefficient of variation (0.65 mm and 37.7% COV) was very close
to that found in industrial Aspen strands (0.67 mm and 35.7% COV). Vertical culm
slicing resulted in a more consistent strand thickness distribution with 85% of strands
falling within the thickness range of 0.25 to 0.75 mm. The culm wall thickness of the
Moso ranges from around 8 to 15 mm, and so the average strand width was considerably
lower (13 mm) than the average 18 mm width for sampled industrial Aspen strands.

Discussion

It should be noted that the industrial aspen strands are produced using a ring flaker, which
have largely replaced disk flakers for reasons of efficiency and machine maintenance
(Fodor, R. 2013 Personal Communication). Thick bundles of debarked logs are fed into a
movable carriage mounted ring mounted with anywhere between 24 and 44 knife
assemblies around the inside of the ring (Maietta et al. 2008). The wood is always sliced
perpendicular to the grain direction, and spaced scoring knife tips determine the length of
the strands. A typical ring flaker knife assembly for Aspen sets scoring knives 101 mm
apart, a set-back distance and angle of the counter knife of 9.65 mm and 65°,
respectively, to ensure most strands end up between about 25 and 50 mm in width
(Maietta et al. 2008). Slicing bamboo culms perpendicular to the longitudinal axis (i.e.
across the grain) is likely to be sub-optimal in terms of knife dulling, as it means with
every cut the blade edge is hitting the hard outer wall first. If the culm wall is sliced along
the grain, the cortex is confined to one edge of every slice. The rate and severity of blade
dulling from slicing bamboo culms in different configurations should be investigated.
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There are very few studies giving any specific details on stranding parameters for
bamboo. The most detailed information given by previous workers on experimental
stranding of bamboo is Barbu et al. (2009) and Malanit et al. (2011), who used a CAE
6/36 laboratory disk flaker similar to the one used here to produce 140 mm-long strands
for fabricating OSB and OSL prototypes. The bamboo was Dendrocalamus asper
Backer, commonly planted in Thailand. They converted the culms to node-free, 140 mm
long half rounds and used the following specified stranding parameters; counter knife
angle = 60°, knife projection = 0.736 mm, and scoring knife distance = 140 mm, and
horizontal culm orientation (i.e. slicing perpendicular to grain direction). Average strand
dimensions were 0.7 mm thickness, 140 mm length and 12.5 mm to 20 mm width, and
strands screened through a 12.5 mm screen to remove fines. The RPM of the disk, feed
rate and the fines fraction was not specified.

A PhD thesis (Fu 2007b) describes a method for ring flaker of producing industrial
quantities of bamboo poles to strands. The usually 240-cm-long poles are first split into 8
sections or ‘flitches’ using a motorised splitting wheel common in the bamboo processing
industry in China which also removes most of the central node plate, followed by
grinding away the remaining node material from the inner wall so as to allow tight
stacking. The flitches are clamped together in tight stacks of four rows of 15-20 flitches
which are fed laterally against the inner knife-mounted wall of a ring flaker which cuts
largely radial strands of a length determined by the spacing of the scoring knives. Slicing
is also perpendicular to grain direction. Target strand dimensions were 110-120 mm long,
0.6 to 0.8 mm thick and strands were between about 9 to 15 mm in width. Why this
method has not been adopted by the Yung Lifa bamboo OSB pilot plant is unclear, but
may reflect the absence of a ring flaker.

Conclusions

1. Tissue re-saturation for stranding required up to 6 h of boiling followed by at least
a further 18 h steeping in cold water; MC = 127%.

2. Optimal strand dimensions (average thickness, thickness distribution, and width
distribution) was obtained for this particular strander configuration when fully
saturated culm pieces were quartered and stranded vertically at 734 RPM with a
knife protrusion of 0.726 mm (nominal strand thickness = 0.65 mm),
corresponding feed rate of 7.95 mm/s. low counter knife angle of 40° was used.

3. Average strand thickness and coefficient of variation (0.65 mm and 37.7% CQOV)
was very close to that found in industrial Aspen strands (0.67 mm and 35.7%
COV). Average Moso strand width was around 13 mm compared with 18 mm for
sampled industrial Aspen strands.

4. Further work aims to develop a model to calculate true numbers of strands and
their sizes based on slicing a culm of given diameter and wall thickness into
strands of a given nominal thickness. The computed strands can then be used to
width distributions observed in real Moso strands from slicing different piece
sizes and reveal the optimum ‘cutting-pattern’ for maximising strand production
from Moso bamboo culms.
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Abstract

Based on the need and the importance of the urban wood residues to fulfill part of the
wood raw material needed for particleboard production, and to increase its value as raw
material, the potential of such material including residues from urban pine and sycamore
trees as well as grape tree pruning for the production of particleboard was investigated.
The results are compared with similar particleboards produced using particles from
mixed hardwoods generated at the industrial scale. Laboratory boards at the density of
650 kg/m? were made changing the resin dosages at three levels of 10, 11 and 12% based
on the oven dry weight of the particles and then the strength and thickness swelling of the
boards were measured as defined in relevant EN standards. Due to the lower bulk density
of the particles from pine wood, boards produced using these particles generated highest
MOR and MOE, and the lowest MOR and MOE were measured on boards produced
using particles from mixed hardwoods. However, the IB of the boards from mixed
hardwoods and the application of 12% resin was superior (1.18 MPa.) and the lowest IB
(0.36 MPa.) was measured on boards produced using the mixture of 50% pine and 50%
sycamore particles.

Keywords: Pine, Sycamore, Grape, Hardwoods, Particleboard, Strength, Thickness
swelling

270


mailto:latibari.aj@gmail.com

Proceedings of the 57th International Convention of Society of Wood Science and Technology
June 23-27, 2014 - Zvolen, SLOVAKIA

Introduction

The main objective of the early development of the particleboard production was the
utilization of the residues generated in different wood working operations. The unique
characteristics of particleboard opened its way into various applications and generated
interest among different consumer sectors especially cabinet and home furniture. Such
interest caused a very fast rate of expansion and implementation of new plants in
industrial countries. Therefore, the wood raw material sources were diverted to forest
residues as well as chips produced in saw mill operations. During the course of the rapid
developments, plants were also erected in the developing regions as well. As a result,
world particleboard production increased to almost 98.5 million m® in 2012 (FAO 2013).

Interest in production and consumption of particleboard is not confined to industrial
countries, and other regions especially developing countries are not exempt to such
developments. However, these regions are faced with the severe shortage of wood as the
main raw material and therefore regions such as Iran have been looking for alternative
procedures to fulfill needed wood. Among them plantation of exotic fast growth species
such as poplar and eucalyptus trees have been in the central point of research and
developments. However, particleboard production is in intense competition with paper
and MDF production industries to fulfill the required lignocellulosic raw material. In
such competition, both paper and MDF industries are the winner since they are able to
pay higher prices for the raw material and consequently particleboard is forced to find
alternative and low cost raw material. In this course, lower quality raw material, fast
growth, and small diameter wood have been the first candidates (Schneider et al. 2000).

Kiwi tree residues (Nemli et al. 2003), tea plants residues (Shi et al. 2006) and kenaf ( Xu
et al. 2004 and Kalaycioglu and Nemli 2006) were investigated as the potential sources of
raw material for board production. Even though kenaf was used to reduce the resin
consumption, but this procedure required the production of higher density boards which is
not possible on the stand point of industrial production (Xu et al. 2004).

Attention has been focused on the reduction of the final board density as the possible way
to reduce the raw material requirements. Wang and Sun (2002) utilized wheat straw and
corn stalks to produce board of the required quality at lower density. However, the need to
use isocyanate resin has limited the application of such material. Murathan et al. (2007)
selected the waste carton boards as the potential raw material for board production, but the
thickness of the boards was limited.

The production of particleboard using wood bark (Blanchet et al., 1998), pine tree needles
(Nemli et al., 2008) , pine tree cones ( Buyuksari et al. 2010) and bark and stem of the
coffee branches ( Bekalo and Reinhardt 2010) have been investigated.

The other alternative raw material investigated for particleboard production was urban and

orchard tree pruning which is available in urban area and fruit tree plantations (Enayeti et
al. 2008)
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The severe shortage of wood raw material has forced the investigators to search and use
the alternative, uncommon and unconventional wood supply especially urban wood
residues. The availability of such wood in urban areas and limitations on wood supply
necessitated the investigation to identify the suitability of such material for particleboard
production. This was the objective of our research.

Materials and Methods

Material

Pine and sycamore branches were collected from urban tree pruning in the city of Karaj
and the grape tree pruning was collected from grape tree yard in Takestan, Ghazvin. The
collected material was transferred to Alborz Research Center, wood and paper research
laboratory for particle preparation. Prior to particle preparation, all debris and leaves were
separated from the branches. The larger diameter of the pine and sycamore tree branches
was about five centimeters and the grape tree pruning diameter was very small because of
the sizes of the grape tree branches.

Mixed hardwood particles were obtained from Iran Choub Particleboard plant located in
the city of Ghazvin and were transferred to Islamic Azad University, Karaj Branch wood
and paper research laboratory. The particles were used as received.

Urea-formaldehyde resin was purchased from Fars Chemical Company resin plant,
Shiraz. The characteristic of the resin was as follow: gel time; 47 seconds (Bison Cup),
density; 1.285, solid content; 63%, pH; 7.5 and viscosity; 45 seconds.

Hardener; industrial grade ammonium chloride was used.

Methods

Particle Preparation

All the wood residues were chipped using laboratory drum chipper, Pallmann PHT
120x430 and suitable chips were produced for particle production. Chips were then
flaked using Pallmann ring flaker PZ8. Flake were dried in a laboratory rotating drum
dryer equipped with electrical heating elements to reach final moisture content of 2%
(dry basis). The dried particles were screened manually and fine portion was separated.
The dried and screened particles were stored in polyethylene bags until used.

pH and Buffering Capacity and Bulk Density Measurement

The pH and buffering capacity of the dried particles from each wood was measured using
the procedure outline by Johns and Niazi (1980). The bulk density of the particles was
measure using a wooden box with the dimensions of 50x50x50 and result is reported in
kg/m®,

Board Making and Testing

Particles were blended with a mixture of 10, 11 or 12 % resin (dry basis) and 1%
hardener (based on dry weight of resin) at the concentration of 50%, utilizing rotary drum

272



Proceedings of the 57th International Convention of Society of Wood Science and Technology
June 23-27, 2014 - Zvolen, SLOVAKIA

blender and spray nozzle. Then the blended particles were hand formed using wooden
mold. Board target density and thickness was selected as 650 kg/cm? and 15 millimeters.
Homogenous particle mats were pressed in laboratory press (Buerkle L100) applying 30
bar specific pressure, and five millimeters per seconds closing speed. Three boards for
each combination of variables and total of 63 boards were produced. All boards were
conditioned at 65% relative humidity and 21 °C for 15 days and then test samples were
prepared from each board according to relevant EN standards. MOR and MOE was
measured according to EN310/1996, internal bonding (I1B), EN319/1996 and thickness
swelling, EN 317/1996 standards. For each test, four samples were prepared from each
board and tested. Different particles were used either pure or mixed.

Statistical Analysis

Factorial experimental design was used for statistical analysis of the generated data and
in case the effect of variable(s) on the measured properties was significant at 99% or 95%
level, then the averages were grouped using DMRT.

Results and Discussion

The results of pH and buffering capacities measurements are summarized in Table 1 and
the results of strength and thickness swelling measurement on particleboards produced
from different raw materials and the combination of the particles applying three different
dosages of urea formaldehyde resin are shown in Table 2. Each value in table 2 is the
average of 12 measurements (three replicate boards for each combination of variables and
four sets of samples from each board).

pH and buffering capacity measurements indicated that the pH of the studied woods in
close to the neutral pH with the acid buffering capacity in the range of 0.0065-0.02 ml 1
N NaOH per one gram of wood. The acid buffering capacity of grape tree residues is
almost the same as mixed hardwoods and the acid buffering capacity of pine wood and
sycamore is almost identical. Similar results are observed on alkaline buffering capacity
measurements (Table 1).

The bulk density of mixed hardwood particles was higher than other material (Table 1).
Mixed hardwood particles are produced using larger diameter lumber as well as log ends
which contain mature and denser wood. However, pine and sycamore wood as well as
grape tree residues consisted of small branch which is mostly juvenile wood and this
wood upon chipping and flaking generates fluffy particles.
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Table 1- The results of pH, buffering capacity and bulk density measurements

Crips . AcdBUfing  Giceny Bk Densiy
Capacity?

Mixed Hardwood 536 0.02 0.065 245

Pine wood 490 0.007 0.007 153

Sycamore wood 4.85 0.0065 0.005 135

Grape tree residues 540  0.02 0.095 139

1- ml 1IN NaOH/gram wood, 2- ml 1 N H2SO4/gram wood

The results showed that the type of the wood used for particle generation influences the
strength of the boards and lower density wood (pine wood) which produces bulkier
particles produces higher MOR and MOE. This is contributed to higher impaction
between the particles in the boards. As it is observed from table 1, higher density
hardwood particles produced weaker boards. The highest MOR was related to boards
produced using pine particles and 11% resin and the lowest values were related to boards
from mixed hardwood particles and 10% resin (Enayeti et al. 2008). Higher dosage of
resin improved the MOR. The results of the statistical analysis indicated that both particle
type and resin content statistically influenced the MOR of the boards at 99% significance
level (Table 3). However, the interactive effect of two variables on MOR was not
statistically significant. Similar results were reached on MOE of the boards except the
interactive effect of two variables on MOE was statistically significant at 95% level
(Table 3).

On the contrary to the results of the flexural strength and MOE of the boards, the highest
internal bonding was measured on boards produced using mixed hardwood particles
having higher bulk density. These particles are produced from denser woods and due to
this factor, the specific surface area of the particles is lower than particles from lighter
woods such as pine and sycamore. Therefore, resin coverage on mixed hardwood
particles is more than others producing stronger bonds (Table 2). The influence of the
either variable and the interactive effect of these variables on internal bonding of the
boards was statistically significant at 99% level. The mixture of 50% mixed hardwood
particles and 50% grape tree residues particles produced fairly high internal bonding
which shows that the grape tree residues can be as a supplementary raw material in wood
deficient regions with the potential of grape yards. Even though, other wood residues
produced lower internal bonding, but the values are acceptable to EN requirements.

The thickness swelling of the boards is at acceptable level varying between 1.9-23.5% (2
hours soaking in water) and 7-26.1% (24 hours soaking in water). Lowest values were
measured on boards produced from pine wood particles which contain resins and other
organic soluble extractives and the highest values were measured on boards produced
from sycamore wood particles having water soluble phenolic extractives which prevent
urea formaldehyde resin bonding (Table 2). The influence of variables on thickness
swelling of the boards was statistically significant at 95 or 99% level.
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Table 2- The results of the strength and thickness swelling measurements on

particleboards produced using different wood raw material

Wood C_hi_p Resin ;rv?/:;:(iﬂzss
Composition Dosage
(%)
Mixed Pine  Sycamore tfggpe %)  MOR MOE B ohours 2
hardwood wood wood - MPa MPa MPa hours
residues
100 - - - 10 10.22 1215" 0.68%" 11.6%f 14.6°
100 - - - 11 11.9  1605f7M 1,062 11.7%f 17.1bcde
100 - - - 12 13.82 1812°9 1.18*  10.5°f0 17.gbode
- 100 - - 10 20.08 2854 0.66° 1.90" 7"
- 100 - - 11 21.43 2926%  0.64°@ 250" 10.29"
- 100 - - 12 21.26 2795® 0.81% 1.70" 11.7%
- - 100 - 10 12.20 1616M9 0.499" 2352 26.1a
- - 100 - 11 12.75 15977 0.5200 21 2% 272
- - 100 - 12 16.5 16137 0.66°% 15.9% 19.7bcd
- 50 50 - 10 14.7  2167°%% 0.41"  7.29 18.8bcde
- 50 50 - 11 15.82 2339% 0.36'  10.4%f 20.20¢
- 50 50 - 12 16.36 2526 0.59%" 19.3bc 25.62
50 - 50 - 10 10.58 14159 0.65%" 12.9d% 18, 7bcde
50 - 50 - 11 11.22 14759 0.80%f 13.3% 18.6Pcde
50 - 50 - 12 10.34 1375"  0.83%%¢ 10.5°f0 14.99%f
50 50 - - 10 12.51 1891°F  (Q.72d¢f 11 9Uef 16.4°%%€
50 50 - - 11 13.54 1937°¢F  0.69¢9 8.4™ 16¢def
50 50 - - 12 14.6  1973%f 0.69¢" 10.3¢f 15.5%f
50 - - 50 10 11.21 1190'  0.73%f 19 2bc 21.5°
50 - - 50 11 11.45 1379"  0.91P¢d 12.9de 19.2bcd
50 - - 50 12 12.22 14179 1.03%c¢ 11 .4°f0 17.7bcde
*- Superscript lower case letter indicated the DMRT grouping of the averages
Table 3- The results of the statistical analyses of the effect of variables of particleboard
properties (F value and significance level)
. . 2hours thickness 24_hours
Properties Variable MOR MOE IB swelling thlckrjess
swelling
?Aa;“c'ecomposmon 51.78%*  0575%%  4132%% 83.07** 56.53%*
Resin Dosage (B) 9.65%*  9.34** 31.59** 3.01* 1.27™
AxB 1.21" 2.03* 4.14%*  11.61** 6.27**

**.99% significant level, *-95% significant level, ns- not significant
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Conclusion

Wood industry is facing shortage of wood raw material, and the situation in countries
located in forest deficient areas which are willing to operate board production facilities is
severe. This indicates the need to look for alternative wood supplies. One such material
can be urban tree pruning and fruit bearing tree residues with diverse characteristics and
advantages and limitations. Therefore, in this study we investigated the impact of wood
raw material type and the resin dosage on the strength and thickness swelling of the
laboratory particleboard. The flexural strength (MOR) of the boards ranged from the
lowest value of 11.21 MPa to the highest value of 21.43 MPa. Lower density pine wood
produced strongest boards. However, other raw material and the combination of the raw
material also produced suitable boards. Modulus of elasticity (MOE) followed the same
trend as MOR. Mixed hardwood particles produced highest internal bonding, but the
internal bonding of the boards produced using other raw material was more than the
requirements of the ENB.

The results revealed that any combination of different urban and orchard tree residues can
be utilized in particleboard production with the characteristics fulfilling the requirements
of EN standard.
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Abstract

In the wood-based panel industry, particle boards are the main products and the most
common binders for producing them are urea formaldehyde resins (UF).

In order to optimise resin application, the knowledge of its distribution within wood-
based boards is a first and crucial step. Due to the fact that UF resins are colourless they
cannot be observed by using light microscopy without treatment. Existing analytical
methods, in which the resin is stained before gluing particles and board making, have
provided useful information. Nevertheless, on industrial scale, these methods are
impractical, labour-intensive and expensive. Therefore, a simple, low-cost and efficient
method was developed to investigate resin distribution. This new method is based on
post-production staining of thin sections of industrial produced particle boards with a
visible and a fluorescent dye and subsequent use of light microscopy for image recording.
Pictures of cross sections were taken under halogen and fluorescent light. These image
sections were matched and combined to make one new image, in which wood and
adhesive are visible. By means of image processing software these images were further
edited in order to calculate the adhesive distribution.
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This efficient method is applied to study resin behaviour in industrial boards affected by
different resin characteristics like viscosity and degree of condensation, and to investigate
a potential influence of the distribution on mechanical board properties.

Keywords: fluorescence microscopy; particle board; post-added staining; resin
distribution; UF resin

Introduction

Enormous amounts of amino resins are used to produce boards. For example, the
European production of these types of resins was estimated to be 5.5x10° metric tons in
the year 2004, from which approximately 95% were used in the particleboard and MDF
production (Diem et al. 2010). Therefore, knowledge on the whereabouts of resin within
industrially produced boards is of great importance. The distribution of the resin is one
major aspect for the final quality of particleboards (Riegler et al. 2012). The most applied
amino resins are Urea-Formaldehyde (UF) resins. Unfortunately, cured UF resins are
nearly colorless and therefore difficult to observe under a conventional light microscope.
An effective method of making UF resins visible is to label them with the fluorescent dye
Acriflavin during resin synthesis (Grigsby and Thumm 2012). Labeled UF resin can then
be incorporated into a commercial UF resin (Grigsby et al. 2004). By using this method,
valuable information has been obtained. However, because the resin is marked in the
liquid state and thus before boards are made, the method is limited to the study of
laboratory boards. If one desires to study industrial boards, enormous amounts of resin
have to be pre-stained because of the large scale on which boards are nowadays
produced. Furthermore, it has to be decided in advance which specific charge of boards is
to be investigated afterwards. If the need arises to analyse another charge which was not
pre-stained, it is no longer possible. Therefore, in order to investigate industrial boards,
another method is needed.

Sernek et al. (1999) used Brilliant Sulphaflavin to detect post-stained UF resins
penetrated into beech veneer. Because of the selective reaction of Brilliant Sulphaflavin
with amino groups (Leemann and Ruch 1972) the resin can be stained after the board has
been pressed. Therefore, this dye played an important role in our studies.

Adhesive detection is just a first step or rather a tool towards an adequate knowledge of

adhesive behaviour in particle boards. Furthermore, it has been used to draw a relation
between adhesive distribution and its effect on bond performance.

Materials and Methods

For the present studies, three-layer particleboards were produced by Metadynea Austria
GmbH (Austria), using urea formaldehyde (UF) resins. The boards were identical, except
for the resin used.
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Three types of resins were compared: UF1 is a low molecular weight resin with a low
degree of condensation. UF2 is a middle molecular weight resin with a middle degree of
condensation and UF3 is a high molecular weight resin with a high degree of
condensation. The solid content of all three resins is similar and was balanced.

Tablel shows resin properties and mechanical values of tested particle boards used for
the resin evaluation. In this article three resins are compared in terms of their mechanical
properties with different degrees of condensation (DOC).

Resin Solid resin  Viscosity DOC Density Bending strength Internal bond 24h Swelling

% mPas kg/m3 N/mm? N/mm? %
UF1 72 500 low 665 11,80 0,41 16,64
UF2 66 500 medium 666 12,38 0,42 13,95
UF3 63 500 high 659 11,75 0,36 18,57

Table 1. Characteristics of the resins and mechanical values of tested particle boards

Specimens (2x3x4 mm) were prepared out of a board, embedded in an epoxy resin, and
cut into 2 pum thick cross sections. The thin sections were stained with Brilliant
Sulphaflavine, which was used for labeling the adhesive, and another dye, Gentian violet,
which was used for subsequently staining the wooden parts in order to obtain a better
contrast. After each coloring step, the samples were rinsed with water to remove excess
dye. Because of the embedment in epoxy resin, the samples could not swell. Afterwards,
using a Zeiss Axioplan 2 microscope, pictures of the cross sections were taken under
halogen (Figure 1) and fluorescence light (excitation at 438 nm, emission at 520 nm)
(Figure 2). After microscopy, the two image sections were matched and combined to
create one new image (Figure 3) using image processing software. In order to see both
image aspects, one of them was made more lucent.
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Figure 1. Microscopic picture of a particleboard sample bonded with UF resin under
halogen light.

Figure 2. Microscopic pictureof a particleboard sample bonded with UF resin
(fluorescence picture).

Figure 3. Particleboard sampe bonded with UF resin as overlay of the halogen light
picture with the fluorescence picture (Combination of figure 1 and 2).

281



Proceedings of the 57th International Convention of Society of Wood Science and Technology
June 23-27, 2014 - Zvolen, SLOVAKIA

In Photoshop all particle borders were contoured with a line to indicate the surface of
wood particles. The bondline region was defined as an area of 25 um around the surface
line (12.5 um in both directions). In addition, all particle lumen were filled in black. In
Photoshop binary images of adhesive, penetrated areas and bondline regions were
achieved. With these images, overlapping areas of adhesive and bondline region, as well
as of adhesive and particle (penetration) were determined by the software ImageJ. Those
areas could be added together and put in relation to the total adhesive. Resin not present
inside bondline or particle was named “excess” resin. In this manner the adhesive
distribution could be determined.

An additional parameter that was determined to characterize the board was “coverage”,
defined as the surface area covered by resin divided by the total area surface. Coverage is
expressed as percentage.

Results and Discussion

Figure 4 shows the resin coverage of particles of three different types of UF resins in the
core layer of industrial particleboards. UF1, the resin with the lowest DOC shows the
highest coverage, UF3 the lowest. UF2, the resin with the medium DOC is in between. It
seems that the lower the DOC, the higher the coverage of the resin.
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Figure 4. Coverage of the particles with UF resin in the core layer of three-layer
particleboards.
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Figure 5. Resin area classes in the core layer of three-layer particleboards.

The resin size distribution can be seen in Figure 5. It shows for the low condensation
resin more large resin areas whereas the high condensation resin has more smaller areas.
One possible explanation in terms of different internal bond strengths might be due to the
already mentioned shape formation. It is conceivable that the high condensation resin
spread less on the particle surface and forms more and smaller resin drops. Whereas the
low condensation resin may be tend to extended resin areas, which would lead to a bigger
interface between wood and resin and therefore higher mechanical strengths.

Figure 6 shows the resin distribution of three different types of UF resin in the core layer
of several particleboards. The values are average values of 8 samples taken from the
board, as well as their standard deviations. Remarkable is the fact that only
approximately half the resin formed a bondline, whereas the other half is penetrated or
“excess” resin. Whereas the content of bondline adhesive of all three adhesives is slightly
different the adhesive penetration shows a characteristic. In contrast to the assumption
that the resin with the lowest DOC would results in the highest penetration both the high
and low DOC resins are equal. This could be explained for the low condensation due to a
larger spread of adhesive on the particle surface. As a result more resin might be
remaining in the bondline and less penetrates into particles. However, for high
condensation the low penetration could be an effect of larger resin molecules, which
reduce the adhesive flow inwards the particle. The highest rate of penetration shows resin
UF1 with medium degree of condensation. Apparently, the medium molecule size is able
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to penetrate easier than bigger molecules and does not spread as much on the particle
surface as the low condensation adhesive.

B Bondline M Penetration Excess

100%

11:4% 8+1% 13+7%

90%
80% -
70% -
60% -
50% -
40% -

30% -

Resin Distribution [%]

20% -

10% -

0% -
UF1 UF2 UF3

Figure 6. UF resin distribution within the core layer of three-layer particleboards.

Apart from an assumable influence of the bondline on mechanical bond performance
adhesive penetration has been considered, too. As can be seen in Figure 1 the resin with
the highest DOC results in the lowest internal bond strength (IB). An expected reason
would be a low degree of adhesive penetration due to its high degree of condensation.
Gavrilovi¢-Grmusa et al. (2010) reported that a higher DOC causes a lower rate of
penetration. In our case it partially applies but also other effects very likely overlap it.
One of the possible effects could be best exemplified on the low condensation resin. The
smallest resin molecules are expected to penetrate easily into particles and show the
highest rate of penetration. Instead, the low DOC might leads to a higher spread of
adhesive on the particle surface and this causes a decrease in penetration. Today it is
widely recognised that a certain amount of adhesive penetration is necessary for a high
bond performance. Kamke and Lee (2007) reported that a greater penetration is
associated with more surface contact between adhesive and wood, thereby increasing the
potential for additional bondings like secondary and covalent bonds. In the case of
additional bonds, a greater mechanical performance could be presumed. In our case the
adhesive with the highest rate of penetration results in highest bond strength.

It seems there is more than just one influence regarding penetration. Many factors
influence resin penetration, like those related to the fluid properties of the resin,
anatomical characteristics of wood, and processing conditions (Kamke and Lee 2007).
However, there is consensus that a specific amount of penetration is necessary for
improving bonding quality but it is still questionable in which way penetration improves
mechanical bonding quality and what the optimum adhesive penetration looks like. In
literature there can be found several possible ways of reinforcement of bonding quality
through adhesive penetration. The improvement might be derives from an enhanced
mechanical interlocking effect, or from a fortification of subsurface wood areas
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(Gavrilovi¢-Grmusa et al. 2012). Also possible is for an improved bond performance a
repairing effect of damaged cells and cracks by penetration (Kamke and Lee 2007).

Conclusions and Outlook

Effective methods are introduced that allow the analysis of UF resins in already produced
industrial particle boards. It was found that inside particleboards approximately 50% of
UF resin is present in the bondline and below 10% of the area of the particles is covered.
The medium DOC seems to be the optimum in terms of bonding performance. Work is
ongoing to understand the relation between resin parameters and bondline formation,
resin penetration, and covering. Furthermore, the question in which way penetration
improves mechanical bonding quality and what the optimum adhesive penetration looks
like still has to be addressed.
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Abstract

According to different scenarios, the consumption of lignocellulosic raw material leading
to competition is increasing for raw material for use in the board industry, the energy
conversion industry, and the pulp and paper industry. The primary production of
lignocellulosic raw material in some regions may therefore reach the limit of
sustainability, and this means that the lignocellulosic raw material must be used more
effective to reduce the risk of a shortage. The physical and chemical properties of the
lignocellulosic raw material of selected species have therefore been surveyed and the raw
material properties which are important for each of the three competitors have been
defined. A comparison between the properties of the various lignocellulosic raw materials
and the requirements of the competitors for their products shows which raw materials
face a high competition and which raw materials may open new opportunities, and at the
same time lower competition because of their extraordinary properties.

The aim of the study is to characterise the lignocellulosic raw materials according to the
three competing users and to show whether these is high or low competition. This is done
by studying the restrictions found in the literature in combination with a statistical
analysis. This method leads to results showing that the highest competition is for the
coniferous species, while the properties of monocotyledons differ greatly from the
properties of wooden species resulting in low competition. Wood species grown in short
rotation plantations show a high potential for all uses and not only for energy purposes.

Keywords: Bio fuel, Pulp and paper, Particleboard, Material properties.
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Introduction

The competition for the lignocellulosic raw material between the particleboard industry,
the energy conversion industry, and the pulp and paper industry is becoming increasingly
tight. There are forecasts showing that already in 2020, the European consumption of
wood can be as large as Europe’s combined forest growth increment (Jonsson et al.
2011). An increasing proportion of the wood is expected to be used as fuel for heating, as
propellant fuel or to generate electricity, i.e. applications that compete directly for the raw
material used today in the particleboard and pulp and paper industries. Recently,
approaches have been made to reduce the use of wood in particleboards by introducing
other materials such as polymers, starch-based granulates, and monocotyledons like hemp
or agricultural residues (Kharazipour et al. 2011; BASF 2013; ELKA 2013; Pfleiderer
2013; WKI 2013). Monocotyledons not only give an opportunity to substitute wood but
also have the advantage of reducing the weight of the boards (Boquillon et al. 2004).
These developments lead towards specialized wood-based panels for certain applications
and towards multi-component and multi-layered materials (Shalbafan et al. 2012).
Nevertheless, not every raw material can be used for particleboards, as there are technical
restrictions related to the material properties. For particle and fibreboards as well as OSB
(oriented strand board) there is a relationship between the raw material and the board
with regard to density, stiffness, strength, dimensional stability, internal bond strength,
surface strength and appearance (Lundqvist and Gardiner 2011). Some properties like
dimensional stability, internal bond strength, surface strength, and colour are influenced
by additives during the production process (Grigoriou 2000; Frazier 2003; Frihart 2005;
Xu et al. 2009; Saravia-Cortez et al. 2013) such as heat, pressure and closing speed of
press (Kelly 1977; Kruse et al. 1997) or by the design of the particles and the product
(Han et al. 1998; Hacke et al. 2001). A challenging feature is the contact area between
particle and the adhesive, matrix, or environment.

For thermal energy recovery, important material properties are the moisture content, the
calorific value, the proportions of fixed carbon and volatiles, the ash or residue content
and the alkali metal content (McKendry 2002). The calorific value per mass is similar for
different species, but the ash content and the ash softening point can differ strongly
(Oechsner 2009). Among the European wood species, the softwood species have higher
calorific values and higher ash melting points, but also higher ash contents than
hardwood species (Schreiner 2009). Both, the ash content and the melting point are
influenced by the chemical composition. The melting point decreases with increasing
amount of potassium and sodium, while calcium, magnesium and aluminium increase the
melting point (Biedermann and Obernberger 2005; Oechsner 2009). And low melting
points, slagging, deposit formation, and corrosion cause problems in firing systems
(Biedermann and Obernberger 2005). In general, all economically favourable
lignocellulosic raw materials are nowadays used for thermal energy recovery, but density
and moisture content have a strong impact on the transaction costs (Hamelinck et al.
2005; Altman et al. 2007; Moéller and Nielsen 2007), and the calorific value per volume
varies greatly (up to a factor of 20) depending on the species (Biedermann and
Obernberger 2005).
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For the pulp and paper industry, the dimensions, slenderness ratio, flexibility coefficient
and Runkel-ratio of the plant fibres are important (Ververis et al. 2004). In particular, for
paper made of fibres from hardwood, the length-to-diameter ratio is important because
the fibres are shorter (Horn 1978). The strong influence of fibre length and cell wall
thickness on the mechanical properties of paper has been shown in many tests (Horn
1978; Horn and Setterholm 1990), and there is a direct proportional relationship between
tensile strength and cellulose content (Madakadze et al. 1999). Fibres for paper should
generally be long (better fracture properties and wet strength of the paper) but not too
long (negative influence on formation), thin-walled (better surface and optical properties)
and flexible (positive for strength properties but negative for bulk) (Lundgvist and
Gardiner 2011). According to the literature fibres with a long length, high slenderness
ratio (>33) and low Runkel ratio (<1) are the best for pulping and papermaking (Xu et al.
2006). According to other sources the slenderness ratio of the fibrous material should be
not less than 70 to be suitable for quality pulp and paper production (Shakhes et al. 2011)
and the Runkel ratio should not exceed 1.25 (Antwi-Boasiako and Ayimasu 2012). The
flexibility coefficient, which is an expression for the collapse of fibres resulting in surface
contact and fibre-to-fibre bonding is also important and should exceed a value of 50
(Antwi-Boasiako and Ayimasu 2012).

Objectives

The objective of this study is to show the competition for different species by estimating
the relatively best use of different lignocellulose raw materials for the particleboard
industry, the thermal energy recovery industry and the pulp and paper industry, on the
basis of some physical and chemical properties.

Materials and Methods

Literature data regarding the raw material properties of 21 species were collected. The
species included 5 coniferous species (Picea abies, Pinus sylvestris, Abies alba, Larix
spp., Pseudotsuga menziesii), 12 broad-leaved species (Betula spp., Alnus glutinosa,
Populus nigra, Populus tremula, Populus tremula x P. tremuloides, Salix spp., Fraxinus
excelsior, Fagus sylvatica, Quercus spp., Tilia spp., Acer plantanoides, Paulownia spp.)
and 4 monocotyledon species (Miscanthus spp., Phalaris arundinacea, Triticum spp.,
Brassica napsus).

The literature data include fibre properties (length, diameter, lumen, wall thickness),
amount of fibres, wood density, contact angle of water, calorific value, ash content and
melting point, and the pH-value. The raw material requirements of the industries
including limitations or advantages are presented in Table 1.

The species are classified in relation to the properties of the raw material in two ways: (1)

The species are compared relatively to each other and to the groups of competitors after
the literature data have been standardised to a value between 0 and 1. This method
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includes the selected limits presented in Table 1. (2) A hierarchical Cluster analysis
(SPSS) also with standardized data in the range of 0 to 1. Ward’s method with squared
Euclidian distances as intervals was chosen for the cluster analysis. The monocotyledon
species were excluded from the cluster analysis as their raw material properties differed
too much. The combination of the relative method and the cluster analysis gives further
information about the competition of the different species regarding their raw material
properties.

Table 4. Overview of the criteria for classification of the raw material into those
relatively best suited for particleboard production, thermal energy recovery and pulp-
and papermaking including the limitations or advantages given in the literature. MC —
moisture content.

N . . Limitations/
Criterion Unit Explained by Advantages
. Mass at MC=15%
3 oo Al VT
Density g/m Volume X < average
Wettability ° Water drop contact angle X<70°
Particleboard
pH-value - pH X > average
Amount of fibres % Percentage of fibres X > average
- Mass at MC=15%
3 Maoo dal Vib—_ 97
Calorific value MWh/m volume X < average
In percentage of mass at
0,
Energy Ash content % MC=15% X < average
Ash melting point °C chemical composition (Ca+Mg X < average

. K+Na)

; Length of fibre
Slenderness-ratio - ITen th of flpre X>70
Diameter of fibre

Pulp and Flexibility ) Lumen diameter X > 70
paper coefficient Diameter of fibre

N .
Runkel-ratio - 2> cell \.Na” th'Ckne.SS X<1.25
Lumen diameter of fibre

Results and Discussion

The results of the relative classification are presented in Fig. 1, with the relative
suitability for thermal energy recovery in the x-direction, that for pulp and paper in the y-
direction and that for particleboard industry in z-direction.

The coniferous species show the highest suitability for all three competitors followed by
some broad leaves species such as Fraxinus excelsior, Alnus glutinosa and Betula spp..
Species showing a relatively low suitability are Tilia spp., Populus nigra, Salix spp.,
Populus tremula x P. tremuloides and Paulownia spp.. The distance between the
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monocotyledon species and the wooden species is relatively high due to the large
differences in their raw material properties.

Species

O ibies alba
O Acer platanoides
Alnus glutinosa
O Betula spp.
Brassica napus (straw)
O Fagus sylvatica
Fraxinus excelsior
Larix spp.
—— Miscanthus spp.
1,00 T 0 o OF. tremula x p. tremuloides
Paulownia spp.

a0 o | halaris arundinacea
| o | O Picea abies

i Pinus sylvestris
- ] O Populus nigra
0 * Qo Populus tremula
i seudotsuga menziesii
A0 . Quercus spp.
! Salix (short rotation)
O Tilia spp.
Triticum spp. (straw)

Pulp_Paper

Fig. 1. Relatively best use of raw material presented relative to each other and for use in
the particleboard industry, for thermal energy recovery and for pulp- and papermaking.

The dendrogram of the hierarchical Cluster analysis (Fig. 2) presents the distances of the
wooden species from each other based on their raw material properties. Since the factor
analysis gave a KMO of 0.531 with sig. p < 0.000 after excluding the monocotyledon
species, no dimensional reduction of the properties as input data was made.
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Dendrogram using Ward Linkage
Rescaled Distance Cluster Combine
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Fig. 2. Dendrogram of Cluster analysis of the wooden species using the Ward Linkage
method.

The combination of both the “relative classification” and the “classification by the
hierarchical Cluster analysis™ can be interpreted as follows:

Cluster 1: highest competition: species which show values of at least 90% for one
competitor and at least 60% for the other competitors in the relative classification. In the
dendrogram, these are the species from Pinus sylvestris to Pseudotsuga menziesii.

Cluster 2: medium competition: species which show values between 60% and 90% in
the relative classification. In the dendrogram, these are the species from Populus tremula
to Populus nigra.

Cluster 3: low competition: species which show at least one value lower than 60% but
still more than 50% for all values in the relative classification. In the dendrogram, these
are the species from Fagus sylvatica to Quercus spp..

Cluster 4: lowest competition: species which show values lower than 50%. These are the
monocotyledon species in the relative classification not included in Cluster analysis as
their raw material properties differ too much from those of the wooden species.

These two methods leave space for interpretation but their combination shows the
relatively most suitable use and the competition, since the cluster analysis also groups the
species regarding their distances but includes no further definition. Other competitors
such as the sawmill or the cellulose fibre industry were not included in this classification.
The group for thermal energy recovery was defined by raw material properties but in
general all the species listed here can be used for energy production. The bioenergy
sector with short rotation plantations, for example, nowadays uses exactly those species
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which show the lower competition. This raw material might however be suboptimal for
this purpose, as the calorific value per volume and the ash melting point are relatively
low while the amount of ash and moisture content at harvest are relatively high compared
to the species grouped as those most suitable for energy conversion. Nevertheless, this
raw material might also be suboptimal for particleboard production because of the low
density, amount of fibres etc. Overall, it is becoming obvious that it is very difficult for
the particleboard industry to find alternative raw materials as either the competition is too
high or the raw material properties are too low.

Conclusion

The aim of the study was to classify the raw materials of different species according to
the needs of three competitors: the particleboard industry, the thermal energy recovery
and the pulp and paper industry. This was done by combining two methods: (1) the
species were classified relative to themselves with regard to the three competitors based
on their relatively most suitable use. (2) A cluster analysis was used to give a more
objective grouping and distances between the groups to see between which groups the
pressure of competition is higher according to the material properties. The combination
of both methods resulted in a ranking of the competition between the species. It can be
concluded that in general (a) the coniferous species show the highest competition, being
the most suitable for all three competitors, (b) the deciduous species with lower densities
such as poplar, aspen and paulownia seem to have much less competition and seem to be
to the same extent suitable for both particleboard production and thermal energy
recovery, while (c) the monocotyledons were generally excluded as their raw material
properties differ too much from those of the wooden species.
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Abstract

Very thin MDF with cardboard-like properties (dry cardboard) were manufactured in lab-
scale by combining chips of Scots pine with recovered paper as raw-material for the
wood fibre pulp. The pulp was refined were finely, the fibre mat was produced with
Airlaid-technology and the pressing conditions were adjusted. The mechanical properties
of dry cardboards easily matched the requirements of cardboards for packaging purposes.
The foldability, as required for folding boxes, was until now only achievable by
producing multilayered dry cardboards.

Keywords: dry cardboard, ultra-thin MDF, foldability, folding behavior, burst index,
folding box, packaging material, recyclability
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Introduction

Due to sewage issues and a high drying effort for the production of fiberboards with the
wet process technology, the dry process technology was developed in the 1960°s
(Swiderski 1963, Lampert 1966). The advantages of the dry process were so convincing
that today fiberboards are almost exclusively manufactured by this process.
Calculations of current energy, water and raw material consumptions show that, in
comparison to cardboard production on the basis of surface mass of 800 g / m?, the dry
process is energetically and economically favourable.

Regarding the development of MDF plants, where increasingly thin MDF can be
produced (N.N. 2007a, 2007b, Schéler 2009, N.N. 2010), positive results are achieved
compared to cardboard production with respect to the ecological and economic balances.
This poses an enormous potential for the substitution of e. g. cardboard for packaging
purposes by thin MDF.

The very different property profiles of the two products and additionally the high
demands on the recyclability of packaging cartons are regarded as the main barriers for a
direct substitution.

The aim of this study is a reduction of the mentioned barriers identified through the
development of raw material and technology combinations, which allows the production
of thin MDF with cardboard-like properties (hereinafter referred to as "dry cardboard").
The dry cardboards shall be suitable for further processing to packaging cartons and,
compared to conventional cartons, shall have improved properties such as higher wet
strength, smoother surfaces and, depending on the application, also have a distinctive
density profile at the same or lower mass per unit area and furthermore allow the
recyclability of the conventional used paper streams.

Preliminary studies have shown that the best results regarding folding behavior are
achieved with finely refined fiber pulps, omitting the thermosetting condensation resins
as a binder (Bartsch 2012, Wenderdel et al. 2012, Wenderdel et al. 2013).

This paper focuses on the use of different bond effective additives, on different contents
of recovered paper as well as on the difference of single and multilayered dry cardboards.

Materials and Methods

In this study, dry cardboards with different raw-materials and technologies were
manufactured and board properties concerning the requirements of cardboards for folding
boxes were characterised.

Materials

Different variants of fibre pulp were produced by varying the raw material. Logs of Scots
pine [Pinus sylvestris L.] from the area “Dresdner Heide” were cut, debarked, chipped
and sieved. Recovered paper of the grade 1.02 (household papers) was conditioned and
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centrifuged. The dry mass content of the recovered paper differed from 0, 10, 20, and 30
to 50 %. The wood chips, in combination with the different recovered paper contents,
were plasticised in a digester at a temperature of ~ 160 °C for 3 — 4 min, defibrated in a
12 inch laboratory refiner (Andritz) and dried in a lab flash drier. The grinding plate gap
distance was 60 pum and the plate driving speed was 3,000 rpm. Refiner output of
absolutely dry fibre was 60 kg/h with a sample size for each variant of 12 — 15 kg, while
the inlet temperature of the flash drier was around 90 °C.

Table 5: Variants of different fibre pulp and additive combinations.

Additive Recovered paper content / %

0 10 20 30 50
Starch St 0 St 10
Protein Pr 0 Pr_10 Pr_20 Pr_30 Pr_50
Wheat flour Wf 0 Wif 10
PVAC PV 0 PV 10

Different bond effective additives such as starch, protein, wheat flour, and PVAc
dispersion were added to the fibre pulps in the blowline (Table 5). The additive content
amounted to 10 % with regard to absolutely dry mass of fibre pulp.

Methods

Manufacture of dry processed cardboard

The variants of fibre pulp and additive combinations were formed to fibre mats using the
Airlaid technology (Figure 20).

Figure 20: Airlaid head and forming sieve with well distributed fibres.

The achieved grammages varied from 250 — 600 g/m2. The fibre mats were rewetted to a
moisture content of 13 £ 1 %. The hot pressing process was pressure controlled rather
than distance controlled due to better repeatability regarding the target density of 700
kg/m3 (Wenderdel and Schulz 2013). Since the different pulps and additives led to
different densification properties, the press process parameters had to be adjusted.
Parameters were varied as follows: press time factor from 10 — 15 s/mm, pressing
temperatures of 170 and 210 °C and specific pressure from 5 — 10 bar.

Multilayered cardboards were made of the above mentioned dry cardboard with a coating
of 10 g/m2 PVAc plus 80 g/m?2 printing paper and the same hot pressing parameters.
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Characterisation of cardboard properties
The manufactured cardboards were characterised according to the following standards:

- Thickness DIN EN 20534
- Mass perunitarea  DIN EN ISO 536
- Burst index DIN 53141-1

- Bending stiffness DIN 53121

- Folding behavior DIN 55437-2 and DIN 55437-3

- Recyclability PTS-RH 021/97 and INGEDE-Methode 13
The standard regarding the folding behavior only considers passing or failing the test.
Due to experiences from pre-trials the dry cardboards were most likely to fail the test, so
that the results wouldn’t allow assessing the influence of variations in raw materials and
technology on the folding behavior. In accordance to DIN 55437-2 and DIN 55437-3 a
method for assessing the folding behavior was established. The folding behaviors of the
folded test specimens were graded from 1 (very poor) to 10 (very good) (Bartsch 2012).

Results

Due to process variability, the grammage, the thickness, and the density are not in the
same range for every specimen. Therefore the results of the different properties are
plotted against the parameter which is known to have the greatest influence:

- Burst index against density

- Bending stiffness against thickness

- Foldability against grammage

Influence of additive on cardboard properties

The earlier discovered correlation between density and burst index is covered by the
different bond effective additives (Figure 21).
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Figure 21: Burst index of dry cardboard bonded with different additives versus
density.

Most burst index values of dry cardboard are equal or higher than for wet-process
cardboard. The values are lower only for three variants of protein and one variant of
starch bonded dry cardboard. The bending stiffness of the different bonded dry
cardboards are comparable with the wet-processd cardboards and differ only slightly
regarding the correlation with thickness (Figure 22).
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Figure 22: Bending stiffness of dry cardboard bonded with different additives
versus thickness.

The foldability of all dry cardboards is only of medium quality, whereas the wet-process
cardboard shows a very good foldability (Figure 23).
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Figure 23: Foldability of dry cardboard bonded with different additives versus
grammage.

Effect of different contents of recovered paper and multilayering

Exemplary for the influence of the content of recovered paper on cardboard properties,
the burst index of protein bond dry cardboard with comparable grammage, thickness, and
density is displayed in Figure 24. With 10 — 20 % content of recovered paper the burst
index is slightly higher than with 0 % recovered paper. With higher contents of recovered
paper the burst index decreases.
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Figure 24: Burst index of dry cardboard bonded with protein versus content of
recovered paper.
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Figure 25: Burst index of dry cardboard bonded with different additives, different
contents of recovered paper, and different layering versus density.

However, comparing all dry cardboards regarding the influence of the recovered paper,
the effect of 10 % recovered paper on the burst index is rather negative (Figure 25). The
burst index values of the multilayered dry cardboards differ from 0.9 to 1.9 kPam?/g.
The content of recovered paper has only a small effect on bending stiffness, whereas the
multilayer cardboards have a significant higher bending stiffness (Figure 26).
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Figure 26: Bending stiffness of dry cardboard bonded with different additives,
different contents of recovered paper, and different layering versus thickness.
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Figure 27: Foldability of dry cardboard bonded with different additives, different
contents of recovered paper, and different layering versus grammage.

The usage of recovered paper has an impact on the foldability, but the quality is still only
in the medium range. With a multilayer composition of the cardboards it is possible to
increase the foldability to very good qualities, even in comparison to wet-process
cardboard.

The recyclability was fully given for all dry cardboards described in this paper.

Conclusion

With a configuration of optimised raw-material combinations, an adaptation of the
Airlaid technology and optimised pressing conditions, the production of dry cardboards
with properties suitable for the manufacture of folding boxes is possible.

Excellent mechanical properties are achievable with almost every raw material
combination, however, to achieve a good foldability until now a coating of dry cardboard
(multilayer) is necessary.

The optimum variant of this work consisted of fibre pulps refined with a very small
grinding plate distance and an admixture of recovered paper of 50 %. The favourable
bonding effective additive was PVAc and the coating consisted of 10 g/m2 PVAc sprayed
on the surface and an overlay of 80 g/m? printing paper.

Further work is planned to optimise the defibration process of the recovered paper in

order to produce dry cardboard with suitable foldability without the necessity of
constructing multilayer systems.
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Abstract

Production of furniture and furnishings of interior in Poland and on whole world
develops in a very dynamic way. One of the most important directions of used wooden
materials, in particular in furnishings of interior there are paneling, which are the
products of new generation and their properties have become useful in a field of furniture
industry and technology as well. It was worth emphasizing here, that the most important
land are adhesives in producing processes, which determine the durability, resistance of
finished manufactures. What is more, developments in adhesives for application in
furniture industry are very fast as regards the industrial practice and innovating solutions.
As a result of technical progress, the producers implement larger and larger qualitative
needs. Those needs should provide the functionality, opportunely assessment of the
aesthetic — decorative and also high durability to action of utylity factors. The surpass all
expectations which are put to the various productions are in connection with used
technology and quality of materials, which are used in furniture industry. Methods of
resistance of surfaces panel elements bonding by artificial veneers from HM adhesives
can be useful, universality and can show people how in easy way they should apply
adhesives without expensive invensment and in what way people should use the panel
elements to assure suitable durability and resistance. The investigations present the
resistance upon surfaces panel elements from HM adhesives used to bonding by artificial
veneers. For the investigations, there were used the paneling which were produced in
industrial conditions, using LDF board, HM adhesives and artificial veneers.

Keywords: wall panel, LDF board, HM adhesive, artificial veneer, surface resistance
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Introduction

The scope of applications hot melt (HM) adhesives practically started in the furniture
industry from the end of sixties of last century and from now on it is widening in other
fields connected with technology and wooden materials also. At present the assortment
added variety of panel elements is being produced especially from LDF boards, which
from the upper side are bonding by artificial veneers, usually in the version finish. The
production of these veneers, relies on printing appropriate papers, next for impregnating
them most often with acrylic composites and then finishing the surface by lacquers
(Zenkteler 1996). The panel elements are intended above all rooms of destructive factors
not exposed to the long-term influence of increased RH and outside (Malysheva i
Bodrykh 2011). Additional advantage is a good thermal and acoustic isolation. The areas
of discussed panel elements are quite immune to mechanical influences. The artificial
veneers are intended to produce panels, offered in huge choice of assortments and quality
classes. The collections of veneers are designed to current market trends, that is their
colours drawn up by designers, effectively are raising visual advantages of get panel
elements, granting finished form them. Their appearance is balanced very much what
causes that they have a wide application, e.g. in architectural designs, of the production of
furniture and furnishings interiors. From experience industrial, resulting from the
production of panel elements it turns out, that every type of the artificial veneer, in the
version finish it is important also and to a large extent it influences both to the process of
bonding the surface, as well as properties of glue lines. In the process where the panel
elements are bonding by artificial veneers the most important factors are relations which
are deciding about properties in the arrangement substrate - adhesive - veneer. Binder
based on ethylene — vinyl acetate (EVA) or polyolefine (PO) as the main element of
applied HM adhesives, is deciding above all about appropriate adhesion artificial veneers
to the surface of LDF boards, as well as about the forming of mechanical durability of
finishing surfaces (Proszyk, Krystofiak and Lis 2012). A very important aspect which is
determining the adhesion is compatibility of the polarity of base, adhesives and
individual artificial veneers. They generally assume that it isn't possible to get a durable
connection in case of polar materials, which are connected with glue about nonpolar
character and inversely. In the mechanical aspect, they assume that the adhesion is
manifesting itself as the biggest state of tensile stresses, acting on interphases surfaces
which the moment of delaminating the arrangement is preceding (Gieldowski 1983,
Krajaks et al. 2009; Proszyk, Bernaczyk and Krystofiak 1995a, b). The aim of work was
to determine adherence of glue lines from Hot Melt adhesives used to bonding panel
elements by LDF boards and artificial veneers.

Materials and Methods

For the investigations used the wall panels, which were produced in industrial conditions.
To this destination using LDF panels (thickness 7 mm, density 650 kg/m3, MC 6 %),
wrapping 6 artificial veneers (in decorative versions: pine, oak natural, pine natural, pine
antic, marble cararra, ash mountain) by 3 HM adhesives, which based on EVA
copolymers with fillers and without fillers and PO (Anonymous 2010). For determining
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the resistance of glue lines in the attempt to tear away samples were used appropriately
about dimensions 120 x 20 mm and aluminum plates 20 x 10 x 2 mm (fig. 1). Samples
for indicating the durability of joints to tearing away were prepared according to
guidelines drawn up by Zenkteler's (1983).
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Fig. 1. Scheme of the sample with the stuck aluminium plate for determining
the resistance to tearing away with the prototype MZ device:
1) LDF board, 2) artificial veneer, 3) aluminum plate

The sticking aluminum plates to the surface was an initial stage of veneers with 2
component glue silane - epoxy Jowat SE - Polymer 690.00. Next there was a conducted
marking about the resistance of connections to tearing away, at using the prototype MZ
device. Samples were fastened in the set stand, and then on sticking out from a distance
10 mm aluminum plate, a metal container was hung. Next a flow of water filling this
container was started what all at the same time regular burdening the tested sample
provided. In the moment of getting appropriate mass of the burden, tearing the aluminum
plate away took place, with the simultaneous automatic blocking of the water supply into
the container. Values of failure loads were being read off with the accuracy to 0.1 daN.
For every sample additionally a degree of stratifications which took place in the attempt
to tear away in the LDF surface, was being assessed expressed with so-called WFP
indicator (Wood Failure Percent), which was being estimated with visual method with the
accuracy up to the 25%. To determined adherence in system panels — adhesive - veneers
used the samples of the size 120 x 30 mm, according to PN-EN ISO 4626. The initial
stage there were sticking of metal measuring stamps to samples, at using SE-Polymer
690.00 adhesive. Before setting about determining the adhesion in the attempt to tear
stamps away, examined part of the artificial veneer appropriately milled with cylindrical
drill bit. PostiTest AT Adhesion apparatus was used for measurements testing machine,
which is equipped with the plumbing drive of the team tearing away. It is possible to read
off get values, expressed in MPa, in the automatic way from the electronic display of
apparatus (Bordzitowski and Krolikowska 2005). After tearing every stamp away, a
visual evaluation of delaminated agreements was being conducted, with unarmed visual,
making an appraisal of images of damage, according to the scale given in table 1.
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Table 1
The markings of kinds of detachments in the method tearing away
Symbol Type of tearing away
A cohesion in substrate
A/B disconnected in glue layer between substrate and veneer
B cohesion in veneer
C cohesion in the layer of glue
-IY disconnected of the glue — veneer system
Y cohesion in SE adhesive layer
Y/Z disconnected between SE adhesive and measuring stamp
Results

The results of investigations of the adhesion veneers to LDF boards in the attempt to tear
away were presented on fig. 2. The lowest resistance were characterized the bonds with
applying EVA adhesive with fillers, achieved average results were included in a range
1.0 - 3.5 daN, in addition lowest, comparable values were taken note for pine natural,
pine antic and ash mountain (1.0 daN). However the highest value was stated for pine
(3.5 daN), and a little bit lower parameters for oak natural and marble cararra. Next for
samples of EVA adhesive without fillers were a little bit higher values (2.1 - 3.2 daN). In
case of pine and pine antic, the lower values were recorded, whereas the highest for ash
mountain and marble cararra. As by analogy as in case of analyzed previously properties,
definitely the highest resistance of glue lines demonstrated PO adhesive, which this
parameter was included in a range 2.8 - 3.9. In this variant, the highest values were for
pine and oak natural, whereas the smallest for pine natural. Analyzing the appearance of
delaminated connections in the attempt to tear away, they stated that all had adhesion
character, being located between the veneer and substrate (A/B kind according to the
scale from tab. 1). Chosen insults of damage were presented on fig. 3.

47 Veneers:
5 3 M pine
% W oak natural
(ol 2
By = H pine natural
2% -
59 1 pine antic
@]
E 0 B marble cararra
q-) . . . .
M EVA without fillers ~ EVA with fillers PO ® ash mountain

Kind of adhesive

Fig. 2. Comparing results of the resistance of glue lines to tearing away of
EVA adhesive without fillers, EVA with fillers, PO and different veneers
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c)

Fig. 3. Kinds of stratifications in the research on the resistance to tearing glue lines
away of various adhesive: a) EVA without fillers, b) EVA with fillers, ¢) PO

The results of investigations of the adhesion of individual kinds of adhesives and veneers
to base were placed in fig 4. In case of samples with applying EVA without fillers,
achieved average results were included in range of values 0.56 — 0.87 MPa, however the
highest value was stated for marble carrara, and the lowest for oak natural. Somewhat
more profitable results were for ash mountain and for pine natural. Analyzing of the
appearance of delaminated arrangements on the based of criteria which are given in table
1, they stated as dominating cohesional mechanism in substrate (A). However, the
samples with EVA adhesive with fillers were characterized more profitable values (0.65
—1.02 MPa). The least adhesion there were surfaces of such veneers as pine antic and
marble cararra. However the highest values was stated for ash mountain and pine natural.
Approximately a 50% of stratifications had adhesion character, appearing between the
veneer and the LDF board, remaining whereas they categorised as cohesion in substrate.
Next for panels with PO adhesive, the adherence was on the level moved close, and the
data were located in range of values 0.60 — 0.96 MPa. In this variant, the highest values
were get for oak natural, however the smallest for marble cararra. In this case as similarly
as for EVA adhesive without fillers in all samples, cohesion character was stated in the
substrate (A). Chosen images of damage arising in the researches of adhesion in the
method tearing away were presented on fig. 5.
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Fig. 4. The comparison results of adhesion of veneers to surfaces of LDF boards for
glue lines from different HM adhesives and different artificial veneers

Fig. 5. The examples of images of damage arising in the
researches of adhesion in the method tearing away

Conclusions

1. The adherence of artificial veneers to surface of wall panels in the test of tear off
depended on kind of used adhesives, veneers and also panels. For EVA HM
adhesives without fillers, the course in the range of values 2.50 — 3.15 daN, for
EVA adhesives with fillers 1.0 — 3.33 daN, while for PO adhesives 1.48 — 3.83
daN. The most profitable values were for pine and oak natural veneers.
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The highest adherence (acc. to PN-EN 1SO 4626) of glue lines in the paneling from
EVA adhesives with fillers and PO 0.63 — 1.02 MPa, while the least resistance of
glue lines from HM adhesives, which based on EVA copolymers without fillers
0.56 — 0.87 MPa. Kind of artificial veneers do not have an influence on level of
the resistance.
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Abstract

An ultra-low density fiberboard was made of recycled plant fiber using a liquid frothing
approach. It has a layered cross-linked interior structure and thus an ultra-low density of
10-90 kg/m?3, a low thermal conductivity of 0.035 W/mK and a high sound reduction
coefficient of 0.67. But the inflammability of plant fiber limited its application as a
candidate of building insulation materials and packaging buffering materials. A single
type of fire retardant does not have satisfactory fire retardation properties for the material,
so Si-Al compounds was introduced into the foaming system to help another fire
retardant improve its fire properties. The results from an energy dispersive spectroscopy
suggested that the Si and Al relatively evenly covered the surface of the fibers, and their
weight ratios in the material increased as a function of the amount of Si-Al sol-gel. The
increasing weight ratios of Si and Al significantly affected the fire properties of the
material, reducing the released amount of heat, smoke and off-gases such as CO and CO,,

312


mailto:niumin521@163.com
mailto:olle.hagman@ltu.se
mailto:alice.wang@ltu.se
mailto:fafuxieyq@aliyun.com

Proceedings of the 57th International Convention of Society of Wood Science and Technology
June 23-27, 2014 - Zvolen, SLOVAKIA

as well as decreasing the mass loss percent during combustion, shown through the use of
a cone calorimeter. So Si-Al sol-gel has an evident synergistic effect on the halogen fire
retardant; it can effectively restrain the fire hazard intensity and the yields of solid and
gas volatiles.

Keywords: Ultra-low density fiberboard, Si-Al compounds, Energy dispersive
spectroscopy, Fire properties, Cone calorimeter.

Introduction

A plant fiber-based ultra-low density fiberboard made by a liquid frothing approach is a
new product different from the traditional fiberboard (Xie et al. 2003, 2008a, b). It uses
plant fiber as a matrix and several additives as the reinforcement. No common adhesives,
such as phenol-formaldehyde resin (PF) and urea-formaldehyde resin (UF), or heat
pressing techniques are used in its preparation process, which is good for health issues
and energy conservation. It can be used as a candidate for building insulation materials or
package buffering materials. But a big problem is that the material has to be treated with
fire retardants before its utilization. If no retardant treatment is employed, the fiber-based
material will be highly flammable and burn up quickly, which is very dangerous for a
building material. However, a single type of fire retardant generally does not impart
satisfactory fire retardation properties to the material; other fire retardants are still needed
to support it. Liu (2013) paid attention to the synergistic effect of several types of fire
retardants; the results showed that a mixed retardant has a better effect on the fire
properties of the material; halogen compound chlorinated paraffin can decrease total heat
release and smoke release; and silicon compounds (silica as a main component) have a
positive synergistic effect on other fire retardants. Besides silicon compounds, aluminum
compounds also play an active role in resisting combustion. So in this study, chlorinated
paraffin was used as a fire retardant, and a mixture water solution of Si and Al
compounds was used to incorporate chlorinated paraffin to resist combustion.

Much attention has been paid to the manufacturing process and properties of the
composites with inorganic substances as the matrix and plant fiber as the filler; however,
few researchers have focused on the fire resistance of plant fiber-based materials. So
using Si-Al compounds to enhance fire properties of fiber-based ultra-low density
material is a very novel thought in the field of inorganic-organic combination, and little
literature about fire properties of ultra-low density fiberboards with Si-Al compounds has
been reported. Besides, because of the electrostatic effect of the Si-Al compounds
clusters for absorption (Yang and Troczynski 1999), Si-Al compounds can adsorb
poisonous suspended particles (such as printing ink and lead remaining in the
newspaper), and thus there is less pollution of the water resource in the process of
filtering water. Therefore, this also provides us an additional benefit in industrial
production.

The combustion of the ultra-low density fiberboard is very similar to that of wood; it is
also a degradation process of lignin, cellulose, and hemicellulose. A big difference from
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wood is that the ultra-low density material has a network structure built by fibers. Thus
the combustion of fibers is continuous at a low temperature and occurs in a flash at a high
temperature. Through mechanically mixing the fibers and the additives together before
frothing, Si-Al compounds accompanied by chlorinated paraffin can possibly wrap or
cover the surface of fibers to effectively prevent the fibers from continuous combustion.
The degradation products from Si and Al components can possibly absorb the heat
released on the surface of the material, or the degradation products are some non-
flammable gases to restrain heat and smoke release during combustion, thus lowering the
fire and smoke intensity. The goal of the research presented here is to clarify the
distribution of Si-Al compounds in the material and the interactions between the
distribution and fire properties of material.

Materials and Methods

Materials. Newspaper (NP, collected in China) was utilized as a raw material to
manufacture the ultra-low density fiberboard. Fiber length and fiber width of the raw
material was 1047 (200-5310) um and 23.5 (5-60) um, respectively by MorFi Compact
device.

Preparation of the ultra-low density fiberboard. Raw material was dispersed into fine
fibers using a fiberizer. Water and Si-Al compounds, as a mixture solvent, were
transferred into an open foaming tank attached to a pulp disintegrator (AB Lorentzen &
wetter, Sweden), mixing fibers together to adjust fiber concentration to 5%wit.
Preparation process of the specimens was the same as Xie et al. (2011). In this study, Si-
Al compounds were prepared as a mixture of an agueous solution of sodium silicate with
0.82% concentration and aluminum sulfate with 1.08% concentration. Its pH value was
about 3.8. After foaming, the pH value of the solution was controlled to be 4.8 to 5.4 for
by adding hydrofluoric acid of 10%wt. The adjustment of pH value was very important to
get a desired foaming height. The amount of Si-Al compounds was set as two levels, 500
mL and 900 mL, to compare the fire property changes of the specimens. The amount of
other additives was equal. For each specimen being suitable for the mould of
200%x200x60 mm (LxWxH), total volume of water and Si-Al compounds solution was
1000 mL; the amount of absolute dry fiber, adhesive, AKD, chlorinated paraffin, and
foaming agent (10%wt) was 50 g, 30 mL, 50 mL, 46 g, and 50 mL, respectively.

Distribution of Si-Al compounds in the ultra-low density fiberboard. A scanning
electron microscope (SEM, Jeol JSM-6460, Japan) with an energy dispersive
spectroscopy (EDS, INCA Energy EDS for X-ray analysis, Oxford Instruments) was used
to localize and measure the weight ratios of silicon and aluminum in the fiberboard. The
specimens were made by cutting a thin cross-sectional area. Their surfaces were
unpolished and uncoated. The mapping was performed on an area displaying the additive
and the matrix using an acceleration voltage of 25 kV, a current of 7 pA and a working
distance of 10 mm. Detectable elements were registered during the mapping.
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Testing of bulk density and fire properties. Bulk density of the specimen was
measured using the same method as Xie et al. (2011). A cone calorimeter (FTT Co.,
England) is considered to be the most significant bench scale instrument for the testing of
fire properties of a new product, adopted by the International Organization for
Standardization (ISO 5660-1/2002) to evaluate the parameters of heat release, mass loss,
smoke release and off-gases release as a function of time. The size of the specimens was
100x100%30 mm (LxWxH). The specimens were covered by aluminum foil except for
the heating surface. The tests were performed at a heat flux level of 50 kW/m?. The heat
flow direction was vertical to the heating surface of the specimen and went down. The
temperature on the surface of the specimen reached 780 °C, close to the temperature of an
actual fire hazard.

Results and Discussion
Distribution of Si-Al compounds in the ultra-low density fiberboard

Figure 1 indicates micro morphology from SEM (left) and distribution of the element O,
Al, Si and CI from EDS (right) on the surface of fiberboard.

0:52.43% Al: 11.04%

Si: 4.33%

Cl: 13.52%

Fig. 1 Micro morphology (left), element mappings(right) and weight ratios at a certain
region of the fiberboards at the levels of Si-Al compounds of 500 mL (a) and 900 mL (b).

Ultra-low density fiberboard made by using a liquid frothing technique has more
interconnected holes in the network comprised of fibers. When Si-Al compounds were
introduced into the foaming system, they dispersedly fill into these void spaces, thus
improving the densification extent of the material, as is seen in Figure 1. The bulk density
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of specimen with a and b was 55.67 (+0.87) and 53.83 (+1.29) kg/m?3, respectively. The
weight ratios from the four elements O, Al, Si, and CI constituted almost 90% of the total
weight, and their variations were more remarkable than those of other elements. When
Si-Al compounds increased, weight ratios of O, Al and Si ascended and that of ClI
descended. The increase of Si-Al compounds indeed resulted in more Si and Al elements
being retained in the fiberboards. The increase of O was coincident with the element Al,
which suggested that Al was present in the fiberboard in the form of oxides.

Fire properties of the fiberboard
Heat release and mass loss

The heat release rate (HRR) is a heat release value from the fiberboards with the same
surface area (100x100 mm?) at a certain time under the same heat flux. Combustion is
inevitably accompanied by mass loss. Mass residual ratio, as a parameter of mass loss, is
usually used to estimate the flammability or the combustion extent of the material. Figure
2 shows HRR (left), total heat release (THR, middle) and mass residual ratio (right)
profiles as a function of time.
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Fig. 2 HRR (left), THR (middle) and mass residual ratio (right) profiles of the specimens
with 30 mm thickness at the levels of 500 mL (a) and 900 mL (b) Si-Al compounds at 50
KW/m?

Two peaks can be seen in the HRR profiles. The first sharp one comes exactly at 10 s
after ignition, and it is important for the evaluation of the fire intensity. The second peak
appears around 200 s to 250 s when the surface of the specimen starts to break up and
oxygen reaches the interior, and it is relative to the thickness of the specimen (Tsantaridis
2003). If the specimen is sufficiently thick, its second HRR peak will eventually reach a
steady value and be inconspicuous. Mikkola (1990) and Moghtaderi (1996) also reported
similar results for 38 mm thick spruce and 42 mm thick pacific maple.

The HRR maxima distinctly decreased when the amount of Si-Al compounds shifted
from 500 mL to 900 mL. The lower the pkHRR, the less likely it was that flame was self-
propagated on the material in the absence of an external flame or ignition source. It was
also less likely that the material caused nearby objects to ignite. Furthermore, not only the
peaks, but also the HRR curves in total time were lower. As suggested, that higher total
weight ratio from Si and Al could effectively lower the HRR, in accordance with the
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result of Gilman (1999). Gilman (1999) studied the flammability and thermal stability of
the nanocomposite made from polymer and layered-silicate (clay), and indicated a 80%
reduction in the pkHRR for the nanocomposite with only a mass fraction of 4% clay (a
Si-Al compound). On the other hand, the time to pkHRR was the same. It meant that the
fiberboards would simultaneously reach the maximum of the energy release and the fire
would also simultaneously grow after ignition.

Total heat release (THR) represents the total heat release from the specimen in the total
time. They increased almost linearly with time from Figure 2 (middle). The THR profiles
for 900 mL Si-Al compounds were lower than those for 500 mL Si-Al compounds in the
same time, possibly because of heat-trapping action of aluminum compounds and
incomplete combustion of wrapped fibers by Si-Al compounds. Increasing Si-Al
compounds indeed decreased heat release during the material burning. Mass loss
differences between the two fiberboards with 500 mL and 900 mL Si-Al compounds
were subjected to their THR differences. This was also the reason why the profiles about
the mass residual ratios were similar to THR profiles. If the THR from pyrolysis and
glowing reaction of char was lower, the residual ratio of carbonaceous matrix and Si-Al
inorganic matrix would be higher.

Smoke and off-gases release

In fire hazards, people usually die from suffocation resulting from smoke and toxic gases,
rather than being burned by high heat. So it is more important to study the smoke and off-
gases release in the process of combustion of the building materials. The total smoke
release (TSR, left), CO (middle) and CO: (right) concentration profiles are shown in
Figure 3.
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Fig. 3 TSR (left) profiles, CO (middle) and CO- (right) concentration profiles of the
specimens with 30 mm thickness at the levels of 500 mL (a) and 900 mL (b) Si-Al
compounds at 50 kW/m?

There was a sharp increase for the two TSRs at the beginning of combustion. When
oxygen was insufficient, plenty of volatile matters with lower molecular weight
contributed to the smoke due to incomplete combustion. After 150 s, one more big climb
appeared in the TSR profile of the fiberboard with a. More smoke was possibly derived
from burning residue and ash. For the fiberboard with label b, the second upward jump of
TSR was not apparent. The amount of smoke did not increase, because more Si and Al
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were distributed on the surface of the fibers and decreased the flammability of the
fiberboard. Si-Al compounds had a significant smoke suppression function.

CO is a major safety concern because it is lethal at a relatively low concentration, with
human death occurring within one hour at a concentration of about 1500 ppm (Mouritz et
al. 2006). It is a product of the incomplete combustion of the flammable volatiles at the
middle stage of combustion and sprays free carbon particles due to the surface cracks of
the fiberboards at the later glowing combustion stage (Liu 2013). From Figure 3
(middle), CO concentration profiles were fluctuant and gradually increased as a function
of time. The CO concentration of the fiberboard more or less increased after Si-Al
compounds shifted from 500 mL to 900 mL. This was mainly because more Si and Al
could insulate the fibers from outside oxygen and render the combustion of fibers
incomplete. Liu (2013) also obtained the same results by comparing the CO
concentrations of the materials before and after fire retardant treatment. According to the
CO concentrations, we found that the release of CO mainly appeared in the process of
glowing combustion of char, similar to that of basswood combustion after being treated
by fire retardants FRW and Dricon (Li 2003).

More CO; can also make people and animals suffocate when a fire event occurs. The
concentration of CO; is a mass ratio of CO- in the volatiles. From Figure 3 (right), CO>
concentrations in flaming combustion were higher than those in glowing combustion,
which was opposite to the CO production process. That is, CO2 mainly came from the
complete combustion of carbon at the flaming combustion stage. With the increase of Si-
Al compounds, CO> concentration in volatiles more or less decreased because Si-Al
compounds restrained flaming combustion of the material. CO> concentration can
represent combustion intensity and it is also equal to the amount of heat released in
combustion. CO; profiles of the fiberboards were very similar to the HRR profiles (in the
left of Figure 2), which suggested that the heat release mainly came from the complete
combustion of carbon in the early stage of combustion.

Conclusions
Because of the increase of Si-Al compounds, more Si and Al were distributed on the
surface of fibers and thus their weight ratios in the material increased, which significantly
affected fire properties of the material during combustion.
Si-Al compounds have an obvious restraint effect on fire intensity and the amounts of the
volatiles. All the released amount of heat, smoke, and off-gases (CO and COy), as well as
mass loss, were remarkably decreased as a function of the amount of Si-Al compounds.
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Finite Element Modelling Simplification of Paper
Honeycomb Panels by a Substituting Homogenous Core

Viktor UTASSY, Zsolt KOVACS, Levente DENES

Abstract

Light-weight wood-based panel products have recently appeared as raw-material for
furniture industry. Some information on their overall mechanical performance is either
given by the manufacturers or can be obtained by simple testing. However, for an
engineered utilisation of these complex sandwich-type products, in-depth understanding
of their behaviour is needed. In this study, the authors demonstrate finite element
modelling of honeycomb-core panel products with a view to assessing deformation, and
stresses in the component materials under different loading situations. Material properties
used in the model were determined by expedient testing; orthotropic material models
were used where appropriate. Models were verified by comparing simulation results with
test results on identical physical models; a good agreement with respect to maximum
stresses and deformation could be achieved. Because of the complex geometry of
honeycomb paper core the simulation of large scale models engages significant computer
capacity and time, therefore any simplification speed up the modelling process. Based on
the mechanical tests results a substituting homogenous material has been defined to
replace the paper honeycomb core and reduce the modelling resource requirements. The
behaviour of the sandwich panels with the newly defined “virtual” material was analysed
and compared with the original structure.
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Cross Laminated Timber Panels Using Hybrid Poplar
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Abstract

Cross-laminated timber (CLT) is an engineered structural wood composite, which
recently gained code acceptance in the US and is looking to make inroads in the
construction marketplace. Several characteristics of the CLT have the design and build
community excited about this product. The CLT technology has recently been used for
residential and non-residential multi-story buildings and it has been identified as one of
the ways for achieving tall timber building construction. CLT is generally made up of
graded softwood species for structural use, such as Spruce or Douglas-fir. The
development of CLT technology has opened up new avenues for low-density species,
which have traditionally not been rated as construction-grade materials for structural
engineering applications. As CLT gains acceptance in the industry, low-density wood
species like poplar, not specified in current American National Standards Institute
(ANSI) standards, need to be investigated for potentially successful use in CLT panels.
This study reposts a preliminary investigation that demonstrates the viability of a certified
sustainable plantation grown low-density hybrid-poplar species (marketed as Pacific
Albus), for use in performance-rated CLT panels. Modulus of Elasticity (MOE) and
bending strength of the panels were characterized through a series of long and short span
bending tests. These tests were conducted according to ANSI/APA PRG 320-2012:
Standard for Performance Cross-Laminated Timber and the results were compared to
allowable design properties for use in the United States. Digital Image Correlation
techniques were used to track the failure progression and gain a qualitative understanding
of flexure behavior of the CLT panels. This research contributes to a wider perspective of
innovative solutions regarding the use of low-density hardwood species in engineered
wood products.

Keywords: Engineered wood products, green building material, wood mechanics, wood
composite, digital image correlation
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Abstract

The potential use of Irish-grown Sitka spruce for cross-laminated timber (CLT)
manufacture is investigated as this would present new opportunities and novel products
for Irish timber in the home and export markets. CLT is a prefabricated multi-layer
engineered wood product made of at least three orthogonally bonded layers of timber. In
order to increase rigidity and stability, successive layers of boards are placed cross-wise
to form a solid timber panel. Load-bearing CLT wall and floor panels are easily
assembled on site to form multi-storey buildings. This improves construction and project
delivery time, reduces costs, and maximises efficiency on all levels.

The paper addresses the quality of the interface bond between the laminations making up
the panels, which is of fundamental importance to the load-bearing capacity.
Furthermore, in order to assess the adhesive performance, which is an essential parameter
in terms of the production process, three different values of pressure of 0.6 N/mm?,

0.8 N/mm? and 1.0 N/mm? were used for specimens manufacturing. In total, 240 shear
tests were carried out on glue lines and on reference solid wood specimens. Moreover,
delamination tests were performed on samples subjected to accelerated aging, in order to
assess the durability of bonds subjected to severe environmental conditions. The test
results of bond quality presented in this study were within requirements of prEN
16351:2013. Even the lowest pressure of 0.6 N/mm? applied during manufacturing of the
specimens is sufficient for Irish Sitka spruce in terms of the shear strength requirements.
However, factors influencing this quality include: the adhesive type, the spread rate, the
clamping pressure, and most importantly rolling shear. Therefore, in order to assess the
potential use of Irish-grown Sitka spruce for CLT, all these factors need to be addressed
in the ongoing project.

Keywords: Cross-laminated timber (CLT), Sitka spruce, Bonding, Delamination, Shear
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Introduction

The construction industry like any other area of economic and social life undergoes
continuous alterations and improvements in order to successfully comply with the
requirements of sustainable development. Consumers demand materials with enhanced
mechanical properties, more durable, less labour and service intensive at a competitive
price. To meet these expectations numerous new engineered wood products have been
developed over the last couple of decades. One of promising products satisfying such
criteria is Cross-laminated timber (CLT).

CLT is a prefabricated wood product manufactured using at least three layers of parallel
boards. The wood grains of each layer are orientated perpendicular to the wood grains of
the layers with which it is in contact. These layers are bonded by gluing their surfaces
together with an adhesive under a pressure for a period of time. The adhesives used for
CLT production include: phenoplast- and aminoplast-adhesives, one-component
polyurethane adhesives (1K-PUR) and emulsion-polymer-isocyanate adhesives (EPI).
The number of laminates in CLT is odd, therefore face layers are parallel to each other.
The advantages of this specific orientation between the laminates in regard to the
load-displacement and failure behaviour of such composite include increase in
load-bearing capacity against in-plane and out-of-plane stresses, rigidity and stability
(Jobstl et al. 2008, Brandner 2012, 2013). The natural variations in timber strength, due
to defects such as knots, are reduced in CLT in comparison with construction timber.
Furthermore, it was reported that cross-lamination of the boards reduces the degree of
anisotropy in properties in the plane of the panel (Jobstl et al. 2008, Mestek et al. 2008,
Vessby et al. 2009, Fortune and Quenneville 2010). Moreover, load-bearing CLT wall
and floor panels are easily assembled on site to form multi-storey buildings. This
improves construction and project delivery time, reduces costs, and maximises efficiency
on all levels (Brandner 2013, Leonardo da Vinci Pilot Project 2008, Crespell and Gagnon
2010, Rimetz 2011, Yeh et al. 2012).

In order to investigate the suitability and support the commercialisation of Irish-grown
Sitka spruce for the manufacture of CLT panels, the development of necessary
engineering data is required. The quality of the interface bond between the laminations
making up the panels is of fundamental importance to the load-bearing capacity, a crucial
property for every construction material. Shear tests of glue lines are required in the
course of factory production control in CLT plants. Additionally, in order to assess the
durability of bonds that are often subjected to severe environmental conditions,
delamination tests on samples subjected to pressure soak-drying cycles are performed.

As a part of the testing programme of the project ‘Innovation in Irish Timber Usage’,
these tests were carried out on samples manufactured using Irish Sitka spruce in order to
investigate adhesive bonds’ shear performance and durability.
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Materials and Methods

Materials

In order to ensure a uniform moisture content in the specimens during the testing, boards
of Irish Sitka spruce were stored in a conditioning chamber (65+5% R.H., 20+2°C) for 3
months before specimen preparation. Subsequently, all sides of the boards were planed
by a specialised company to cross-sectional dimensions of 94 mm by 30 mm. A tight
tolerance on the lamination thickness is required for the production of CLT due to the
thin bond lines used. Because of this, thickness measurements were taken on the boards
immediately after planing to determine whether the required tolerance of 0.1 mm was
achieved. The boards that failed to meet the required tolerance were excluded when the
test specimens were manufactured.

For the purpose of specimen manufacture for shear tests, boards were cut to lengths of
300 mm. Two blocks comprising 4 edge bonded 300 mm long boards were prepared. A
single-component polyurethane adhesive, formulated for the manufacture of engineered
wood products (PURBOND HB S309), was used to bond the edges of the shear test
specimens. The 0.1 mm adhesive layer was applied on one surface of each glue line.
Three different values of pressure, namely 0.6 N/mm?, 0.8 N/mm? and 1.0 N/mm?, were
applied by a compressive testing machine for 120 minutes.

After reconditioning (65£5% R.H., 20+2°C), test bars were cut from the blocks. Each of
the test bars comprised three glue lines. The dimensions of these tests specimens were in
accordance with prEN 16351:2013 and were: 30 mm thick, 376 mm (4 glued pieces of 94
mm) long and 50 mm wide, as seen in Figure 1. In addition, solid wood specimens,
without glue line, of the same cross-sectional dimensions were prepared.

i AN N
E&i’f;ﬂﬁzﬁ\f}?ﬁ;ﬁ
|

376 L

= b
Figure 1. Shear test specimen dimensions

Table 1 presents the numbers of lines tested for different bonding pressures in end-grain
and perpendicular to grain directions. The number of specimens for 1.0 N/mm? loaded
perpendicular to the grain is very small, because this study is still ongoing.

Table 1. Numbers of shear tests

Bonding pressure 0.6 N/mm? | 0.8 N/mm? | 1.0 N/mm? | Solid wood (unglued)
End-grain 36 36 27 36
Perpendicular to grain 36 24 9 36

In order to prepare specimens for the delamination tests, a sample CLT panel of 90 mm
(3 layers of 30 mm) thickness, 600 mm length and 192 mm width was manufactured. The
same adhesive, thickness of adhesive layer as for the shear tests samples was used and a
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pressure of 0.8 N/mm? was applied. After reconditioning, specimens for the delamination
tests of glue lines between layers were cut from this panel. Tests were carried out on 10
specimens of 105 mm by 96 mm by 90 mm.

Experimental techniques

The shear tests were carried out by applying a compressive force using a shearing tool
adapted from prEN 16351:2013. The cylindrical bearing was able to self-align so that the
test piece could load at the end-grain and perpendicular to grain with a stress field
uniform in the width direction. A compressive testing machine was used to apply a
compressive force to the shearing tool, as seen in Figure 2.

The prEN 16351:2013 standard requires loading tested specimens at the end-grain.
However, since in CLT panels wood grains of each layer are orientated perpendicular to
wood grains of layers with which it is in contact, the shear stresses occur in different
planes of boards comprising CLT panels. Because of this, the additional tests were
carried out for the specimens loaded perpendicular to grain, see Figure 2 (b).

Loading was applied under displacement control at a rate of 3 mm/min, ensuring failure
after no less than 20 s, which is in accordance with prEN 16351:2013 and studies by
Steiger et al. (2010). Just after the shearing tests, four samples 50 mm long from each test
bar (central parts between glue lines or glue line and end) were cut, and weighted in order
to determine the density.

(a) M (b)
Figure 2. Test bar during testing in shearing tool loading end-grain (a) and
perpendicular to grain (b)

Test pieces for the glue line delamination tests were placed in a pressure vessel and
submerged in water at a temperature of about 15 °C. Then a vacuum of about 80 kPa was
drawn and held for 30 min. Subsequently, the vacuum was released and pressure of about
550 kPa was applied for 2 h. Later, the test pieces were dried for a period of
approximately 15 h in a circulating oven at a temperature of 705 °C. After removal from
the oven, the delaminated length for each of the two glue lines was measured around the
perimeter of the specimen. The maximum delamination length, Imaxdelam is the greater of
these two values and the total delamination length, liot giueline IS the sum of these two
values. The two glue lines were then split using a wedge and hammer, and the wood
failure percentage was estimated visually. The lower of the wood failure percentages
from the two glue lines, FFmin, was recorded. The test programme and procedure were in
accordance with Annex C of prEN 16351:2013.
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Results and Discussion

Shear

The shear strength was determined for each of 3 glue lines from each test bar and the
results are given in Figure 3, which presents the mean, 5-percentile and standard
deviations of shear strengths for samples manufactured with different pressures and for
solid wood specimens.

B End-grain ™ Perpendicular to grain

Figure 3. Shear strength values

The characteristic shear strengths, fux, were 6.92 N/mm?, 6.61 N/mm? and 7.24 N/mm?
for glue lines loaded at end-grain and manufactured with pressures of 0.6 N/mm?,

0.8 N/mm?, 1 N/mm?, respectively. These results were well in excess of the minimum
requirement of 3.5 N/mm? for characteristic shear strength in accordance with prEN
16351:2013. Furthermore, 6.74 N/mm? was recorded characteristic shear strength, for
solid wood specimens. This value is even lower than for specimens bonded at 0.6 N/mm?
and 1 N/mm? pressures. These results give an indication that the lowest pressure of

0.6 N/mm? applied during manufacturing of the specimens is sufficient for Irish Sitka
spruce in terms of the prEN 16351:2013 shear strength requirements.

The characteristic shear strengths were 1.81 N/mm?, 2.24 N/mm?, 2.44 N/mm?, and

2.42 N/mm? for glue lines loaded perpendicular to grain, bonded at pressures of

0.6 N/mm?, 0.8 N/mm?, 1 N/mm?, and solid wood, respectively. The characteristic shear
strengths for glue lines loaded perpendicular to grain were lower by 74%, 66% and 66%
in comparison to values for corresponding lines manufactured with different pressures
loaded at end-grain. These values were consistent with result for solid wood specimens,
for which a reduction of characteristic shear strengths of 64% between specimens loaded
perpendicular to grain compared to those loaded at the end-grain.

The Student’s t-test statistical comparison for the specimens loaded on the end-grain
showed that the characteristic shear strength of specimens bonded at pressures of

0.6 N/mm? and 0.8 N/mm? were significantly different to the solid wood shear strength
values. However, for the specimens loaded perpendicular to grain, the 0.6 N/mm? and
1.0 N/mm? bonded specimens were found to be significantly different to the equivalent
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solid wood strength values. It should be noted, however, that the number of test results
for the 1.0 N/mm? pressure case is very small. Nevertheless, considering the fact that the
mechanical performance of CLT is largely determined by rolling shear and there is lack
of available research on this property for Sitka spruce, the rolling shear strength of Sitka
spruce should be comprehensively researched and established.

A mean density of 436.41 kg/m?® with standard deviation of 47.79 kg/m? was obtained for
all tested samples. The wood percentage failures (split glue area that is the ratio of the
area with wood failures and the glued area before splitting) for 96% of all tested glue
lines in both grain directions were above or equal 80%, and for 69% of the samples the
wood percentage failures were 100%. These recordings have confirmed that wood failure
percentages values for PUR type adhesives are generally very high and exhibit a small
variation, which corresponds to results obtained by Steiger et al. (2010). The lowest wood
failure percentage was 60% and occurred in a bond line manufactured with 0.8 N/mm?
pressure and tested perpendicular to grain, see Figure 4 (a). It is likely that this low value
was due to the presence of a large knot on one of the sheared faces. Figure 4 shows this
glue line after testing in comparison to glue lines with 100% wood failure loaded
perpendicular to grain (b) and at end-grain (c).

L | T N YL
Figure 4. Glue lines with 60% wood failure loaded perpendicular to grain (a), 100%
wood failure loaded perpendicular to grain (b), and 100% wood failure loaded at end-
grain (c)

Delamination of glue lines
The total delamination Delamiot of each test piece was calculated from following
Equation (1):

Delam,_, = 10011“'“& [%6] Equation (1)

totglueline

where:
ltot detam IS the total delamination length (in mm),
ltot,gluetine 1S the sum of the perimeters of all glue lines in a delamination specimen (in mm).
The maximum delamination Delammax of a single glue line in each test piece was
calculated from following Equation (2):

Delam__ = 100“;“:‘% [%] Equation (2)
glueline

where:
Imax,delam IS the maximum delamination length (in mm),
lgiwetine is the perimeter of one glue line in a delamination specimen (in mm).
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The values of total delamination, Delamio: of each test piece and maximum delamination,
Delammax Of a single line in each test piece are shown in Table 2.

Since the delamination values exceeded the prEN 16351:2013 criteria of Delamtt = 10%
and Delammax = 40% for all samples, the wood failure percentage of each split glued area
was determined. All tested samples fulfilled the criteria of FFmin > 50%, as presented in
Table 2. Moreover, since the delamination occurred only in one of two glue lines for
every tested specimen, the requirement of the minimum wood failure percentage of the
sum of all split glued areas > 70% was also satisfied.

Table 2. Total and maximum delamination, and wood percentage failure

Specimen ID | Delamyot [%] | Delammax [%] | FFmin [%]
1 16.8 33.7 80%
2 17.6 35.2 75%
3 27.3 54.2 60%
4 16.0 32.0 85%
5 19.5 38.9 70%
6 21.7 43.7 65%0
7 17.0 34.0 80%
8 23.1 46.2 65%0
9 19.8 39.6 70%

10 28.2 56.3 60%

Although delamination results vary significantly between the test pieces, it is very likely
that the mechanism resulting in the delamination of glue lines was the same for all
specimens. In all cases, delamination occurred in one glue line on one side. Since the
vacuum-pressure soak cycle resulted in swelling, which was much higher in the
tangential and radial directions than the longitudinal direction for the timber, it induced
significant internal shear stresses between the bonded surfaces. Furthermore, since there
was no edge bonding of the boards in each CLT layer, the lowest bonding area to volume
ratio was in the narrowest timber elements. Since these elements were placed in one side
of the test piece, delamination occurred at their surfaces, which may be observed in
Figure 5.

(@) (b)

Figure 5. Specimen for delamination test before (a) and after vacuum-pressure cycle (b)

Moreover, the widths of the narrowest timber elements in each test piece determined the
depth of delamination.
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Conclusions

Preliminary investigations presented in this paper can lead to the following conclusions:

- the lowest pressure of 0.6 N/mm? applied during manufacturing of the specimens
is sufficient for Irish Sitka spruce in terms of the prEN 16351:2013 shear strength
requirements,

- it was confirmed that wood percentage failure results for PUR type adhesives are
very high with small variations,

- the results presented for the shear strength and delamination were within the
required limits given in prEN 16351:2013,

- the widths of the narrowest timber elements in CLT test piece determine the size
of delamination.
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Fire Performance and Diffusion Coefficient of
Adhesives Used for Southern Pine Cross-Laminated
Timber

Miklos Horvath, Bryan Dick, Perry Peralta, Phil Mitchell, llona Peszlen,
Weichiang Pang, Scott Schiff, Robert White

Abstract

Cross-Laminated Timber (CLT) is a construction system that many foresee as having tremendous
potential to displace concrete, masonry, and steel in low- and mid-rise residential and commercial
construction. A collaborative CLT project involving NC State, Clemson University, and the US
Forest Products Laboratory was initiated to foster the use of southern pine in the manufacture of
CLT panels. Product performance data will feed into efforts to gain building code approval and
eventual public acceptance of southern pine CLT. The research project will produce both
laboratory- and full-size 3-layer and 5-layer CLT panels. Both solid and hollow-core panels will
be evaluated. Bond evaluation of three different adhesives, measurement of hygrothermal
properties, and evaluation of basic mechanical properties on laboratory size CLT panels will be
performed. Fire and structural performance of full-size panels will also be tested. Structural and
cost comparisons of CLT buildings and those made of concrete/steel will be performed. The
research results will be communicated to stakeholders through the project’s extension
component. This presentation describes project results so far, especially those related to
adhesives evaluation and moisture transfer properties. Fire tests following PS-1 procedures have
been conducted to evaluate the fire performance of polyurethane, phenol resorcinol
formaldehyde, and melamine formaldehyde adhesives. Moisture diffusion coefficients of the
adhesives are currently being measured so that they can be incorporated into a moisture transfer
model for the CLT panel.

Keywords: cross-laminated timber, adhesive, fire performance, diffusion, moisture
transport
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Abstract

The department of timber construction at Innsbruck University has been developing
curved cross laminated timber elements (CLT) in cooperation with a timber company.
The application of curved wooden components in timber construction occurred again and
again but the use of curved CLT elements is still relatively new.

In the CLT development process the following effects need to be considered:
construction orthotropy, internal stresses within the lamellas resulting from pre-curving,
interactive rolling shear and tension perpendicular to the grain. To be able to test these
effects in detail experiments on 144 real-size specimens are being carried out at the
Innsbruck certified technical laboratory (TVFA).

The special shape of the specimens necessitates specific requirements on the test setup. In
principle CLT-elements stress-tests are carried out on elements in vertical and horizontal
position. For obtaining strength and stiffness values, bending and transverse tension
stress tests are performed. The size of the curved radius plays a crucial role. In the
medium third section the curved shape leads to additional transverse tension stress. These
values are decisive in the calculation and they greatly impact the interactive rolling shear
stress. The use of CE-certified timber lamellas did not necessitate additional tests.

Keywords: CLT, bending strength, tension perpendicular to the grain, rolling shear, shear
strength, test setup

334



Proceedings of the 57th International Convention of Society of Wood Science and Technology
June 23-27, 2014 - Zvolen, SLOVAKIA

Introduction

Traditionally timber was used in construction for beam shaped components made of solid
wood. Despite the industrialization at the beginning of the last century the use of the
building material remained conventional.

The production of wood-based materials provided initial experiences with planar plate
elements that were only limitedly used for static purposes. Initially from the middle of the
1990-ies solid wood elements could be used as plates and panels in the modern timber
construction due to the cross laminated technology (Mesteck 2011). The cross section
structure of cross laminated timber (CLT) is marked by orthogonal, glued together flat
board layers (Jakobs 2005).

The increased use of CLT-elements has become an elegant and attractive solution for
many constructional tasks in the recent past (Scholz 2004). However the large CLT-
producers only offer flat elements for sale. In wood construction curved wooden
components have been repeatedly applied but the use of curved CLT-elements is still
relatively new. By the development of these elements a new diverse scope opens up for
the modern wood construction.

This article primarily discusses the special requirements of the experimental setup at the
material testing.

Materials and Methods

Materials. All in all 144 real-size specimens are tested at the University of Innsbruck. In
principle it is distinguished between stress-tests on elements in vertical and horizontal
position and here in turn between bending and shear load. Furthermore it is differentiated
between 5-layer and 9-layer CLT-elements for the respective load. The specimens for the
plate stress feature no curvature of the lamellas. The curved radius of the plates is chosen
depending on the blade thickness according to equation (1) following EN 16351:2011:

r fo
f, < ——-(1+-2i=X 1
With:
th,1 final lamella thickness
r curved radius
fm jdk k characteristic value of the bending strength of the finger joints

The CE-certified timber lamellas are of strength class C24. Due to the CE marking no
additional tests are necessary.
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All specimens are conditioned in standard climate with 65% relative humidity and 20°C

before the tests. The sample group is listed in table 1.

table 6: sample group

type description quantity umber of layers lamella thickness  radius
[-] [-] [-] [mm] [m]

1 panel - bending 18 5 19 4,5

2 panel - bending 18 9 19 4,5

3 panel - thrust 18 5 32 6,5

4 panel - thrust 18 9 19 4,5

5 plate - bending 18 5 19 0

6 plate - bending 18 9 19 0

7 plate - thrust 18 5 32 0

8 plate - thrust 18 9 19 0

Test setup of the CLT plate elements. EN 16351:2011 is used as the normative basis
for the performed tests though this norm does not include information on the test setup of
curved plates. In consequence of the curved geometry of the tested elements special
attention has to be payed to the load introduction. Small changes can have large effects
on the test results. This fact is outlined in this paragraph resulting in a definition of a new

proposed solution for the test of the single-curved CLT elements. In figure 1 to 3

different ways of the support geometry’s design and the associated load introduction are

shown, distinguishing between 3 different models:

a) support geometry; cut support (figure 1)
b) support geometry prEN 16351 - shim (figure 2)

c) support geometry prEN 16351 - chock (figure 3)
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figure 29: support geometry  figure 30: support geometry
figure 28: support geometry (a) (b) (©
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Support geometry (a)

This support geometry contains a special cut in the sector of the load introduction points.
A major disadvantage of this assembly is the variable span length during the load, which
affects the assessing of the material parameters directly. Furthermore a loss of contact can
occur in the outer roller bearings if the transfer of tensile forces causes the failure of the
support. This can be expected since clamping torques would emerge otherwise.
Consequently the assembly of a second support role in the outer sector is not expedient.
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Support geometry (b)

In accordance with the principles of EN 16351 for bending tests shims are used in the
distance of h/2 from the ends of the plates to minimize local deformations. This assembly
of the support geometry causes additional tensile stress in the curved elements. However
a strain arc mostly emerges in usual constructions of this kind. Compared to the support
geometry (a) the FE analysis shows a distinctive sector of transverse stress in the crown
area of the elements.

Normalspannungen
o, [N/mm?]
. 400
- B 227
= 255
182

figure 34: normal stress in local x-direction (bending stress); omx, 6c,0, -
Gt’O 36

-10.9
-182
255
327

-40.0

346
67.0

£

Normaspsmugen

s A T gy = 5

ERRGRA! 'Iu”—,v
LR Frr
P Q'
L i [X-14
0.0

figure 35: normal stress in local y-direction (transverse stress); e, [ S
0t,90 E-EH

031

-080

Max 077
"

Normsspemaugen
Txy [N'mm’]

3.00

figure 36: shear stress T« L

Max 10.04

339



Proceedings of the 57th International Convention of Society of Wood Science and Technology
June 23-27, 2014 - Zvolen, SLOVAKIA

Support geometry (c)

Instead of the shims chocks are used to eliminate the components of the tensile force
described in support geometry (b). The direction of the load introduction is modified by
the chocks so that compressive forces emerge in the arc element. As in support geometry
(b) the FE analysis distinctly shows an appearance of transverse stress in the crown area
of the elements.
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Support geometry (c) was chosen for the tests.
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Summary and Outlook

To determine the actual component parameters the support geometry (c) was chosen for
the tests in the laboratory. The assembly of the chocks guarantees a load transfer without
additional tensile forces which occur in support geometry (b).

Currently the laboratory experiments on the curved CLT elements are run in the TVFA
Innsbruck. In addition to the assessing of the stiffness (bending stiffness, shear stiffness)
and the strength parameters (bending strength, shear strength) the deformations
orthogonal to the plate thickness are measured to obtain conclusions on the transverse
stresses. The first tests reveal that the interaction of bending stresses as well as rolling
shear stresses with transverse stresses can never be neglected.
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Abstract

The European success story of Cross Laminated Timber (CLT) started more than one
decade ago in many small capacity simple workshops in the Alps of Europe. Currently,
Europe has over one dozen CLT manufacturers (>650,000 m3/y) which are extremely
specialized, starting with eco-type (glue-free) to full glue applications, narrow (<1.25 m)
to large (< 3 m) free size panels, short (<5 m) to long (16.5 m), handmade-to-fully
automated lines able to produce engineered elements for walls, roofs, and floors.
Traditionally CLT was delivered to the carpenters able to prepare cut-to-size elements for
building construction which included the insulation layers, preparation of connectors,
windows, doors etc. New CLT mills use CNC portal equipment working with their own
architectural design departments that are able to shape the raw panels to the final
construction element at the production site which may also include insulation, fire
protection, finishing layers, windows, and doors. The final CLT delivery is a
sophisticated ready-to-install product. Simplified working steps at the construction site
allows for building erection that are much faster than traditional construction methods.
However, this requires unique logistics, construction equipment, and trained workers in
CLT construction. In Scandinavia and Central Europe the national building codes were
forced to accept the new generation of multiple story buildings made from CLT, which
now exceed 10 stories with a target of 20 stories. New challenges for earth quake, noise,
fire, and summer heat protection were requested by owners and authorities. The European
Norm (prEN 16351), specialized for CLT, was implemented in 2013. Intelligent solutions
for the implementation of self-contained heat storage and generation; and indoor air
conditioning are in development for the next generation of CLT based passive-energy
houses. North America is the next logical market for pilot CLT construction projects and
production facilities which will be based on the European experiences.

Key words: Cross Laminated Timber (CLT), X-Lam, building regulations
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Technical Basis

The building regulations of CLT in Europe are issued by national approval from the
construction authority such as the German Institute for Construction Technology (DIBt)
or the European Technical Approvals (ETA). The approvals include minimum
requirements for the products, the control mechanism and the designation. Furthermore
the approvals include regulations and recommendations in regard to the structural, fire
protection (analysis of load bearing structures) and thermal design of the building. For
design of CLT based buildings the allowing for the specifications of the approval
according to the national design standard DIN 1052 or the European design standard
Eurocode 5-1-1 are requested or to fulfil. As a rule according to DIN 1052 the Service
Classes 1 or 2 as well as a predominantly statically loading are available
(Studiengemeinschaft Holzleimbau, 2010).

In USA the standard ANSI/ APA PRG 320- 2011, Standard for Performance- Rated CLT
was introduced in 2011. This standard is based mainly on the productions standards for
Glue Laminated Timber (GLT) and softwood lumber requirements for structural use.

Wood Preservation and Service Classes for CLT

CLT are permitted only for the Service Classes 1 and 2 in accordance to DIN 1052/2008,
Design of Timber Structures - General Rules and Rules for Buildings, or DIN EN 1995-
1-1/2010, Eurocode 5: Design of Timber Structures - Part 1-1: General - Common Rules
and Rules for Buildings. The expected moisture content does not exceed 20% thus attack
through fungi can be excluded. Preventive constructional measures in buildings are
usually sufficient (Studiengemeinschaft Holzleimbau, 2010). The US- standard specifies
only the moisture content during the production of CLT (max. 20%). Different national
standards for use in construction may exist but were not studied.

Auxiliaries for CLT

Usually polyurethane (PUR) or melamine- urea- formaldehyde adhesives (MUF) are used
as well as in smaller quantities polymer of isocyanates (EPI). The percentage of resin
ranges from 0.1% (EPI) to 0.5% (PUR) in weight.

The formaldehyde emissions are established in accordance with the European standard
draft prEN 16351/2011, Timber structures — Cross-Laminated Timber — Requirements,
with reference to DIN EN 717-1, Wood-based Panels - Determination of Formaldehyde
Release - Part 1: Formaldehyde Emission by the Chamber Method (Studiengemeinschaft
Holzleimbau, 2010).

The ANSI 405- 2013, Standard for Adhesives for Use in Structural Glued Laminated
Timber provides minimum requirements to evaluate adhesives for use in structural glued
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laminated timber in the USA. Adequacy of the adhesive is established by meeting or
exceeding the criteria outlined in Section 3. Alternative tests shall not be permitted to
substitute for the tests prescribed in this standard. Although the test methods specified in
this standard are primarily intended for evaluation of face bond adhesive, the minimum
test requirements noted shall be used for evaluation of end joint adhesives by adapting the
required face bond specimens to conform to required end joint adhesive curing
conditions.

Fire Protection Concept

For height buildings is the Classification 5 (buildings with a fifth level not higher than 22
m) to be fulfilled. The fire resistance of 90 min as well as fire behaviour of the building
material must fulfil certain requirements at least like the Fire Resistance Class A2
(mineral materials).

A case study was done for a 7 story building in down town area in Vienna. In order to
fulfil all the requirements a compensation concept was examined by experts of the
Technical University, Vienna and the Construction Authority of Vienna. The concept is
an encapsulation of the load bearing wooden structure by mineral materials to prevent
inflammation. The fire duration is calculated in accordance to the standard temperature
curve where the same fire impact like with the normal (nature) fire is assumed.

In case of an encapsulation of 30 minutes of the load bearing wooden structure with
materials from the Fire Resistance Class A2 a fire load can be excluded. The report
mentions the importance of encapsulating all cut outs and gaps. All installations are
routed in the facing shell. Another option would be the installation of a sprinkler system
where the fire load also can be controlled (Teibinger, 2008).

The standard “ANSI A190.1-2012- Standard for wood products- structural glued
laminated timber” differs between two fire resistance ratings: Custom or non- custom
member manufactured to provide a one- hour fire rating shall be manufactured to the
specified layup except that a core lamination shall be removed, the tension zone moved
inward, and the equivalent of one additional nominal 2 in. thickness outer tension
lamination added. These members are permitted to be marked with a 1-h fire rating
designation. Members manufactured to provide a 2-h fire rating shall be manufactured to
the specified layup except that two core laminations shall be removed, the tension zone
moved inward, and the equivalent of two additional nominal 2 in. thickness outer tension
laminations added. These members are permitted to be marked with a 2-h fire rating
designation.

Multi Story Timber Construction

Functionally efficient showcases are the 6- story building in Vienna’s Wagramerstrasse
(completed 2012). Another residential complex with 255 apartments is also in Vienna’s
Mihlweg. This building complex is still European largest residential complex built in a
timber/masonry mix (Binderholz-Bausysteme, Subsidised Residential complex in an
innovative timber and timber/ masonry mix, Wagramerstrasse, Vienna, A, 2012)
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(completed 2008). Another 7- storey building is located in central Berlin (completed
2008) and a 8 storey building in Bad Aibling (close to Rosenheim) completed 2011. Also
in UK a 9- storey free standing residential building near the centre of London was
constructed entirely in wood (completed 2010). Also a residential complex in Milan open
a new era of the CLT use and confirmed the quick building speed of a 9-stores (27 m)
with 124 apartments in about one year (completed 2013) (HZB14, 2013)

Earthquake Safety of Buildings

The seismic performance of the CLT constructions was tested in a full scale (3 and 7
storey building) building by the Trees and Timber Research Institute (IVALSA) Trient in
Italy on the world largest shake table in Miki, Japan. As the results show very little
deformation due to the ductility of the wood and especially by the energy dissipation of
the mechanical connectors. (FPInnovations - Forintek Division - Canada's Wood
Products Research)

Due to the ductility of the wood elements in combination with adequate mechanical
connections the building’s capacity to dissipate energy is comparably high to common
materials such as concrete (Binderholz-Bausysteme, Earthquake safety of BBS buildings,
2010).

The earthquake tests at the “Laboratorio Nacional de Engenharia Civil” (LNEC) in
Lisbon, organized by the Technical University in Graz (February 2012) showed very
clear results. A building with 8 floors survived 32 earthquake tests with no severe
damage. The test was carried out within two days. 75 sensors were installed to measure
the deformations of the CLT and the connectors. A simulated earthquake with the
magnitude of 7.3 (according the measurement of Richter) no damages were noted. In
total 32 earthquakes were simulated whereat fasteners and connectors were partly
removed. The final result showed very little damage (www.proholz.at, 2012).

Timber Tower and Chanels

Environmental friendly and economical effective wind turbines made out of wood. The
timber tower with a height of 100 m saves about 300 tons of sheet steel. The processing
of wood saves energy, the material stores about 400 tons CO. There has been built one
tower with a height of 25 m in Waffenensen, Germany in 2010 as a pilot project. The
tower serves for a simulation and further optimization for much higher towers (up to 100
m) in the near future. The current tower has a turbine with power of 1.5MW. The panels
for the pilot tower were entirely prefabricated (including the connections and surface
cladding) at the factory. For the transport standard trucks can be used. To transport a
timber tower with a height of 100m about 10 trucks are required. First, the inside
construction including multiple components such as light installations, cable system and
the grid connectors and the operating platforms were constructed. Surrounding the inside
structure the panels were attached. The weight of the power turbine on top is carried by
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the panels. The splices of the panel surface sheeting are welded by using an integrated
elevator system (www.timbertower.de, 2013).

In Melbourne timber+DESIGN currently designing a 10- story building which should be
built starting 2014. This is a new dimension not only in Australia but also in UK and
Central Europe.

Building Physics

Sound Insulation

Due to the crosswise composition of the CLT an acoustic light and in the same time stiff
to bending exists. To reduce sound transmission flexible facing shell are used. For ceiling
it is common praxis to decouple the facing shell from the construction.
(Studiengemeinschaft Holzleimbau, 2010)

Thermal insulation (winter/summer)
Due to the solid construction and therefore higher thermal capacity a balanced indoor
climate can be assured.

Following are the example of spefic values from CLT of 470kg/m3 made from spruce in
accordance to DIN 4108:
Heat conductance: Ar= 0.13W/mK
Specific thermal capacity ¢ = 2.10kJ/kgK
conductibility of temperature a = 1,317 x 10"m?/s (www.binderholz-
Bausysteme.com, 2012)

Allmost all companies provide prooved build ups for wall, floor and roof constructions.
Under standardized moisture content (m.c.) of 12% result in a thermal conductivity for
CLT of 0.11 to 0.13 W/mK. An average value of 12 % is assumed for wood m.c.,
whereby less than 12 % wood m.c. should be expected