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Preface

City of Lahti, Finland, has the opportunity to host the 6th International Conference of Hardwood
Processing (ISCHP 2017) during September 25 to 28, 2017. The main events of the conference are
arranged in the spectacular Sibelius Hall, an internationally acknowledged congress and concert

center with attractive wooden interiors and excellent acoustics. Lahti region constitutes also one of

the main hardwood industry clusters in Finland with versatile manufacturing of hardwood products
and processing machinery, high-quality birch resources, and long history of education in wood
products sector.

The conference exhibits a continuum to the 10-year old history of ISCHP, the previous events being in
Canada (2007 and 2015), France (2009), USA (2011), and Italy (2013). The scientific collaborators in
the ISCHP family, listed before in page 2, take in turn the responsibility of the conference
organization, and now it is the Finnish turn. Natural Resources Institute Finland (Luke) is the
responsible organizer of this conference with a substantial support from University of Eastern Finland
(UEF) and Aalto University. We are especially happy of this unique task in 2017, while Republic of
Finland celebrates its centennial history as an independent country.

The main objective of this conference is to bring together the scientific and research communities
working on hardwood, from the source to the customer, to share knowledge and ideas. Around 80
international experts, scientists, government employees, hardwood industry representatives,
suppliers, and customers attend the conference to discuss recent progress and innovative work in
this valuable area of wood-based economy.

Topics covered by ISCHP 2017

1) Forest management, wood procurement, wood properties and quality and analysis of hardwoods

2) Markets, sustainability, and value chains of hardwood cluster

3) Hardwood product development and performance

4) Hardwood processing, optimization and technology development for solid and composite
products

5) Hardwood biorefining and value-added chemical products

This conference book contains abstracts of all presentations in the conference, descriptions of
industry and field visits and practical information for the attendees. A total of 42 scientific oral and
poster presentations from 131 authors coming from 22 countries, and four keynote presentations
from invited academic and industry experts provide the basis for the scientific success of ISCHP 2017.
Papers written on the presentations have undergone a scientific peer-review process. They are
available for readers in an electronic format in the Conference Proceedings.

On behalf of the organizing committee of the conference, | have the pleasure to wish the very best
results and pleasure from the scientific and industry contents and networking with colleagues, not to
talk about an enjoyable time in Lahti region.

Erkki verkasalp
Chair of ISCHP 2017
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From Forest to Wood Production — a selection of
challenges and opportunities for innovative hardwood
utilization

Based on the European atlas of tree species, the paper provides a short survey of the European
hardwood area. Further the allocation of the various hardwood species to the main wood process

chains is provided and discussed. According to their wood properties, specific hardwood species
are featured for a specific process chain.

Selected hardwood-specific raw material properties and their variation in comparison to the
softwoods are discussed as a major challenge for hardwood utilization. Besides features such as knot
sizes and cracks, the trunk morphology, for example, is an important decision pattern for allocating
roundwood to the sawmill process or other industrial processes such as pulping. Contrary to
softwoods, hardwoods quite often grow in mixed species forests, where a specific species might
grow in smaller plots or even in a scattered distribution. On the other hand, most of the wood
process chains follow the law of economy of scale, which means that the hardwood allocation radius
expands in comparison to softwood allocation. The allocation radius of wood raw materials is a
decisive measure and decision criteria for primary processes.

The relationship between volume and value of mature trees is an important approach in the
discussion about softwood or hardwood forestry. Based on these considerations a short survey of
the grading rules is given in order to assess wood quality and to match the raw material properties
with product properties. Currently, in many central European countries a significant amount of
hardwood is allocated to the energy sector for reasons mentioned above and current economic
framework conditions. On the other hand the potential of value-added and innovative hardwood
utilization is underestimated within and outside the forest-based sector.

Biography

Alfred Teischinger studied Wood technology at BOKU University Vienna,
Austria, and gained his Ph.D. from the Institute of Wood Science and
Technology, also Vienna. After an Assistant Professor position there, he
went to the University of Washington, Seattle, USA, with a Fulbright
Scholarship. In 2000, Teischinger was appointed Full Professor for Wood
Technology at BOKU Vienna. From 2001 to 2015, he was scientific
director of the Competence Centre for Wood Composites and Wood
Chemistry (Wood K plus), and since 2013, he is Head of the Department
of Material Sciences and Process Engineering at BOKU.

Professor Teischinger is chairman of the Austrian Standard committee for wood and wood-based
materials, Editor of the Series "LIGNOVISIONEN", a publication of the Institute of Wood Science and
Technology at BOKU Wien, and member of the editorial board of Wood Research, the European
Journal of Wood and Wood Products, and Holztechnologie. He is a member of various national and
international organizations in the field of wood and wood industries and fellow of the International
Academy of Wood Science (IAWS).
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The Broadleaf Citizen —
Broadening the innovative use of European hardwoods

An initiative for the creation of a thematically focused, innovation, research and training alliance,
has been launched, within the European umbrella organisation InnovaWood in close cooperation
with the European Forest Institute (EFI). This initiative is called “European Hardwoods Innovation
Alliance — EHIA”. It has already been accepted by the European Commission Services as a
commitment under the European Innovation Partnership for Raw Materials (ID 669).
Key objectives of EHIA are the production of a detailed innovation and research program (IRP) (final
draft May 2017 after wider consultation process) with an accompanying implementation action plan
(1AP).

For the gathering of input from industry, the research community at large and other
stakeholders, a first set of sixteen Innovation and Research themes have been pre-defined:

'Smart buildings and timber construction; *facades and exterior applications; ‘interior design;
*furniture and well-being; *wood-based composites, new materials and fibers; °green chemistry (food
and non-food); ’life-style goods; ®mobility (humans, animals and products); °clever keen injection
(transfer of existing know-how into the forest-based sector); '°harvesting, transportation and
logistics; *forest ownership and resource availability; **hardwoods resource location and potential;
Bmobilization; **forest management strategies; “tree breeding; trade and markets; '°societal
attitudes and expectations.

The E-HIA IRP will generate excellent knowledge and provide new products, processes and
services. It will emphasize the value added use of HARDWOODS within Europe and contribute to
tackle the grand societal challenges.

The Alliance will coordinate the know-how and the critical mass leading to breakthroughs in
innovation, research and it will create new qualified employment in smart rural regions within
Europe as well contribute in a positive way to urban communities.

The Timeframe is considered to facilitate collaboration with a long-term perspective (2025 and
beyond). DISCLAIMER: It is important to underline that the E-HIA WILL NOT replace evolutions and
innovations in existing forest-based value chains that are built upon softwood species. It is focussing
on existing undervalued potentials and new applications by using hardwood species in an innovative
way.

Background:

Europe is covered by 41% with forest. Historically hardwoods were used in the construction sector,
furniture, cladding, flooring etc. Today the forest-based industries within Europe are predominately
based on softwood use. Coniferous tree species account for 57% of the European growing stock in
forests, that corresponds to 20.0 billion m3. The growing stock of broadleaved tree species amounts
to 15.0 billion m3. But, the stem volume of living trees in European forests is evenly distributed
between broadleaved and coniferous tree species in almost all regions with the exception of the
North Europe region where around 75% of growing stock is coniferous [Forest Europe, 2015].

The European Hardwoods Innovation Alliance runs under the umbrella of InnovaWood in a close
collaboration with the European Forest Institute (EFI). The overall coordination is carried out by Dr.
Andreas Kleinschmit von Lengefeld (FCBA, France) and Prof. Frédéric Pichelin (BFH, Switzerland) with
a strong support team of key experts.

14
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Power of Associations and Networking between Wood
Industry Companies and with Research Organizations

We live in a world of global markets and availability of choices. A new product needs to have both
economic and technical feasibility to be able to enter on the markets. Research and
development pro-cesses are long and commonly require high financial resources. All new

products and processes do not succeed. We should not underestimate timing either. Product or

process can be superior in many ways, but if timing is not right, success will not come.

On the other had we live also in the world of sharing, cooperation and networking. Finland is
said to be the promised land of associations.

Roughly 20 years ago thermally modified wood with Thermowood method was introduced on
the market. Not much later Thermowood Association, ITWA, was founded and Thermowood
production was harmonized.

Today Thermowood has achieved a good market position and continuous growth. New members
join to ITWA and new wood species are modified with Thermowood technology and introduced on
the market.

During all these years ITWA has completed many research projects to be able to understand
more and more the possibilities and limits of Thermowood in different applications and conditions.
These re-search projects have required very close cooperation with research organizations
internationally. Many of these projects would not have been feasible without sharing the costs and
results.

Keywords: thermally modified wood, networking, Thermowood, ITWA

Biography

My education is in business economics and marketing. First 10 years of my
work life my occupation was in furniture industry and main activities were
management of quality control, product development, distribution networks
and sales. Also manufacturing of wooden furniture came very familiar during
those years.

'A;/ é Since 1992 | have worked in technology companies, which provide

machinery for wood working industry. | started this era first as a sales and

project manager with applications of fast gluing lines for engineered flooring,
door and window and furniture industry. A short period of work history has taken place also in an
engineering company, mainly to engineer their budgeting systems.

My present occupation at Jartek started in October 2000. By then wood modification was in very
early phases and real industrial production was just initiated by first major plant investments in
Finland. It has been a privilege to see so closely the TMT industry to grow from pilot plants to serious
businesses. My years at Jartek have been fulltime only for Thermowood technology. | have shared
this interesting development process of new industry with an international network of customers,
colleagues, partner companies, scientists and research organizations.

| am also one of those, who were present at founding meeting of International Thermowood
Association in December 2000. Since 2004 | have been a board member in ITWA and chairman of the
board since 2007, not constantly, but, many, many years....When | get some spare time, | like to
spend it in nature with my wife. We love all seasons of the year and adjust our activities according to
those.
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Abundance and distribution of top five most valuable
hardwood timber species in Zambia and their
implications on sustainable supply

Phillimon Ng’andwe'*, Donald Chungu Obote Shakacite”,

Lauri Vesa?
School of Natural Resources ForestCalc Consulting Oy
Copperbelt University, P.O. Box 21692, Koski-Jaakonkatu 15,
Kitwe, 10101, 80230 Joensuu,
Zambia Finland
Abstract

Zambia’s forests have been estimated to cover approximately 44 million ha. However, recent
studies have shown that these forests are dwindling at a deforestation rate of 0.6% per annum.
Increasing hardwood demand and unsustainable cutting practices are suggested as some of the
factors contributing to the current rate of deforestation that affect the relative abundance of
valuable species in the country. In addition, quantities and potential supply of remaining valuable
hardwood timber species in Zambia are not well understood. The aim of this study was to quantify
the abundance, distribution and stocking levels of selected valuable top five most valuable
hardwoods on demand (i.e. Afzelia quanzensis, Baikiaea plurijuga, Guibourtia coleosperma,
Pterocarpus angolensis and Pterocarpus chrysothrix). Data was collected from the 2015 national
forest inventory database. Results obtained from the top five hardwoods on demand showed that
the relative abundance (RA), diameter distribution, annual allowable cut (AAC) and stocking
densmes (SD) varied across species. P. ango/enSIs recorded the h/ghest RA of 63% and SD of 6.6
m’/ha, the lowest RA of 3% and SD of 0.28 m>/ha was observed in A. quanzensis. Results also
showed that P. angolensis was found in every province and mostly abundant in Luapula and
Western provinces, RAs of 15% and 14% respectively. The most demanded P. chrysothrix
hardwood was abundant in Luapula (4%) followed by Eastern (2%). B. plurijuga was found in
Western (10%) and Southern (3%). Overall results showed that over 402 million m’ of commercial
volume was available from the forests and the valuable species accounted for over 52 million m>
representing 13% of the commercial volume. The AAC was estimated at 4 million m /year These
results indicate the need to manage hardwood supply, promote lesser-known valuable hardwoods
and diversify their utilization through forest certification to enhance their commercial importance.

1. Introduction

Zambia’s forest cover has declined from over 66% (49.9 million ha) in 2008 to 58.7% (44.1 million ha)
in 2016 and the current total growing stock has been estimated at 3.2 billion m* of which 43% is
considered of commercial importance (Shakacite et al. 2016). Despite this huge stock, forests in
Zambia face increasing pressure due to household and industrial wood demand. It is speculated that
extensive selective harvesting of trees has contributed to the sporadic distribution of commercial
tree species thereby affecting their stocking densities, distribution and their relative abundance in
the country. In addition, the increasing distances to wood harvesting areas, due to sporadic
distribution of trees with merchantable size result in increasing production costs (Ratnasingam et al.
2014). Despite increasing distances to harvesting areas in the country, harvesting of wood and export
of low grade hardwood cants (wood in the rough) have continued to increase (Ratnasingam et al.
2014, Azanzi et al. 2014, Phiri et al. 2015). lllegal logging of hardwood species on demand has

*Corresponding author: Tel.: +260977244672; E-mail: pngandwe2002@yahoo.co.uk
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become rampant due to high commercial value and availability of export markets particularly in
China (Azanzi et al. 2014, Phiri et al. 2015).

According to the United Nations Comtrade data, exports of wood in the rough (cants) from
valuable hardwoods has been increasing at an average annual change of 62% since 2010 (UN 2003).
This increase suggests the availability of markets and price premiums for valuable prime industrial
hardwoods. The increasing demand for valuable hardwoods such as Afzelia quanzensis Welw.,
Baikiaea plurijuga Harms, Guibourtia coleosperma (Benth.) J. Léonard. Pterocarpus angolensis DC,
Pterocarpus chrysothrix Taub. and other species belonging to Brachystergia species provide great
opportunities for private sector participation through value addition processing and bioenergy
production (Hagglom and partners 2016). However, raw material insecurity, unknown patterns of
distribution and uncertainty of the potential supply are often considered as potential risks to
attracting investment in the timber industry in Zambia (Ratnasingam and Ng'andwe 2012, Ng'andwe
et al. 2015, Hagglom and partners 2016). Nevertheless, Zambia conducted an integrated land use
assessment and collected data in 2005 and 2010 on various aspects of forests to provide useful
information on the available growing stock for use by the forestry sector, investors, policy
formulation and other stakeholders (MTENR 2008, Shakacite et al. 2016). However, the data requires
further analysis targeting certain interests and user groups. The aim of this study was to describe
patterns of distribution and abundance of top five hardwoods selected based on demand for
sustainable industrial hardwood processing (i.e. A. quanzensis, B. plurijuga, G. coleosperma, P.
angolensis and P. chrysothrix). We also estimated diameter distribution, volumes and supply
potential for these hardwoods.

2. Commercial importance of top five hardwood species

Tropical hardwood is unique among consumer products owing to the number of characteristics that
sets it apart from other products. Some of the characteristics among species that influences
customer preference and commercial importance include colour, density, pattern of growth rings
(grain texture or pattern), and character marks (knots, stains, insect damage, etc.) (Thulasidas et al.
2006, Brinberg et al. 2007). For example, for furniture applications, both grain consistency and design
are significant predictors of willingness to pay for a solid wood product by a consumer in the United
States (Brinberg et al. 2007). Therefore, understanding consumer preferences of characteristics and
species can aid in the global marketing of Zambia’s valuable hardwood species. In addition, the
commercial importance and use of each of these species are influenced by economic factors such as
availability, wood properties and market acceptance (Ratnasingam et al. 2014, UNECE/FAO 2015).
The heartwood appearance of the top five hardwood sawn wood in Zambia (i.e. reddish to reddish
brown and shades of these colors) and heartwood durability are considered among basic factors that
influence preference and commercial importance of species at the end use point along the value
chain. The appearance of the top five valuable hardwoods is shown in Figure 1.

Figure 1. Appearance of the kiln dry heartwood of the top five most valuable hardwoods on demand in
Zambia: (a) Afzelia quanzensis - yellowish brown to pink color, (b) Baikiaea plurijuga - reddish brown with black
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streaks, (c) Guibourtia coleosperma - rich mahogany-like red-brown colour, (d) Pterocarpus angolensis - brown
streaked appearance and (e) Pterocarpus chrysothrix - deep reddish colour.

In general, the commercial importance of Zambia’s hardwoods has been attributed to the
attractive appearance of the well-established B. plurijuga (b) and P. angolensis (c) as benchmark
hardwoods. Hardwoods with similar heartwood appearance such as A. quanzensis (a), G.
coleosperma (d) and P. chrysothrix (e) are often used as substitutes in the market (Ng’andwe et al.
2015) even though the legality and quality assurance is questionable (Ratnasingam et al. 2014, Azanzi
et al. 2014). Highlights of the ecology, technical properties that influence their commercial
importance are described below:

e Afzelia quanzensis: This species, also known as “pod mahogany” occurs in dry evergreen
forest, woodlands and scrub forests at altitudes ranging from 1350 to 1800m altitude (Storrs
1979). It is distributed in Angola, Botswana, southern DR. Congo, Mozambique, South Africa,
Tanzania, Zimbabwe and Zambia. It grows in association with Brachystegia
and Pterocarpus spp. The susceptibility of A. quanzensis to fire hampers the natural
regeneration (Storrs 1979). The heartwood is yellowish brown to pinkish brown (Figure 1a),
becoming red-brown upon prolonged exposure, sometimes with darker streaks (Orwa et al.
2009). Heartwood is durable and distinctly demarcated from the whitish to pale yellow, up to
10 cm wide sapwood. The grain is straight to interlocked, yet it is dimensionally stable with a
density of 800-870 kg/m?3 at 12% moisture content. It is used in various wood products
including doors and flooring. It is sometimes used in carving as an alternative for P.
angolensis.

e Baikiaea plurijuga: The commercial of importance of B. plurijuga is well documented (Piearce
1986, Ngoma et al. 2017). It is native to Angola, Botswana, Namibia, Zambia and Zimbabwe. It
grows in pure stands in the low rainfall area of less than 700 mm. B. plurijuga is an important
species in Zambia as it is a source of hardwood timber used for railway sleepers, furniture
and flooring (Ng'andwe et al. 2015, Ngoma et al. 2017). The wood is heavy, with a density of
800-950 kg/m3 at 12% moisture content. The appearance of wood reddish brown with black
streaks is typical of this diffuse porous hardwood (Figure 1b). Its commercial importance was
recognised a long ago around 1911 as the main source of railway sleepers in the then
Northern Rhodesia and today its value chain is well established (Fanshawe, 1962).

e Pterocarpus angolensis: This species is native to Southern Africa (Angola, Mozambique,
Namibia, South Africa, Swaziland, DR Congo, Zimbabwe and Zambia) and Eastern Africa
(Tanzania), and typically found in the Miombo woodland growing in association with other
deciduous trees such as Brachystegia species in areas with annual rainfall above 500 mm
(Fanshawe, 1962, Storrs, 1979, Orwa et al. 2009). The technical properties that influence its
end use are well documented (Chidumayo, 1996, Orwa et al. 2009). The wood is heavy, with a
density of 650-700 kg/m? at 12% moisture content. Wood is characterised by attractive
streaked appearance, durable heartwood and light brownish-yellow colour (Figure 1c)
suitable for various joinery, furniture and wood carvings. The Streaked appearance of P.
angolensis and superior carving properties, makes it easy for substitution by other LU and LK
species such as A. quanzensis (Figure 1a), P. chrysothrix (Figure 1e) and other LU and LK
(Orwa et al. 2009).

e Guibourtia coleosperma. This species is known as “Rosewood” and occurs in forest
woodlands and often along rivers, at 750-1400 m altitude and mean annual rainfall of (450-
1100 mm). It grows well on Kalahari sand soils, which are deep and infertile with a low water-
holding capacity (Storrs 1979). It is found in Angola, Botswana, southern DR. Congo, Namibia,
Zimbabwe and Zambia. It is often one of the dominant species in the upper storey together
with B. plurijuga and P. angolensis (Chidumayo 1996). The heartwood is pinkish brown or
pale red-brown with pinkish or reddish stripes (Figure 1d) and often darkening to a rich
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mahogany-like red-brown colour (Figure 1a) (Orwa et al. 2009). The wood is heavy, with a
density of 670-960 kg/m?3 at 12% moisture content. The attractive appearance of this wood
influences its commercial importance as it is widely used in construction, flooring and joinery
among others. The grain is straight or interlocked and the texture moderately fine and even.

e Pterocarpus chrysothrix: This is a deciduous tree that grows at high altitudes around hills of
up to 1750 m (Storrs 1979) and is a synonym of Pterocarpus tinctorius (Lemmens 2008). It is
native to Angola, DR Congo, Malawi, Mozambique, Tanzania and Zambia. The bark of this
species is grey to dark brown and scaly similar to that of P. angolensis. It is a diffuse porous
hardwood with indistinct growth rings, heavy wood with basic density of 450-900 kg/m? at
12% moisture content. Until recently the commercial importance was not well documented
and often reported as P. tinctorius (Lemmens 2008). The wood is reddish in colour (Figure 1e)
and finds application in the furniture, wood cabinets and decorative floors, handy crafts and
ethnobotany. The demand for P. chrysothrix has increased in recent years because the wood
fetched attractive price on the exported market (Azanzi et al. 2014). The indiscriminate
cutting of this species across the country, to meet growing export demand, threatens its
existence and future supply. Therefore, P. chrysothrix ranks highly on the list of commercial
species that the Government of Zambia plans to conserve while regulating exploitation to
realise maximum contribution to the national economy.

3. Methods

To determine the abundance and distribution of the top most valuable hardwood tree species, data
was obtained from the national database of the integrated land use assessment (ILUA) at the
Forestry Department, Zambia (Forestry Department, 2010). Based on expert knowledge and
secondary information sources of hardwood species on high demand (Azanzi et al. 2014), we filtered
the top five species from this database. Data obtained include tree botanical names and GPS
locations. The filtered raw data was cleaned in to remove errors. Using this data, we computed the
stocking densities, dbh distribution, relative abundance and annual allowable cut for the top most
valuable hardwood tree species. To re-evaluate sustainable supply and commercial importance
between 2008 and 2016, the compound annual growth rate (GAGR) was computed. This was
important to determine the average annual change in stocking densities of the top five species on
demand. A proximate annual allowable cut (AAC) of industrial valuable species was determined as a
product of the mean annual increment (MAI) and forest production area using a method from the
literature (Ng’andwe et al. 2015). Diameter distribution and abundance density for each hardwood
tree species was also assessed. Analysis of data was done in R version 3.3.2 (2016).

4. Results and discussions

4.1. Abundance and distribution of top five hardwoods

The relative abundance of P. chrysothrix was the second lowest (RA of 8%) among the top five
hardwoods on demand when compared to traditionally well-known and used species such as P.
angolensis (RA of 63%) and B. Plurijuga (RA of 12%) (Table 1). The RA of A. quanzensis and G.
coleosperma were 3% and 14%, respectively.

At the provincial level, the distribution of the top five hardwoods on demand was highest in the
Western province (RA of 34.1%) followed by Luapula (RA of 19.7%) and Northern province (RA of
10.8%). The RA distribution of these hardwoods also varied greatly across other provinces (i.e.
Central 3.4%, Copperbelt 1.8%, Eastern 3.9%, Lusaka 0.9%, Muchinga 3.8%, Southern 5.1%). Among
the 200 hardwood species for timber and energy found in Zambia, P. angolensis is known to be in the
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top ten (Shakacite et al. 2016). P. chrysothrix, previously a lesser known species, was one of the
species on highest demand followed by B. Plurijuga among the industrial grade of valuable
hardwoods.

Table 1. Relative abundance for the top five most valuable hardwood species on demand in Zambia.

Species Relative abundance (%)
Afzelia quanzensis 3
Baikiaea plurijuga 12
Guibourtia coleosperma 14
Pterocarpus angolensis 63
Pterocarpus chrysothrix 8

The LU species such as Julbernardia paniculata, Brachystegia bohemii, Colophospermum mopane and
several other Brachystegia species which were reported as the most abundant hardwoods in Zambia
should be promoted for bioenergy, sustainable charcoal production and carbon trade (Hagglom and
partners 2016, Shakacite et al. 2016). P. chrysothrix, previously considered as a lesser known species,
was found in this study to be the most demanded species followed by B. Plurijuga as the most
preferred industrial grade of valuable hardwoods.

4.2. Diameter distribution of the top five most valuable hardwoods

The distribution of A. quanzensis (Figure 2a) was more wide spread in Northwestern and Luapula
provinces while that of B. plurijuga (Figure 2b) and G. coleosperma (Figure 2c) were concentrated in
Western and Southern provinces. P. chrysothrix (Figure 2d) was concentrated in Luapula province
and a sporadic distribution was observed in Eastern, Muchinga, Northern and Northwestern
provinces.

The diameters for the top five most valuable hardwoods were skewed towards small sized trees with
dbh below 20 cm (Figure 2). Higher abundance densities were observed for these trees. B. plurijuga
(Figure 2b), concentrated in Western part of Zambia, had the highest abundance density for trees
above 20cm followed by G. coleosperma (Figure 2c). There were few trees with over 40 cm dbh
across Zambia. P. angolensis was the most abundant and widely distributed species in the country
dominated by trees with dbh less than 20 cm.

The tree sizes that can be harvested for sawlogs are limited to >30 cm dbh and 5-30 cm is
designated for poles according to the Forest Act of 2015 (GRZ 2015). Over 80% of P. chrysothrix trees
met the dbh criteria for poles while 20% were suitable for sawlogs. This open ended dbh criteria is
one of the loop holes in the regulation used by licensees to illegally extract P. chrysothrix for export
in Zambia. In this study it was found that over 70% of A. quanzensis and B. plurijuga trees met the
criteria as material for poles. Among the top five species on demand only P. angolensis seemed to
have an even distribution across Zambia (Figure 2e) growing in association with a wide range of LK
and LU hardwoods but according to the law (GRZ 2015) only 10% of P. angolensis trees could be
harvested as sawlogs (GRZ 2015). The distributions of the top most valuable hardwood species by
dbh skewed towards small diameters is indicative of the need to restrict extraction to quantities of
these hardwoods.
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Figure 2. Diameter distribution, abundance density of the top five most valuable hardwood species on
demand in Zambia.

Harvesting of P. chrysothrix - the species on high demand, has been reported in Luapula,
Northern, Eastern, Central, North Western, Muchinga and Lusaka (Phiri et al. 2015), also in the
Kalahari areas of Western province (Azanzi et al. 2014). The reported over exploitation and
indiscriminate cutting of P. chrysothrix (Azanzi et al. 2014, Phiri et al. 2015), which ranks 63™ on the
national valuable species list in Zambia (Shakacite et al. 2016), was recent and its value chain has not
been adequately studied across the country (Phiri et al. 2015, Ngoma et al. 2017). Azanzi et al. (2014)
reported that P. chrysothrix was the most illegally exploited species by households in Western
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province of Zambia for sell to the private Chinese companies and further identified the growing
demand in the export markets and the need for household income to be among the main drivers for
indiscriminate cutting in the area. According to Phiri et al. (2015), this species was harvested illegally
by households from hills where it grows characterized by long distances and difficult terrains in some
provinces. Similar illegal logging of P. chrysothrix has been reported in Luapula, Lusaka and Northern
provinces in both print and electronic media, from forests and woodlands across the country, which
suggest that this species has the highest technical and commercial value in Zambia (Azanzi et al.
2014, Phiri et al. 2015, Ng’andwe et al. 2015). However, on the export markets, other factors that
relate to policy, legality and quality assurance strongly influence market access of tropical hardwoods
and should be considered.

The abundant valuable LU and LK hardwood resources across the country provide great
opportunities to SMEs and large industries to start investing in value addition processing of
hardwoods. It is also the opportunity for Government to reduce pressure on P. angolensis, B.
plurijuga, G. coleosperma and A. quanzensis to contribute to efforts aimed at reducing deforestation
(Vinya et al. 2011) through schemes such as forest certification and forest law enforcement,
governance and trade (FLEGT) for actors who have plan to export hardwood sawn timber and vale
added wood products to Europe and elsewhere. Forest certification tools will ensure that forests are
well managed, economically, socially and environmentally. The forest act No.4 of 2015 can also be
used by the Government to reduce illegal logging through development of an effective licensing
system and regulations that link the demand and supply.

Luapula province with high relative abundance of P. angolensis and P. chrysothrix should be
developed as one of the economic clusters - an industrial hardwood processing park in line with
recommendations by Hagglom and partners (2016). Similarly, Western province could be developed
for sustainable processing of B. plurijuga and G. coleosperma hardwoods while bioenergy and
sustainable charcoal production could be clustered in Northwestern province.

4.3. Average annual change of stocking density of top five
hardwoods

The stocking density of P. angolensis declined from 1.33m?/ha in 2008 to 0.48 m3/ha in 2016,
representing an average annual change of CAGR -12%. The average annual increase in the stocking
densities were observed in G. coleosperma (CAGR of 5%), B. plurijuga (CAGR of 17%) - another
traditionally over-exploited industrial round wood and P. chrysothrix (CAGR of 83%) - which was
among the top LK hardwood on high demand in 2016 (MTENR2008, Shakacite et al. 2016). The
reduction in the stocking density (sph) of P. angolensis, suggest that this hardwood is currently
sporadically distributed in some areas, and characterized by long distances to forest production areas
as reported by Shakacite et al. (2016). The increasing demand for furniture and builders’ joinery and
carpentry for P. angolensis has resulted in the reduced stocks since 2008. The average annual
increase in the stocking densities in B. plurijuga (CAGR of 17%), another species on demand suggest a
reduction in harvesting intensities, increasing distances, sporadic species distribution as well possible
substitution by P. chrysothrix (CAGR of 83%) and G. coleosperma (CAGR of 5%). In addition, the
potential to certify the B. plurijuga forest, which failed several attempts to have it certified, is now
high in Western province given the availability of current inventory data and mapping of this species.

4.4. Commercial hardwood volumes

Results on stocking density, tree volumes and AAC for valuable tree species are presented in Table 2.
Results show that slightly over 402 million m3 is available for industrial utilization as commercial
volume, representing 27% of the total volume of trees in the country. Over 4 million m3 was
estimated as AAC which can be harvested on yearly sustainable basis for industrial processing (Table
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2). Furthermore, the AAC by product type (i.e. sawlogs, peeler logs poles and fuelwood) should be
determined by forest managers in line with the minimum dbh requirement and the need for multiple
use of trees in forests earmarked for licensing. A regulation to extract hardwood poles from the most
valuable species should not be encouraged to allow these trees get into sawlog dbh classes so
sustainability could be achieved.

As a tool, forest certification will ensure that the top five hardwoods are sustainably harvested
together with the LU and LK species in compliance with laws and regulations locally and globally. It is
important to provide incentives for use of LU and LK hardwoods by SMEs while encouraging research
and innovation for future development of the hardwood industry. Even though, the AAC for valuable
hardwoods that meet industrial requirements are sufficient given the limited processing capacity
(Hagglom and partners 2016) more needs to be done by the forestry Department to attract
meaningful investment in the forestry sector.

The stocking density of industrial round wood was highest in Northwestern (48.9 m>/ha) and
Copperbelt (41.9 m®/ha). The growing stocks in Southern (24 m3/ha) and in Lusaka (25.8 m®/ha)
provinces were among the lowest. The AAC for industrial grade hardwoods was highest in the
Northwestern province (1.17 million m?/yr), Muchinga (0.53 million m?/yr) and Western (0.50 million
m>/ha). The highest stem count per hectare (sph) and volume per hectare of the top five most
valuable species was observed in P. angolensis (1.4 sph and 6.6 m*/ha) and G. coleosperma (1.3 sph
and1.5 m?/ha) (Table 3).

Table 2. The forest growing stock and annual allowable cut of commercial hardwoods in Zambia.

Commercial volume (million m?) AAC (million m3/yr.)

Area All Valuable

Province (million ha) m®/ha All species  Valuable species species species
Central 5.64 34.8 196.42 52.05 0.68 0.41
Copperbelt 1.87 41.9 78.42 20.78 0.29 0.18
Eastern 2.64 28.7 75.60 20.03 0.35 0.21
Luapula 2.85 37.6 107.13 28.39 0.44 0.27
Lusaka 1.65 25.8 42.58 11.28 0.20 0.12
Muchinga 6.18 27.1 167.20 44.31 0.89 0.53
Northern 4.44 29.8 132.36 35.07 0.64 0.38
Northwestern 9.05 48.9 442.71 117.32 1.95 1.17
Southern 2.86 24.0 68.80 18.23 0.38 0.23
Western 6.99 29.8 208.49 55.25 0.84 0.50
Zambia 44.17 344 1519.71 402.72 6.66 4.00

Source: Shakacite et al. (2016) (unpublished). AAC= Annual Allowable Cut calculated in the current study

Table 3. Stocking density for the top five hardwood species in Zambia.

Species sph m3/ha
Pterocarpus chrysothrix 0.274 0.760
Baikiaea plurijuga 0.651 1.259
Pterocarpus angolensis 1.429 6.635
Guibourtia coleosperma 1.344 1.480
Afzelia quanzensis 0.182 0.285

Source: Shakacite et al. (2016) (unpublished). Sph = stems per hectare

25



The stocking densities (sph) and volume for all the top five species show a sporadic distribution
pattern. This has implications on the cost of logging due to long distances that are covered to fell and
extract logs as well as the limitation on the dbh thresholds required by Law. Since most of the trees
observed were below the 30cm required by law (Figure 2), it means that yield regulation and
enforcement are paramount. It follows that a larger proportion of stocking densities of the top five
were skewed to pole sizes (i.e. <30 cm dbh). Therefore, to achieve sustainability, it is recommended
that grouping of hardwood species based on dbh distribution, similar technical properties should be
pursued by Government along with forest certification as recommended earlier by Ratnasingam and
Ng'andwe et al. (2012).

5. Conclusion

The relative abundance, stocking densities, and distribution varied across species. P. angolensis
recorded the highest abundance among the top five hardwoods in Zambia. The most demanded P.
chrysothrix hardwood was abundant in Luapula province while B. plurijuga in Western province. To
sustainably manage hardwoods it is recommended that lesser-known valuable species be promoted
along with commercially known species using forest certification tools to enhance their commercial
importance and contribution to the national economy. The enforcement of regulations should also
be strengthened.
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Abstract

The basic structure of a tree-ring is determined by genetic factors and the overall wood
anatomical structure of tree species does not change. However, some variables of the wood
structure can be modified by environmental factors. To understand the historical behaviour of
individual tree species and have insight on the potential effects of climate change, tree-ring
studies have been applied. In this study, we examined Baikiaea plurijuga (Spreng.) Harm, a
hardwood species that dominates the Zambezi teak forests in Zambia with the objective of
determining whether B. plurijuga forms annual rings and if so, whether these rings are cross-
datable. We further determined the relationship between ring-width of B. plurijuga and climatic
variables with the aim of understanding the potential climate change effects on the growth of
these species in Zambia. We collected tree-ring samples from three Zambezi Teak forest reserves:
Zambezi, lla, and Masese, located in different climatic zones. Our examination of wood
anatomical structures reviewed that the wood of B. plurijuga is diffuse porous and forms annual
rings which were confirmed with samples of known age. The analysis resulted in three strong
tree-ring chronologies of B. plurijuga. These chronologies were correlated with climate data from
local weather stations which correlated negatively with evaporation and temperature and
positively with rainfall. Our regression analysis indicated that evaporation has the highest
influence on tree growth at all the study sites compared to temperature and rainfall alone.
Evaporation in November and March, for example, explained almost a third of the radii’s variance
at the Namwala and Sesheke sites. The likely future temperature increase and rainfall decrease
that are projected by IPCC for Southern Africa are likely to adversely affect B. plurijuga in Zambia.

1. Introduction

Climate has been demonstrated to change at different scales for as far back as we have been able to
reconstruct it, but anthropogenic factors have accelerated and are predicted to cause significant
changes in temperature and precipitation around the globe. Temperature in Africa increased by 0.5°C
during the last 50 to 100 years and minimum temperatures warmed more rapidly than maximum
temperatures. Annual rainfall reduced over the past century over parts of the western, eastern Sahel
region, eastern and southern Africa (Niang et al., 2014). In future, temperatures are projected to
increase by 3 - 6°C by the end of the 21st century compared to 1986—2005 in Africa. However, rainfall
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has been projected to vary in different parts of the continent (Niang et al., 2014). Following these
changes, ecosystems have also been affected differently in various parts of Africa. In Zambia, for
example, climate change has different effects on ecosystems. Severe storms reduce flowering and
fruiting potential, and irregular early season rainfall adversely affects germination and seedling
survival of some trees in the Zambezi Teak Forests (Calvet, 1986). High temperatures plus low
humidity contribute to a high fire hazard that results in severe damage in the late dry season (Calvet,
1986). The Baikiaea plurijuga (Spreng.) Harm, a dominant species in the Zambezi teak forests, has
seedlings that are very sensitive to drought (Chisumpa, 1986). About 90% of seedlings that die during
the first year after germination are due to drought stress because of competition for moisture with
the understory shrubs (Chisumpa, 1986). B. plurijuga is a very important species in Zambia as it is a
source of hardwood timber that supplies local, national, and international markets. It is also a very
unique species as it is only found in southern Africa (Mubita, 1986). Thus, to understand the
potential effects that climate change is likely to have on these species, it is important that a
relationship is established between tree growth and climatic variables through tree-ring studies. Tree
rings play a major role in determining the historical behaviour of individual tree species under natural
micro-climatic conditions, and as such may provide insight into the potential impacts of climate
change on B. plurijuga. This study therefore aimed at understanding whether B. plurijuga forms
annual rings and if so, whether these rings are cross-datable. We further, analysed the possible
relationship between ring-width of B. plurijuga and the main climatic variables: rainfall, temperature,
and evaporation

2. Methodology

2.1. Distribution, composition and description of B. Plurijuga

Baikiaea plurijuga is found in the Zambezi teak forests, and these forests are found on the Kalahari
Sands of Angola, Botswana, Namibia, Zambia, and Zimbabwe (Chisumpa, 1986; Piearce, 19863;
Piearce, 1986b; Selander, 1986). In Zambia, the forests are mainly found in the western, southern,
and north-western provinces (Chisumpa, 1986; Mbughi, 1986). The genus B. plurijuga is of the tribe
Detarieae and falls in the sub-family caesalpinioideae of the family legquminosae; commonly known as
the legume (Brummitt, 1986). This deciduous broad-leaved species grows up to 20 m high and 120
cm in diameter. To reach soil depths which are moist during the dry season, the taproot grows very
deep and the rooting depth is estimated at 10 m (Hogberg, 1984; Childes, 1988). The B. Plurijuga is
the most dominant species in the Zambezi teak forests (Mbughi, 1986; Mulolwa, 1986; Piearce,
1986a; Ngoma et al., 2017) and Ngoma et al. (2017) found that about half of the surveyed trees in
the Masese and lla forest reserves were of B. Plurijuga species.

2.2. Study sites and climatic conditions

Zambia is divided into three agro-ecological zones defined by the amount of rainfall received
annually (see I, I, and lll in Figure 1). Zone | receives less than 800 mm of annual rainfall; Zone Il
between 800-1000 mm; and Zone Il more than 1000 mm (Government of the Republic of Zambia
and UNDP, 2009) (see Figure 1). Samples were taken from the Masese, lla and Zambezi forest
reserves. The Masese forest reserve is situated in the dry agro-ecological zone |, lla is located at the
border of agro-ecological zones | and Il, and the reserve stretches in the two zones. However, the
Zambezi forest reserve is located in the wet agro-ecological zone Il (Figure 1A). While the drier
Sesheke site receives about 643 mm of rainfall, Namwala receives 826 mm and the Kabompo site
receives 1000 mm annually (Figure 1B). We averaged rainfall figures from various meteorological
stations within 200 km radius, but within the same ecological zones as the respective study sites.
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Sesheke rainfall figures came from Sesheke and Livingstone Meteorological stations, and we got
Namwala values from Choma meteorological station. Kabompo rainfall figures came from Kabompo
and Zambezi meteorological stations.

2.3. Sampling strategy

Samples were collected as described in Ngoma et al. (2017). We sampled young trees of 10 — 20 cm
diameter because a preliminary analysis in all the three sites demonstrated that they had clearer ring
boundaries compared to very old trees. Annual rings became less obvious in heartwood which
increases as the tree ages. We also targeted trees of the same diameter range as those of known age
for easy comparison. In addition to the diameter size, physical observations were made so as to get
samples from trees that looked fresh and young. Thus, trees with fresh and smooth bark proved to
be younger than those with rough bark. Working on the species for the first time and to avoid errors
associated with omitting rings during analysis, we choose to work with samples that had clear ring
boundaries, such as from relatively young trees caused by seasonal nature of rainfall pattern. We
further worked with whole discs so as to increase dating accuracy. All samples were taken at stump
height (30 cm above ground level), and in total, thirteen samples were analysed from Kabompo,
twelve from Namwala, and eight from Sesheke. Two of these eight Sesheke samples had known
planting dates.

2.4. Sample preparation and analysis

Samples for tree ring measurements were sanded with progressively finer sand paper as described in
Ngoma et al. (2017). Samples were then examined under 6 — 60 times magnification using Leica
(Leica Microsystems (Switzerland) Ltd, 2012) and Nikon microscope (Nikon Instruments Europe B.V,
2016) after skeleton plotting (Douglas, 1941; Speer, 2010). Crossing dating was done following the
methods documented by Stahle (1999) to test for annual ring formation in B. plurijuga, and tested
this with samples from known plantation sites and correlation to monthly and annual climate
variables. The samples were then measured using a LinTab 6 measuring system (Rinn, 2013) with
TSAP software (version 4.68e) from Rinntech (Rinn, 2013) to 0.01 mm precision. We checked the
dating quality with the computer program COFECHA (Version 6.06P), (Holmes, 1983; Grissino-Mayer,
2001). The software ARSTAN (Version 44h3) (LDEO, 2016) was used to standardize the series with a
20-year cubic smoothing spline (about half the length of our average chronology) (Ngoma et al.,
2017).

From the selected discs used for tree ring analysis, we cut wood blocks of 10 mm cubes with
transverse, tangential and radial sides for anatomical examination. We further prepared samples
following the method outlined by Jansen et al. (1998). We used both safranin and iodine indicators in
sample preparation. Wood properties were examined following Wheeler et al. (1989).
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Figure 1. (A) Ecological zones and distribution of study sites. (B) Total monthly rainfall received and the mean
monthly temperature experienced at each site. The rainfall and temperature figures are for the period 1973-
1989 (Kabompo), 1970-2011 (Namwala), and 1958-2011 (Sesheke). Source of agro-ecological zones map:
Wamunyima, 2014 personal communication. Red dots show study sites.

3. Results

3.1. Wood structure of Baikiaea plurijuga

Growth-ring boundaries were distinct though samples taken from wetter Kabompo site had more
distinct and wide rings followed by samples from Namwala and then the drier Sesheke site. The
wood is diffuse porous with a reduced number of large vessels in the late wood compared to the
early wood.
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Table 1. Wood anatomical features of B. plurijuga. We described wood anatomical features following the guide
by Wheeler et al. (1989).The reader is strongly referred to this guide for detailed explanation of the features. A
tick (V) denotes that a feature applies to B. plurijuga samples used in this study.

Wood Feature Results Summary
anatomical numbers
Feature (Wheeler et
al., 1989)
Growth ring Kabompo: Growth rings were very distinct 92 % of Growth rings are
boundaries sampled trees had distinct growth ring boundaries | generally characterised by
Namwala: Some trees had very distinct growth a distinct fibre zone with
rings while other trees had indistinct growth rings. no large (or very few)
83% of samples taken had distinct growth ring vessels in latewood, and
boundaries an abrupt boundary
Sesheke: Some trees showed very distinct growth | between early-wood and
rings while other trees had indistinct growth rings. | latewood. The number of
Of the samples taken, 63% had distinct growth ring trees with indistinct
boundaries growth rings was high in
1and?2 - Sesheke followed by
Namwala and then
Kabompo.
Figure 2. Distinct and indistinct growth ring
boundaries. Figure 2A shows a disc with distinct
growth ring boundaries while figure 2B depicts a
disc with indistinct growth ring boundaries.
Wood porosity Figure 3. Wood In all study sites, vessels
and distribution diffuse porous. (in white colour) had
of parenchyma Figure 3A gives the| ™Moreor less the same
cells in early- direction of tree diameter in early-wood
wood and growth rings while and latewood, but the
latewood figure 3B shows number of bigger vessels
anatomical reduced (sometimes
5 features in early- none) in latewood (also
wood and latewood. Latewood is shown by a red | called Autumn wood)
arrow. The vellow box shows the position where | compared to e?rly—wood
the sample was taken for microscopic examination. | (2l called Spring wood).
Figure 3A was taken using lens 004 The frequency of
parenchyma bands (in
black colour) within a
growth ring decreased
towards the latewood.
Vessel Figure 4. Vessels in radial Vessels (in white colour)
arrangement pattern. Lens: 004 were in radial pattern.This
7 applied to all study sites
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Vessel
groupings

Figure 5. Vessel groupings
(in while colour). Figure 5A
shows vessel grouping in
early wood (lens 004) and
figure 5B depicts vessel
grouping in latewood (lens:
010)

Solitary vessel

Vessel grouping is mixed.
Some vessels were partly
solitary while others were
partly in radial multiples.
In early-wood, vessels
were often solitary
(approximately 60% or
more), but with
approximately equal
numbers of solitary
vessels and vessel groups
of two to four in late-
wood

Vessels were mainly

) Figure 6. Solitary  vessel ‘
outline angular outline (white colour). angular though circular
(12) 12 Lens: x10 vessels were also present.
Paratracheal :.']H,‘*" ‘}..'{:“#Ii,“m Wood was characterised
Axial ..';:,;55‘:: § i g, by axial parenchyma
hym T Ry Y ey liform in all study sites.
parenchyma () ) ) alifo all study
0 N In Kabompo (A), the
parenchyma cells were
. {3 winged aliform while in
80, 81 and 82 .s; ““‘.!'1'\“ Namwala (B) and Sesheke
Aizetal pavene hyma Jozeng Aial parenchyma lome (C), they were Iozeng
alifomm (82 aliform (81) alifirm (81) aliform.
Figure 7. Paratracheal Axial parenchyma ( in black
colour)
Distribution of Figure 8. Distribution of The frequency of
paratracheal axial parenchyma cells Paratracheal Axial
axial and vessels in heartwood parenchyma bands
parenchyma and sapwood. Heart reduced in the heartwood
cells and vessels wood is shown by orange compared with the
in heartwood colour while sapwood by sapwood. However, vessel
and sapwood yellow colour distribution was similar in
both heartwood and
sapwood
Non-anatomical information
178 Tropical mainland Africa and adjacent islands
(Brazier and Franklin region 78)
179 Tropical Africa
189 Tree
192 Wood of commercial importance
195 Basic specific gravity 20.75
196 Heart wood colour darker than sapwood colour
197 Heart wood basically brown or shades of brown
198

Heartwood basically red or shades of red

196,197, and
198

Figure 9. Colour of heartwood
and sapwood. Figure 13A shows
colour of heartwood while
figure B depicts colour of
sapwood. In very old trees, the
heartwood is even darker than
what is depicted in the picture
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3.2. Growth ring formation in Baikiaea plurijuga

We confirmed the annual nature of growth rings through cross-dating within the respective study
sites (Figure 10), though cross-dating among sites was a challenge. We further tested the annual
formation of rings with samples of known age taken from Sesheke site and found that the age
successfully correlated with the number of rings. The chronologies developed at each site were
further correlated with monthly and annual climate variables to provide further evidence of the
annual nature of growth rings (Figure 11). We found that the chronologies at each site successfully
correlated with temperature and rainfall, confirming that the rings formed in B. plurijuga are indeed
annual. The more distinct and wider Kabompo samples were easier to date than samples taken from
the drier Sesheke site. We were able to date 92% (12 samples) of the samples from Kabompo, 83%
(10 samples) from Namwala, and 63% (5 samples) from Sesheke sites (Table 2)

Table 2. Descriptive statistics of the B. plurijuga chronologies at Kabompo, Namwala, and Sesheke sites

Descriptive statistics Kabompo Namwala Sesheke
Number of samples attempted to analyse 13 12 8*
Number of samples successfully dated 12 10 5"
Number of samples included in the master chronology 9 8 5!
Number of radii 11 10 8
Time span of the chronology 1973 - 2013 1958 - 2013 1958 - 2013
Age of trees included in chronology (years) 32-44 17-56 28 - 56
Series inter-correlation (Correlation between trees) 0.603 0.604 0.449
Mean sensitivity (change in ring-width from one year to 0.329 0.484 0.527
the next)

Average ring width (mm) (raw data before 2.473 2.473 1.605
standardization)

*This included 2 samples from trees of known age
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Figure 10. The tree-ring chronologies of B. Plurijuga at Kabompo, Namwala, and Sesheke sites. Y-axis gives ring
width after standardization (indices). Black curves are for individual samples and a red curve is a mean curve
for all the samples analysed at each site.

35



Natural resources and bioeconomy studies 80/2017

0.50 J .
Rainfall correlations
0.40 y
s Kabompo
0.30 | -
0.20 s Sesheke
E 0.10
2 i I s Namwala
L« D.oD
SEB:-LE)HLH:
-0.10 = 2 g [T~ BT E _—
d = - S ——Significance level for Kabhompo
0.20 = (p=0.05)
——Significance level for Namwala
-0.30 N
and Sesheke (p<0.05)
-0.40
Manths
Temperature correlations
0.60
0.40 1 1 = Kabompo
0.20
I e Mamwala
o
r_:; 0.00 | ] 1 | I -
T a g :
< Lz g = s Sesheke
-0.20 E
0.40 | —— Significance level for
Kabompo (P<0.05)
[ ]
-0.60 significance level far
Namwala and
Months Sesheke (p=0.05)
0.60 Evaporation correlations
0.40
| — Kabompo
0.20
] L . Mamwala
W 0.00 "
=] =]
= ’ - ’ seshek
Z 020  Sesheke
.0.40 —— Significance level for

| P—
4 1

Kabompo and

J Sesheke [p=0.05)
-0.60 — Significance level for

Marmwala [p=0.05)

-0.80 Months

Figure 11. Correlation values between tree-ring chronologies and temperature rainfall, and evaporation at
Kabompo, Namwala, and Sesheke sites. Red stars indicate months with significant correlations

36



4.Discussion

Tree phenology is one factor controlling wood formation (Kozlowski, 1971) and with high seasonality
in rainfall, trees are likely to form clear growth boundaries (Jacoby, 1989). Zambia experiences one
dry season. Rains start in late October and end in April and the phenology of B. plurijuga follows the
same pattern. Leaf senescence and fall of B. plurijuga, coincides with decreasing moisture levels in
the soil, and leaf flush starts in October (following the rains) (Childes, 1988). This seasonality induces
cambial dormancy of trees.

In general, we found that the wood had clearer ring structure, and rings were wider in wetter
Kabompo than in drier Sesheke sites. This is probably because Kabompo receive more rain that the
rings were larger and easier to differentiate. Ring structure was clearer in the sapwood compared to
heartwood. The unclear ring structure in the heartwood could be associated with the decreased
frequency of parenchyma cells though vessel distribution is the same in both heartwood and
sapwood.

Higher mean sensitivity values (change in ring-width from one year to the next) indicate the ease
of dating the trees at a study site, but up-to a certain limit. Complacent trees (mean sensitivity
around 0.1) are difficult to date because of the low degree of their annual variation. More sensitive
trees (mean sensitivity of more than 0.4) are also hard to date due to frequent micro rings next to
very wide rings (Speer, 2010) that result from high year-to-year variability of limiting growth factors
(e.g. rainfall and temperature). This behaviour was observed during this research where the drier
Sesheke site with higher mean sensitivity (0.527) was quiet difficult to date compared to the wet
Kabompo site which has lower mean sensitivity value (0.329) ( see tables 2). Thus, the high mean
sensitivity in Sesheke indicates high annual variations of environmental growth factors.

The negative correlation between tree ring chronologies as all site could be as a result of
reduced photosynthesis (reduced carbon assimilation) due to increased temperature (Clark, 2004;
Galbraith et al., 2010). The positive relationship recorded in October (i.e. the beginning of the rain
season, see Figure 1B) could be as a result of rapid tree growth immediately after bud burst.

In general, the relationship between tree growth and rainfall was positive during the rainy
season indicating that growth is limited by the amount of rainfall. The significant positive influence of
the sum of February and March rainfall on tree growth at the Kabompo site indicate that the
response is high when there is increased amount of water in the soil. The ring chronologies
correlated negatively with evaporation at all sites. This is because in drier areas there is less rainfall
available to satisfy the evapotranspiration demand.

5. Conclusions

Our analysis clearly shows that relatively young trees of B. plurijuga form annual rings and that these
rings are cross-datable within a site. Tree growth is affected positively by rainfall, but temperature
and evaporation have a negative influence. In the wetter areas studied, effects of rainfall,
temperature, and evaporation are higher compared with the effects in the drier sites. Our analysis
indicates that future temperature increase, which increases evaporation and reduced rainfall as
projected by Niang et al. (2014) will adversely affect southern African young B. plurijuga.
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Abstract

The highly selective nature of the logging operations is rapidly decreasing the value of most
forested areas in Mozambique due to lack of knowledge on properties of the overlooked species.
In this study, a comparative assessment between branchwood and stemwood density along with
some mechanical properties of two very abundant species (Brachystegia spiciformis and
Julbernadia globiflora) was carried out in order to explore potential uses of branchwood. For each
species, a total of five undated heavily branched trees were harvested in their natural habitats.
Afterwards, samples from the main stem (bottom and top) and branches were separately
prepared based on ISO standards for testing density and mechanical tests at 12% moisture
content such as static bending (MOE and MOR) and compression (parallel and perpendicular to
axial fibres) properties. The results show that in general branchwood is denser compared to the
wood of main stem. However, the pairwise comparison across the wood sections did not produce
significant differences, suggesting uniformity, especially in terms of density. The same trend was
also observed for the mechanical properties, with the exception of branchwood MOE of
Julbernadia globiflora to which significant difference was reported against either stemwood
section. The global assessment of the results suggests a safe and interchangeable use of
branchwood to supplement raw material for purposes commonly known for the stemwood.
Therefore, the use of heavily branched trees is expected to increase sawing yield as well as halting
deforestation rate.

1. Introduction

The demand of wood in Mozambique has increased considerably over the last two decades (Egas et
al. 2013). The remaining standing volume of known species has decreased to such an extent that the
interest on the overlooked species is rising in the context of sustainable harvesting quotas of native
hardwoods. The evidence is supported by the growing number of studies on lesser known timbers
(Uetimane Jr 2010, Ali 2011, Lhate 2011, Cristovdo 2013, and Ah Shenga 2016). Better sawing
strategies along with knowledge of technical properties are vital for the optimal and integral use of
especially the lesser known native hardwood species.

Recently, logging companies have increasingly been interested in the use of branchwood,
especially for heavily branched species such as Julbernadia globiflora and Brachystegia spiciformis.
However, knowledge of branchwood properties is scarce since the stem wood remains the most
used and studied wood section of the harvested trees. The common end use of branchwood includes
firewood and particles for wood based panels (Gurau et al. 2008). In the recent past, due to the
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abundance of premium class timbers, both species were neglected and therefore employed after
chemical treatment almost alone as heavy beams of railway sleepers.

The most common forest type in southern Africa including Mozambique, miombo (derived from
Swahili), is named after trees of both genera, namely Brachystegia and Julbernadia (Mwakalukwa et
al. 2014). The use of branchwood is expected to supplement the poor yields of the country sawmills.
Rather than firewood and charcoal production, the use of branchwood is expected to provide
additional raw material from increasingly reduced number of trees. Similar efforts related to
assessment and suitability of branchwoods for end uses traditionally assigned to stemwood is
underway in other tropical African countries, especially in Ghana (Okai et al. 2003, Okai et al. 2004).
Thus, the objective of this study was to comparatively examine the variation of density and selected
mechanical properties of branchwood versus stemwood of two most abundant and heavily branched
tree species, namely B. spiciformis and Julbernadia globiflora.

2. Materials and methods

The wood samples were obtained from three specific positions along the tree height, namely at
breast height from bottom stemwood, top stemwood (upper stem before crown), and branchwood
from primary branches (Figure 1). In total, 5 mature and undated trees of each studied species,
namely Brachstegia spiciformis Benth and Julbernadia globiflora Benth were felled from natural
habitat of wet miombo woodland, central inland region of Cheringoma district, and Sofala province
in Mozambique. After felling, the sample preparation and handling were carried out according to
methods and general requirements for physical and mechanical tests as recommended by
International Organization for Standardization (1ISO 3129: 1975).

Branchwoo

iy

Topftem

Bottorh stemw

Bending test sample

LA P
& mm [ ﬂ]
T v W=} 300mm

Density and compression samples
Figure 1. Sampling scheme.

The stem wood samples (bottom and top) consisted of clear and straight grain heartwood while
some branchwood samples were mostly composed of heartwood and occasionally strips of sapwood.
In terms of tree size, the diameter of Brachystegia spiciformis ranged in stem sections between 49-63
cm and in branches between 34-41 cm. The diameter of Julbernadia globiflora in stem sections
varied between 41-64 cm and in branchwood between 33-38 cm. Juvenile and mature wood were
not distinguished during sampling. All samples regardless of wood section were conditioned to 12%
moisture content (MC) prior to testing of physical and mechanical properties. The mechanical
properties were tested using universal material testing machine (Testometric M-500-50AT).
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In each section of the main stem and primary branches of the trees, the following properties
were measured:

1. wood density at 12% MC (D12) (ISO 13061-2: 2014),
2. mechanical properties
- compression strength parallel to grain (ISO 3787:1976) and perpendicular to grain (ISO
3132:1975),
- three point static bending strength (modulus of rupture, MOR)(ISO 13061-3: 2014) and
bending stiffness (modulus of elasticity, MOE) (1ISO 13061-4: 2014).
After the tests, pairwise comparisons (Tukey’s tests at 95% confidence interval) between means
of tested properties across the examined tree sections were carried out. The number and position of
samples along the trees per tested parameter is shown in Table 1.

3. Results and discussion

3.1. Wood density

Wood density is one of the main parameters to which variability between and within trees is well
documented (Shmulsky and Jones 2011, Barnett and Jeronimidis 2003). Higher variability is known to
impair the use of wood where uniformity is critical. In this study, the variation of wood density per
species and wood section is summarized below (Table 1).

For both species, top stemwood was relatively less dense compared to bottom stemwood and
branchwood. In most species, branchwood tends to have higher density in comparison to any section
of the main stem (Dadzie et al. 2016a, Dadzie et al. 2016b, Gurau et al. 2008, Okai et al. 2003). Oyen
and Louppe (2012) reported the density of 680—915 kg/m?® at 12% MC for stemwood of Brachystegia
spiciformis, which is comparable with the range reported in this study. For the same MC, Jimu (2010)
reported the range of density of 820-960 kg/m? for Julbernadia globiflora stemwood against 623-939
kg/m* determined in this study. In fact, wood density varies between and within trees, species,
provenances, site and sample position (Zobel and van Bujten 1989). In both species, regardless of
wood section, the variation of density was higher (coefficient of variation ranging from 8.74 to
11.06%) compared to some tropical hardwoods such as Terminalia ivorensis (4.36%) and Aningeria
robusta (2.98%) (Okai et al. 2004). Less variation of density corrected to 12% MC was also reported
for some temperate hardwoods, namely beech (stemwood 2.1%, branchwood 2.9%) and maple
(stemwood 2.2%, branchwood 0.8%) (Gurau et al. 2008). The graph below (Figure 2) shows the
density variation pattern across the examined wood sections.

Pairwise comparisons (T-tests) revealed that on average, the density at 12% MC of Brachystegia
spiciformis was only significantly different between bottom and top stemwood, but not significantly
different between branchwood and both sections of the main stem. The density of Julbernadia
globiflora was somewhat more leveled across the sections as non-significant differences between the
density of branchwood and stemwood sections were observed.

Despite a relatively higher variation of density on both species if compared to other hardwoods,
there was a consistent variation within each species across axial wood sections that would allow safe
use of any section interchangeably. However, the use of branchwood demand special attention due
to the likely presence of reaction wood associated with the branch orientation (Richter 2015, Barnett
and Jeronimidis 2003).
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Table 1. Number and sample position of every tested property

Brachystegia spiciformis Julbernadia globiflora
Wood section Bottom Top Branchw Bottom Top Branchw
Property stemwood stemwood ood stemwood stemwood ood
Density at 12% MC 36 32 35 47 40 35
MOE 39 26 48 47 54 50
MOR 39 26 48 47 54 50
Compression parallel to
grain 33 32 46 39 26 32
Compression perpendicular
to grain 20 19 19 33 26 31
Table 2. Variation of wood density at 12% moisture content
Species Brachystegia spiciformis Julbernadia globiflora
Wood section Bottom Top Branchwoo Bottom Top Branchwoo
stemwood stemwood d stemwood stemwood d
Range (kg/m’) 596-915 580-885 583-946 623-933 648-939 550-927
Average
(kg/m>) 768 710 737 818 790 809
CV (%) 10.24 10.89 11.06 8.74 9.95 9.20

CV = coefficient of variation

Wood section
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stemwood |Top stemwood | Branchwood

6. spiciormis |

Comparative variation of density across tree sections per species

J. globiflora [
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|_}._|

8. spicyorms

=
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Figure 2. Comparative axial variation of wood density at 12% MC of Brachystegia spiciformis and Julbernadia

globiflora
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3.2. Static bending stiffness (MOE) and strength (MOR)

The Table 3 summarizes the bending stiffness and strength variation across sections per wood
species. The MOE range of Brachystegia spiciformis obtained in this study is comparable with the
range of 11100-14400 N/mm? reported by Oyen & Louppe (2012), especially for the bottom
stemwood. In terms of MOR, the range reported by Oyen and Louppe (2012) (88—125 N/mm?) falls in
the range of any stemwood section of Brachystegia spiciformis.

Table 3. Average bending stiffness (MOE) and strength (MOR) of Brachystegia spiciformis and Julbernadia

globiflora.
Species Brachystegia spiciformis
Wood section Bottom stemwood Top stemwood Branchwood
Property (N/mm?) MOE MOR MOE MOR MOE MOR
Min 11896 59 10581 43 9628 51
Average 20591.47 95.34 18369.77 84.69 19427.71 96.85
Max 29260 134 28409 129 27470 125
CV (%) 20.99 22.21 23.33 26.17 17.90 18.53
Species Julbernadia globiflora
Wood section Bottom stemwood Top stemwood Branchwood
Property (N/mm?) MOE MOR MOE MOR MOE MOR
Min 10856 37 10467 41 15227 66
Average 20427.37 99.76 20572.15 99.59 22384.95 106.03
Max 27832 143 27736 147 29220 158
CV (%) 17.08 22.07 19.39 23.46 14.67 18.02

CV = coefficient of variation

The stiffness of Julbernadia globiflora stemwood (bottom and top) was characterized by a MOE
range of 10467-27832 N/mm2. Oyen and Louppe (2012) reported a MOE range of 12400-15600
N/mm2 which also falls again inside the interval reported in this study. The same trend was observed
in MOR values where the results of this study presents a stemwood MOR range of 37-147 N/mm2
against 97-147 N/mm?2 presented by Oyen and Louppe (2012). In general, the bending stiffness and
strength showed larger variation within and across the wood sections in comparison with density as
expressed by the coefficient of variation which can be seen from the graphics bellow (Figure 3).

Comparative MOE across tree sections and species

Comparative MOR across tree sections and species
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B. spiciformis
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B. spiciformis %
“EH
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Figure 3. Comparative bending strength and modulus of elasticity across axial wood sections per species
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The results from pairwise comparisons show that the average MOE of branchwood of
Julbernadia globiflora was significantly different from that of either stemwood section. There was no
significant difference between the average stemwood MOE sections (bottom and top). In terms of
MOR, there was also no significant difference across wood sections of Julbernadia globiflora. The
average MOE of all wood sections of Brachystegia spiciformis were not significantly different. With
regard to MOR, the only significant difference between the means was the branchwood against the
top stemwood.

3.3. Compression strength

The average variation of compressive strength (parallel and perpendicular to grain) across all
examined wood sections per species is compiled in the Table 4.

Table 4. Variation of compression strength across wood sections of B. spiciformis and J. globiflora

Compression strength parallel to grain

Species Brachystegia spiciformis Julbernadia globiflora

WO.Od Bottom Top Branchwood Bottom Top Branchwood
section stemwood | stemwood stemwood stemwood

Range, 31-63 33-58 36-59 26-66 3459 38-66
(N/mm°)
Average 45.23 43.88 47.05 50.41 47.44 50.95
(N/mm°)

CV (%) 18.56 12.27 14.15 18.17 15.03 15.27

Compression strength perpendicular to grain

Species Brachystegia spiciformis Julbernadia globiflora

Wo?d Bottom Top Branchwood Bottom Top Branchwood
section stemwood | stemwood stemwood stemwood

Rangez 5-17 6-11 6-11 7-12 6-17 6-11
(N/mm°)
Average 8.53 8.45 8.49 9.03 8.92 8.6
(N/mm°)

CV (%) 29.57 17.86 15.62 12.02 24.18 13.94

CV = coefficient of variation

The results from the Table 4 show that on average the compressive strength parallel to grain was
leveled, but slightly higher in branchwood of both wood species. The top stemwood sections
recorded the lowest strength. In both studied species, the observed compression strength parallel to
grain of stemwood sections (26-66 N/mm?2) were relatively out of the interval of 60-69 N/mm2
reported by Oyen and Louppe (2012). Pairwise comparisons of average compression strength
perpendicular to grain were not significant across all wood sections (bottom stemwood, top
stemwood and branchwood) of the tested species.

4.Conclusions

This study was aimed at determining and assessing variation of density and selected mechanical
properties of stemwood and branchwood of two abundant, but relatively lesser known and
underused native hardwood species from Mozambique. Based on the results, it can be concluded
that all measured physical and mechanical properties of branchwood are comparable with those of
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any stemwood section. In general, the average density across wood sections is less variable than the
mechanical properties. The wood density of upper part of the main stem is relatively lower
compared to that of both branches and bottom stemwood in both studied species. Despite apparent
uniformity of density, the mechanical properties appeared to be more variable across wood sections
in both species showing the highest variability in compressive strength. An integral assessment of the
results suggest that branchwood of both species can be used satisfactorily in similar applications
often assigned to stemwood.
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Abstract

Reliable wood quality assessment for achieving optimal economic outcomes is a big challenge for
forestry as well as for wood industry, especially in case of hardwoods as some essential defects
are often revealed during wood processing. Therefore, the still predominating visual grading of
logs or sawn timber should be improved with other nondestructive methods. Thirty trees of
European beech (Fagus sylvatica L) were selected from three forest plots from different regions in
Slovenia. After cutting, the logs were assessed according to visual standard procedure and with
nondestructive acoustics method. Both methods were also used for quality assessment on fresh
and dry sawn wood. The quality assessment of standing trees was as a rule overestimated, as the
evaluation was based on external tree appearance and the defects relevant for the classification
revealed later after tree felling and log cutting. A large part of defects also occurred during
manipulation. The visual assessment of the logs was as a rule more reliable. The dynamic E-
modulus proved to be relatively well correlated with classification based on visual inspection of
the logs. The exception was the logs from the lowest quality class, where we had to use the
combination of non-destructive acoustic method and visual inspection. Sawing the wood
assortments to smaller dimensions the acoustic method became more and more consistent with
the visual assessment. The acoustic grading method applied for green and dry wood proved to be
more reliable in case of a dry wood.

1. Introduction

Correctly grading of wood is exceptionally important for the possibility of its end use as well as for
achieving the highest possible economic impact. The objectives of various research projects have in
principle purpose of reducing the uncertainty of wood characteristics as influenced by its biological
nature resulting in its high variability and heterogeneity with great number of diverse factors on
wood quality.

Assessment of the quality of wood is for the forestry as well as for the wood industry a big
challenge. The great variability and heterogeneity of wood exhibit at different levels more or less
hidden structure which often determines its quality. Many wood defects are being disclosed during
processing of wood to smaller and smaller assortments. The evaluation may be doubtful and
assessment or classification is therefore risky and uncertain. Visual grading of logs or sawn timber is
still dominant, but every day different nondestructive method was established (c.f. Grabianowski at
al. 2006 Hansen, 2006 llic 2001).

Selection of trees in the forest is an important first step towards optimal exploitation and the
most appropriate sorting, classification and grading of wood assortments in all forest wood
processing chain. The participation of all stakeholders (foresters, wood processing industry as well as
economists) is mandatory since we often meet a variety of assessment methods and grading criteria.
For hardwoods, this problem is even more pronounced as we are faced with a more diverse and a
wider variety of tree species, with more complex anatomic structure and a wider range of growth
anomalies which are decisive in assigning assortments in quality classes (Gorisek et al. 2017).
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The development of nondestructive techniques for the evaluation of different wood properties
is particularly important to promote the efficient use of wood. Wood characteristics are usually
determined from specimen cores (Evans and llic 2001), boards and beams (Divos et al., 1998, Divos &
Tanaka, 2005, Gornik Bucar & Bucar 2011), structures in situ (Ross 2015) or sometimes from non-
destructive measurements taken directly from trees and logs (Grabianowski et al., 2006). The
methods are increasingly being applied by measuring of propagation time of elastic waves or from
resonant vibrations (Ouis, 2002, Hansen 2006). The resonant vibrations have special advantages at
uniform specimens, including industrial size material, simplicity, speed and convenience of use (llic
2001). There are some indications about the possibilities of applying these methods within the entire
wood production chain (Divos et al., 1998; Bostrom, 1999; Evans in llic, 2001; Grabianowski in sod.,
2006; Ross in Pellerin, 1991). Anyway, we should not forget quite a few factors that affect the
reliability of measurements. (Sonderegger in sod., 2008; Yin in sod., 2010, llic, 2003; Hansen, 2006;
Gorisek et al. 2014). The wave velocity and therefore dynamic longitudinal modulus of elasticity at
resonance vibrations in a wood fiber direction generally increase with material density (Sonderegger
et al. 2007). The significant and strong correlation can be found between dynamic modulus of
elasticity in longitudinal direction and modulus of elasticity in the transverse direction (llic 2001).
Many studies have shown that the dynamic modulus, in longitudinal or transverse direction, can be
used to indicate clearly the static Young’s modulus, whereas the prediction of modulus of rupture is
less significant (llic 2001; Sonderegger et al., 2007, Yin et al. 2010).

Common beech (Fagus sylvatica L.) is one of the most important tree species in the forests of
temperate continental shelf to Europe (Cufar et al. 2012). Despite its marginalization in end use
beech wood can be used for a great variety of products. Practically it is almost used for any kinds of
wood products with limitation due to its large shrinkage and poor natural durability that can be
overcome with dimensional stabilization processes or any methods for increase sustainability
(impregnation, thermal treatment). If we consider the possibility of extending the durability and
dimensional stabilization beech wood becomes competitive or even exceeds the possibility of use in
the construction purposes in comparison with other types of wood or building materials.

Growing demands of beech wood as a good energy source reduce the request for quality beech
sawn wood and veneers despite its good features, a large available quantity and a favorable ratio
between quality and price.

The aim of the research was to determine the reliability of visual and/or acoustic nondestructive
method of evaluation of wood quality through the entire production line; that is from the standing
tree to the final wood product.

2. Material and Methods

The material was selected on three samples forest plots from different region in Slovenia. For the
needs of classification of trees on the basis of visual judgement features and observing the quality of
standing trees, the current 5-class scale for quality evaluation of Slovenia Forest Service was used.
Two trees from each quality range of 5 step scale (total 10 trees), with breast diameter greater than
30 cm, were chosen from each plot. The quality of standing trees was evaluated according to five-
point scale from 1 to 5; where 1 represents the highest quality trees containing veneer logs and
superior sawmill timber. Trees lowest quality is below average quality sawmilling logs and timber,
suitable for chemical processing and heating.

To evaluate the wood assortments, the European standard (EN 1316-1: 2013) was applied. The
length and the mean diameter of the logs were measured in accordance with EN 1309-2: 2006.
Parallel with the visual assessment, the acoustic response was studied.

Logs were sawed on band sawing machine in an industrial environment, where we have pursued
the goal of producing the best quality of sawn timber. The evaluation of sawn wood was performed
as per the rules of the European Organization of the Sawmill Industry (EOS).
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The dimensions of sawn timber were measured in accordance with the rules set out in EN 1309-
1: 2000; the volume of sawn timber was calculated in accordance with the requirements of EN 1312:
2003.

With acoustics method we measured the speed of sound and frequency response from which we
calculate the dynamic E-module. For the measurement of the speed of ultrasonic waves along the
specimens measuring instrument PunditLab was used. The time of flight was measured by the
transmitting and receiving ultrasonic probe at a frequency of 150 kHz. The modulus of elasticity of
dry and green wood was calculated by equation 1.

EUZ :VZPMC (1)

Where, EUS = modulus of elasticity determined by the ultrasound speed [GPA]; v = wave speed
[m/s] and pMC = density of wood at current moisture content MC [kg/m3].

The dynamic modulus of elasticity of the specimens in a fresh and dry state was determined
from the frequency response of free-lying specimen oscillation. With microphone (PCB-130d) and the
measuring card (NI-9234) we determined the own frequency of specimen in the first oscillation
mode. According to Bernoulli theory the elastic modulus of the frequency response was calculated
(eq. 2).
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where, Ef = modulus of elasticity determined by the frequency response [GPa], L = length of
specimen [m], pu = density of specimen [kg/m3], f = natural frequency of specimen in the first
oscillation mode [s-1], A = area of cross section [m2], | = moment of inertia [m4] and k = Bernoulli
constant (1. oscillation mode: k = 4,73).

Acoustic determination of E modulus enabled us the comparative evaluation of visual

classification with results of acoustic measurements.

3. Results

The volume of fallen wood from all tree stands was estimated at 76.6 m® of which 32.8 m® of logs
was made. On the basis of the analysis and by taking into account the information from literature
indicating that the proportion of beech trees of the highest quality in Slovenian forest relatively high,
but only approximately 8% of the logs of the highest quality can be expected (Fig. 1-left). The quality
of standing trees is rather optimistic, since the assessment is based only on external appearance and
many defects relevant for the classification appear after felling the tree. A large part of defect occurs
also during manipulation. Perhaps the result indicates too good evaluation according to the
recommendation and instructions generally apply for evaluation of standing trees in Slovenia.

The research shows that the quality logs, classified in B class according to the EN standards, may
be acquired from the trees of quality classes 1, 2, 3 and even 4 (Fig. 1-right). This finding is somewhat
surprising, as there is comparatively relatively small share of wood assortments of C quality in the
tree quality classes 3 in 4. As expected, the critical defect for the classification of wood logs is the
presence of covered knots that determine the quality class in high 63.4 % (Tab. 1).
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Figure 1. Left: The proportion of graded trees and logs in the population and right: the proportion of quality
classes of logs in individual quality classes of trees (1 to 5 — quality range of trees; A, B, C, D, St.w. — quality
range of logs and stacked wood).

Table 1. Crucial defects in the quality evaluation of logs.

Defect % of logs with specified defect
Insufficient length 24%
Insufficient diameter 49 %
Eccentric pith 24 %
Ovality 2.4 %
Simple sweep 24 %
Spiral grain 24 %
Red heart 17.1%
Sound knots 24%
Covered knots 63.4%

In addition to the growth site and other factor, buckling undoubtedly has a great impact on the
quality of the produced wood assortments. Buckling was in this case appropriate and implemented in
order to achieve the highest quality yield. With the decreasing quality of a tree the share of the
volume of wood in stacked cubic meters expectedly increases and the share of wood assortments
still suitable for sawmill production is below 40 % of the trees of the lowest quality.

A dynamic E - module is quite well correlated with visual classified logs (Fig. 2). The exception is
the worst quality logs that require also the visual inspection.

11,5 oo

11

10,5

10

E - Modulus [GPa]

9,5

8,5

Visual classified logs

Figure 2. Average dynamic E-module of logs regardless to visual criteria (A, B, C, D, P — range of visual
classified logs).
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Further processing of logs into sawn wood achieved only 25% of yield of the total gross tree
volume, whereby the quantity yield of sawn wood in logs was between 65% and 71 %. The sawn
wood of C quality prevailed (Fig. 3-left and 3-right). Crucial factors in classifying sawn wood are
covered knots seen on the sawn wood as dead and unsound knots (Tab. 2).

Predicted quality of timber according to an assessed range of tree was in most cases not very
reliable, while better correlation was observed between the quality of logs and the quality of sawn
wood.

The logs of A quality provided 75.3 % of sawn wood of at least B quality, 53.2 % % of sawn wood
of at least B quality were acquired from the logs of B quality, while for the logs of C quality this
portion was 30.8 %. The lowest quality of sawn wood we get from the central part of logs and as
expected from logs of the poorest quality. From all volume of obtained sawn wood, the C quality
represented 52.7 %, obviously maximum from C and D log classes, respectively 61.9 % in 66.4 %.

The average values of dynamic E module of green sawn wood gradually declined was otherwise
varied, but the differences were not significant (Fig. 4) otherwise, the quality grading of dry wood
was more reliable.

4.Conclusions

The reliability of expected sawn wood quality of visual assessment of standing trees is a complex task
as a lot of important characteristic become apparent during further production. The quality
assessment of standing trees was as a rule overestimated, as the evaluation was based on external
tree appearance and the defects relevant for the classification revealed later after tree felling and log
cutting. A large part of defects also occurred during manipulation.

The visual assessment of the logs was as a rule more reliable. The dynamic E-modulus proved to
be relatively well correlated with classification based on visual inspection of the logs. The exception
was the logs from the lowest quality class, where we had to use the combination of non-destructive
acoustic method and visual inspection.

When sawing the wood assortments to smaller dimensions the estimates of quality obtained
with the acoustic method became more and more reliable and confident. When evaluating the
boards, we recorded a weakness of the acoustic method, caused by very variable dynamic E-
modulus. Therefore, the quality of the boards belonging to the lowest quality class was sometimes
overestimated. The acoustic grading method applied for green and dry wood proved to be more
reliable in case of a dry wood.
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Abstract

Subfossil wood which has been extracted from the river bed is interesting to wood marketers and
wood industry because a huge market value that can be achieved, due to the age, specific color
and texture. Subfossil oak logs that were used in this experiment originated from the Morava
River in Central Serbia. The aim of this study was to determine the effects of prolonged exposure
to water, mineral and organic matter on properties and drying quality of the wood. After sawing,
timber was air-dried to about 20% MC followed by kiln drying. Drying quality was evaluated both
after air drying and kiln drying. A large presence of cracks was observed after air drying, which
suggests that in this type of wood kiln drying should be applied immediately after resawing logs.
Although mild drying conditions during kiln drying were applied, the gap as a measure of case-
hardening had a value greater than usual for oak same thickness. The basic properties, such as
density, swelling, modulus of rupture — MOR, modulus of elasticity — MOE, compressive strength
parallel to grain and Brinell hardness (parallel and perpendicular to the grain) were examined.
The density of subfossil oak was about 0.64g/cm? and values of swelling were: radial 8.15% and
tangential 19.34%. Investigated mechanical properties were mostly lower by 10%-40% as
compared to recent wood. The lower value of the modulus of elasticity can be one of the reasons
for increased gap values after kiln drying. Compare to recent oak wood, there is no significant
difference in hardness in the radial and tangential surface.

1. Introduction

Subfossil wood is unfossilized wood which has been deposited in rivers, swamps or moraine
sediments for hundreds or thousands of years (Kaennel and Schweingruber 1995). This material is
interesting to wood marketers and wood industry because a huge market value that can be achieved,
due to the age, specific color and texture. Most of the subfossil wood trunks are excavated from river
banks or gravel pits. Demand for this specific material and its exploitation has been on the rise in a
past few years in Serbia. Therefore, it became necessary to start with the examinations of the
properties of this material.

During the time subfossil wood is deposited in the specific conditions, a number of complicated
physical and chemical processes occur. These finally result in its fossilization (Kolaf and Rybnicek
2010). The main factors which affect the speed of change in physical properties and chemical
composition of wood are biotic (fungi, bacteria) and abiotic: pH, temperature, exposure to oxygen
and water (Sandrstrom et al. 2004). In the wet environment, the oak wood is subject to continuous
changes: gray degradation caused by bacteria, anaerobic hydrolytic degradation, leaching of
unstructured substances, and mineralization. The first three lead to the reduction of wood density,
and mineralization has the opposite effect (Dzabenski 1970, Kozakiewicz and Matejak 2013, as cited
in Mankowski et al. 2016). The differences in chemical composition cause differences in behaviour of
the wood and its properties. The influence of the environment in which the wood was deposited on
the changes in chemical composition prevails over the effect of time (Kolaf et al. 2012). The change
in color is the most obvious difference between subfossil and recent oak wood. The color of wood
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turns to dark gray or black in the outer layer of the trunk. It is caused by the reaction of the ferric
components from the water and the tannins present in oak (Kolaf and Rybnicek 2010). The intensity
of the shade is primarily determined by the time during which the wood has been deposited in water
and soil (Kolar and Rybnicek 2010). When the density of subfossil oak wood is compared with recent
wood, the values are more or less the same, or slightly higher (Govorcin and Sinkovi¢ 1995). Kolar
and Rybnicek (2010) reported that density of some samples of subfossil oak wood was slightly lower
than the density of recent oak wood. They also reported that density does not decrease with age, but
that its value depends on the location, the conditions of deposition, and also the degree of
degradation. Compared to recent oak wood the dimensional changes of subfossil oak wood are
approximately twofold (Sinkovi¢ et al. 2009, Kolaf and Rybnicek 2010). Generally, mechanical
properties of subfossil oak wood are lower than the properties of recent oak wood (Govorcin and
Sinkovi¢ 1995).

For examinations we chose to examine the following properties: wood color, density,
dimensional changes - swelling, modulus of rupture — MOR, modulus of elasticity — MOE,
compressive strength parallel to grain and Brinell hardness (parallel, perpendicular and tangential to
grain).

The aim of the paper was to examine the basic physical and mechanical properties of the
subfossil oak wood from the region of central Serbia and to compare with the properties of the
recent oak wood. In addition the quality of drying of such wood was examined, i.e. the influence of
natural and kiln drying was analyzed.

2. Material and methods

300 mm

Figure 1. Test samples for determination of final MC (a), gap measuring (b), and MC distribution across
thickness (c).

The research involved trunks of subfossil Oak (Quercus spp.) which have been deposited under the
surface of alluvial plains of the Great Morava river in Central Serbia, and the most of these trunks
were Sessile Oak or Common Oak. The mean diameter of logs was 70cm (60-80cm). Unedged timber
was obtained after sawing.The nominal thickness of the boards was 25 mm, width was 15-40 cm and
length 2 m. Timber was stacked for air drying for the period of about six months. The moisture
content was determined using both conductance and capacitance moisture meters, but also by the
oven-drying method according to EN 13183-1. A total of 24 boards were kiln-dried and used for
further research. Visual inspection of the boards after air drying showed the presence of large cracks
and fissures. In order to avoid a further increase of cracks, mild drying schedule has been used. In the
initial phase of kiln drying the temperature was set to 30°C and equilibrium moisture content (EMC)
to 9%. When the wood has reached 16% moisture content (MC) the EMC decreased to 7%.
Subsequently, when the wood has reached 12% MC, the temperature raised to 32°C and EMC
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decreased to 6%. The final stage started when wood has reached 9% MC and the parameters were:
T=40°C and EMC=5%. Afterwards, conditioning and cooling phases were applied. The total drying
time was 12 days. Drying quality was evaluated both after air drying and kiln drying. For this purpose
three 20 mm thick specimens were sliced from each board and marked a to c (figure 1). Test
specimen ,,a“ was taken for the final MC determination by the oven-drying method (EN 13183-1).
The gap measurements were done on specimen ,,b“ after 48 h of acclimatization (EN 14464). Five
lamellae were sliced from specimen ,,c“, and their MC was determined gravimetrically to find out the
MC distribution across the thickness. MC difference (AMC) was calculated as the difference between
the MC in the core (MC of lamella 3) and the mean MC in the surface (MC of lamellae 1 and 5).

The color was measured using Easyco, manufactured by Erichsen. The diameter of the lenses
was 10 mm, the device was set at the observing angle of 10°, and illumination D65 for daylight. The
obtained results are displayed in the CIEL * a * b * color system. Measurements were made on
marked places before and after the kiln drying process so it was possible to see if there is a
difference. The difference in color of central and outer layers of the subfossil wood trunk was
measured too. It was measured on central flat sawn boards from the pith to the bark with 2 cm step.
Color difference (AE ) was calculated according to folowing formula:

AEgy = /(L — L1)? + (a3 — ap)? + (b; — by)? (1)

The samples of 20 x 20 x 20 mm were used for investigation of physical properties of subfossil
oak wood. Firstly, the samples were dried to 0% moisture content and wood density was investigated
(SRPS D.A.044). The weight was measured with an accuracy of 0.01 g and dimensions with an
accuracy of 0.1 mm and afterward samples were submerged in water with temperature at 20 + 2°C
until their dimensions were stable. Dimensional changes were investigated according to SRPS
D.A.049. Samples of 20 x 20 mm in transversal dimensions and 40 mm in length were used for
investigation of compressive strength (SRPS D.A1.045) and same samples were used for testing the
hardness according to the Brinell method. Samples of 20 x 20 x 300 mm were used for investigation
of modulus of elasticity — MOE (SRPS D.A1.035) and modulus of rupture — MOR (SRPS D.A1.046). For
each test 30 samples were used.

3. Results and discussion

Visual inspection of subfossil oak boards has shown that there were too many cracks and fissures
after air-drying (figure 2). Considering that subfossil oak timber was subjected to the air-drying
procedures commonly applied to recent oak in industrial practice its poor condition afterward
showed that the air-drying is not suitable for this material. It should be kiln-dried immediately after
sawing with the use of a specific drying schedule. The recommendation is to put the wood in
conditions of air humidity RH > 90%.

Depending on the method for measuring the moisture content, different results were obtained.
Producer of conductance electric moisture meter suggests group 3 setting for recent oak wood, but it
was found that group 4 setting is more accurate when subfossil oak wood is measured. For this group
ranging from 20% to 23% moisture content, the difference was less than 1% when measured with an
electric moisture meter and the oven-dry method. At the end of the drying process, this difference
was as small as in the beginning. This is the reason for the use of group 4 for MC measurements in
the kiln-drying process. Due to the large differences in measurements as compared to the oven-dry
method, it is not reliable to use the capacitance moisture meter when measuring subfossil oak wood
MC.

57



As expected, moisture gradient was considerably low both at the beginning of drying and at the
end of this process. In the beginning, the moisture gradient was 0.33 %/mm and at the end it was
0.24 %/mm. Both values meet the requirements for high drying quality. Moisture gradient normally
obtained for recent wood is about 0.1 %/mm (i.e. Mili¢ and Kolin 2008). Although mild drying
conditions during kiln-drying were applied, the gap as a measure of case-hardening had a value
greater than usual for the oak of the same thickness. After 48 hours of conditioning, the gap was 2.2
mm. According to CEN/TS (2010) 14464 recommendations this is severe case-hardening.

Figure 2. Subfossil oak wood with many cracks and fissures (A) and recent oak wood (B)

Recent (A) and subfossil oak (B and C) wood are completely different in color (table 1) (AE A-B =
31.2 and AE A-C = 31.5). Kiln drying process did not affect the color change of subfossil oak wood AE
B-C = 0.3 — small difference (the highest temperature during the process was 40°C). There is a big
difference in color between the central (Cc) and the outer (Co) part of the plank (AE Cc - Co =9.2 —
great difference) (figure 3).

Figure 3. Color difference from the central to the outer part of the plank

Table 1. Values of measured color parameters and color differences (results labeled “C.” were obtained from
pith, and “C,” near the board edge)

Wood Recent* Subfossil
Label A B C Cc Co
Kiln drying Yes No Yes Yes Yes
L 66.3 36.2 36.0 40.8 33.7
a 7.1 5.0 4.9 4.9 23
b 19.5 115 114 104 5.1

*internal data

The average values of subfossil wood swelling obtained in this experiment were: longitudinal
0.71%, radial 8.15% and tangential 19.34% (table 2). These values correspond to the values
presented in the literature. Kolaf and Rybnicek (2010) reported longitudinal swelling 1.28%, radial
11.93 and tangential 17.08%. Swelling of recent oak wood is: longitudinal 0.46%, radial 4.7% and
tangential 9.28% (Soski¢ et al. 2005). It can be concluded that dimensional changes of the subfossil
oak are approximately doubled in comparison to recent wood.
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Table 2. Values of subfossil oak swelling (SD-standard deviation)

Oven-dry Radial

Subfossil/  density  swellin Tangential
Source ubfossl v & SD swelling SD
recent
(8/cm?) (%) (%)
This experiment subfossil 0.637 8.15 0.96 19.34 2.38
Kolar, Rybnicek, .
(2010) subfossil 0.575 11.93 1.75 17.08 2.37
Soski¢ et al.
(2005) recent 0.648 4.70 0.71 9.28 0.92

The obtained subfossil oak density was 0.637 g/cm?3. The density of recent oak wood reported in
the literature is 0.648 g/cm? (Soski¢ et al. 2005). The variations of density of subfossil oak was 0.070
g/cm3, and it can not be ascertained whether there is significant difference when compared to
density of recent oak. Kolar et al. (2014) presented that the density of subfossil oak ranges between
0.526 g/cm?® and 0.668 g/cm3. Koldf and Rybnic¢ek (2010) reported that density of some samples
significantly exceeds 0.700 g/cm3 but it can reach even 0.846 g/cm3 (Markovski et al. 2016).

Modulus of elasticity of subfossil oak is about 40% lower than MOE of recent oak of the same
density (table 3). A similar reduction in the subfossil oak MOE had been discovered in previous
studies (36% - Mankovski et al. 2016, and 40% - Kolaf et al. 2014). Modulus of rupture of subfossil
oak reaches 67%-76% of recent oak and compression strength parallel to the grain ranges between
72% and 85% of the strength of recent oak same density. Kolar et al. (2014) reported that degree of
degradation or the amount of minerals settled in the wood has a significant impact on density and
mechanical properties of the subfossil oak. Over the years, depending on the conditions in which the
tree was deposited, main wood components (lignin, cellulose and hemicellulose) are replaced by
minerals — ash. Subfossil wood more or less retains its density, but due to the reduced content of
lignin and cellulose, it is characterized by lower mechanical properties.

It was found that the values of subfossil oak hardness are 10% lower in the longitudina
direction, 7% higher in the radial direction and in the tangential direction, there is no difference as
compared to recent oak (table 4).

Table 3. Comparison of selected properties of subfossil and recent oak wood

Oven- Wood .
Compressive

Subfossil/ dry moisture  MOE MOR
Source recent density SD SD strength Il SD
(g/cm?) (%) (MPa) (MPa) (MPa)
This experiment subfossil 0.637 11.5 6846 2162 81.7 22.0 52.0 161'
MembedeRelh e g s 12.0 9600 2300 1250  31.0 80.0 11.
(2016) 0
Kolaf, Rybnicek
° ar(’zoylt(’)')"ce ' subfossil  0.575 12.0 4178 1415 ; ; 333 38
Soski¢ et al. recent 0.648 112 11361 ; 109.5 ; 60.5 ;
(2005) ' : : :
Ma”';%i';')et A ecent 0.662 120 10050 750  121.0  10.0 72.0 6.0
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Table 4. Comparison of static hardness of subfossil and recent oak wood

Oven- Wood Hardness
Source Subfossil/ dry moi(;:ure (MPa)
recent density (%) Longitudina SD Radial SD Tangential SD
(g/lcm?) ° I
This . subfossil 0.637 11.5 49.4 11.5 28.9 7.3 23.8 6.6
experiment
Sogkié et al.
(2005) recent 0.648 13.5 55.6 - 27.0 - 23.8 -

4.Conclusions

Subfossil wood is a very specific material whose properties significantly depend on location and the
conditions in which it has been deposited.

Subfossil wood requires a special drying schedule. Air drying should be avoided and this material
should be kiln-dried immediately after sawing. Air humidity in the initial stage of drying process
should be high.

It is recommended more frequent measuring of moisture content using oven-dry method during
subfossil oak drying. In this research, it was found that group 4 should be used when the moisture
content of subfossil oak is measured by electro meter.

The gap, as a measure of case-hardening had a value greater than usual for oak of same
thickness. The lower value of the modulus of elasticity can be one of the reasons for increased gap
values after kiln drying.

The color of subfossil oak wood differs considerably when compared to the recent oak wood.
Gradual color change from the center to the outer layers of the trunk is specific for subfossil oak
wood.

Dimensional changes of subfossil wood are approximately twofold compared to recent wood.

The variation of investigated subfossil oak density is large, but its value corresponds to the
density range of subfossil oak reported in literature. It’s mean value is close to the density of recent
oak wood reported in the literature.

Mechanical properties of subfossil oak are lower in comparison with recent oak. Modulus of
elasticity, modulus of rupture and compression strength parallel to the grain ranges between 60%-
85% of recent oak. Hardness in longitudinal direction reduced for about 10%, while in the radial and
tangential direction it was almost the same or 7% higher.

Subfossile wood can be used to produce furniture, flors, wall coverings and it is especially
appreciated for the production of musical instruments.
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Abstract

In timber construction, the application of softwood is widely spread due to its high provision, easy
processing and long-time research of its mechanical behavior. Nevertheless, hardwood can
provide higher strength and stiffness compared to the mainly used softwood species spruce.
Especially in structures like trusses and pitch cambered beams, high local stresses may occur in
compression and tension perpendicular to the grain. In these cases, it can be advantageous to use
medium dense hardwood, as they exhibit higher strength and stiffness values perpendicular to the
grain. A test program has been set-up to determine values for strength and stiffness of ash and
beech in tension and compression perpendicular to the grain according to EN 408. The same
experiments were performed on spruce specimens to compare the mechanical behavior. The tests
were performed with different angles between the applied load and the annual growth rings. Ash
and spruce showed the smallest property values for angles of 45° with no difference between
radial and tangential direction. Beech showed a minimum value for angles of approximately 70°
and a maximum value for radial loading. This applies for both tension and compression
perpendicular to the grain. In general, the characteristic tensile strength values perpendicular to
the grain are approximately half of the compression strength values. The determined mechanical
properties show that the tensile strength values currently given in EN 338 are low especially for
hardwood and should be increased to take advantage of the favorable mechanical properties of
medium dense hardwood species.

1. Introduction

The results of the German National Forest Inventories 2 and 3 show an increasing amount of the
species beech (Fagus sylvatica) in German forests. At the same time, the forest areas covered by the
economically important softwood species spruce (Picea abies) are decreasing (Federal Ministry of
Food and Agriculture, 2015). The effects of climate change will probably intensify this development
within the next decades. As a result, a growing proportion of hardwood can be expected in future.

A quantitatively interesting market for hardwood is timber construction. Some hardwood
species show favorable strength and stiffness properties for the application in timber structures
(Aicher and Ohnesorge, 2011). As stresses perpendicular to the grain cannot be avoided completely
in timber construction, it is important to establish a high-quality database concerning strength and
stiffness values perpendicular to the grain to ensure the safe design of structures. Tensile stresses
perpendicular to grain arise for example in the middle of curved beams and also often close to
openings or recesses within trusses, in finger-jointed frame corners and notches. Force transmission
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by transverse joints can also cause stresses perpendicular to the grain. Compression stresses
perpendicular to the grain arise for example in trusses when compression beams transfer load to
perpendicular beams or in general in support areas. In addition to the low mechanical performance
of timber perpendicular to the grain, cracks show a major impact on the transverse tensile strength
and stiffness. Especially timber produced at industrial scale is often dried fast due to economic
reasons (Kollmann and Schneider, 1960). The resulting high moisture gradients increase the risk of
drying cracks. Radial drying cracks may lead to low tensile strength and stiffness values perpendicular
to the grain as well as low transverse compression stiffness (Niemz, 1993). As a result of low strength
and stiffness in combination with the influence of cracks, there is often a need of reinforcing timber
structures loaded perpendicular to the grain.

The resulting high moisture gradients increase the risk of drying cracks. Radial drying cracks may
lead to low tensile strength and stiffness values perpendicular to the grain as well as low transverse
compression stiffness (Niemz, 1993). As a result of low strength and stiffness in combination with the
influence of cracks, there is often a need of reinforcing timber structures loaded perpendicular to the
grain.

Common practices for the reinforcement of timber stressed in tension perpendicular to the grain
are the application of self-tapping screws (Jonsson, 2005) and glued-in rods. For the reinforcement of
timber stressed in compression perpendicular to the grain, Ehlbeck (1985) discussed glued-in rods
and plates, hardwood dowels and screw nails. Bejtka and BlaB (2006) studied the use of self-tapping
screws as a method for increasing the load carrying capacity of softwood. Finally, all reinforcement
methods are cost- and time-intensive factors and may as well lead to further mechanical problems
like induced stresses by inhibited swelling or shrinking. By the use of a species with higher strength
and stiffness perpendicular to the grain, required reinforcements may be reduced or even get
redundant.

A lot of literature is available concerning the mechanical behavior of beech and ash timber
loaded in direction of the grain, for example by Glos and Lederer (2000), Friihwald and Schickhofer
(2004) and Bittermann (2009). In contrast, a low number of studies can be found investigating the
mechanical properties perpendicular to the grain. Early studies used small and clear specimens with
necking. Kollmann (1956) and Goulet (1960) tested small dumbbell-shaped specimens in tension. But
Kollmann (1951) also mentioned, that specimens with necking show an inhomogeneous stress
distribution which leads to unrealistic mechanic properties. Furthermore, a strong dependency
between specimen size and mechanical property is given. By testing douglas-fir and using data from
literature, Barrett (1974) exemplified that the logarithm of maximum tensile strength decreases
linearly with the logarithm of volume. Pedersen et al. (2003) also showed a significant dependency
between specimen size and strength perpendicular to the grain. This explains the strongly varying
mechanical properties in studies using either small and clear or more full-size specimens. It is also
mentioned, that testing of very small specimens limits proper displacement measurements and thus
the calculation of a reliable modulus of elasticity.

To provide reliable design values for the use of timber in heavy load carrying constructions,
there is a need of testing representative specimen sizes. In consequence, this study applied specimen
configuration and test setup according to EN 408:2010. There is a need of creating a reliable
database on which basis the values given in literature and EN 338:2016 can be assessed. The
different mechanical properties of the middle dense hardwood species beech and ash and the
softwood species spruce are investigated as well as the influence of density and anatomical direction.
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2. Materials and methods

2.1. Materials

The investigation is based on the results of 268 specimens. 109 specimens were tested in tension,
159 were tested in compression perpendicular to grain. The timber was conditioned at a
temperature of 20 °C and 65 % relative humidity until constant mass was reached. The resulting
moisture contents of spruce and ash were around 12 %, moisture content of beech was 2 % higher.
The two hardwood species showed around 30 % higher density than spruce. The average annual ring
width of spruce was 3.7 mm and thus approximately twice as high as the average annual ring width
of beech with 1.9 mm. Specimens with obvious damages as cracks or knots got sorted out as
specimens with pith. Basic information of the used material is compiled in Table 1.

Table 1. Basic information of the study material. n=number, p=density, u=moisture content, SD=standard
deviation.

Niotal Ntang Ngiag Nrad Pmean | Pso Umean | Usp
[kg/m?] [%]

Beech 32 15 16 1 720 28 14.0 0.8

tens. Ash 56 21 21 14 669 54 12.1 0.7
Spruce 21 18 3 0 410 38 11.7 1.6

Beech 54 28 23 3 715 39 14.0 0.8

compr. Ash 70 31 25 14 668 50 12.0 0.7
Spruce 35 30 5 0 411 41 11.0 1.2

2.2. Methods

The 70 mm x 45 mm x 90 mm (L x W x H) specimens were cut out of beams. For tension testing, two
specimen parts were glued together to provide the required specimens dimensions of
70 mm x 45 mm x 180 mm. Each of the beams originated from another tree trunk. If timber quality
was good enough, tension and compression specimens were cut out of one beam as well as a kiln
dried piece. Some beams just enabled the production of only one specimen and the kiln dried piece
due to knots or cracks. This causes the unequal number of specimens for tension and compression
testing. For tension testing, two I-beams were bonded to the wooden specimen. Annual ring width,
anatomic direction and moisture content were determined by analyzing the kiln dried piece.
Moisture content was determined according to DIN EN 13183-1:2002. Deformation was measured by
two displacement transducers within the measuring length of 54 mm in compression and 108 mm in
the tension tests. Calculations of the strength (fs) and stiffness (Eqy) values were performed
according the requirements of EN 408:2010. The modulus of elasticity was calculated from the linear-
elastic section of the load-deformation curve. After tension testing, the percentage of fracture in the
adhesive layer and in timber was estimated in 5 % gradations.

3. Results and discussion

3.1. Basic test results

The basic test results are compiled in Table 2. The characteristic (5%-fractile) strength of the two
hardwood species beech and ash show almost similar values of approximately 3.7 N/mm? in tension
and 7 N/mm? in compression. The tensile and compression strength of spruce is about 30 % of the
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corresponding beech and ash values. A similar ratio can be found regarding the stiffness. The mean
values of the modulus of elasticity are around 1000 N/mm? for both hardwood species in tensile
loading and slightly higher in compression. The modulus of elasticity of spruce is approximately 20 %
of the hardwood values.

Table 2. Statistical results of strength and stiffness perpendicular to the grain of beech, ash and spruce tested
in tension and compression. n=number of specimens, mean=mean value, SD=standard deviation, 5%-
fractile=characteristic value.

species n mean SD 5%-fractile
Beech 32 5.61 1.37 3.61
tens. Ash 56 6.12 1.74 3.77
f90 Spruce 21 1.60 0.31 1.27
[N/mm?] Beech 54 8.23 1.09 7.02
compr. Ash 70 8.88 1.42 6.94
Spruce 35 2.95 0.52 2.35
Beech 32 946 255 675
tens. Ash 56 1073 307 707
E90 Spruce 21 210 75 137
[N/mm?] Beech 54 1063 385 746
compr. Ash 70 1159 374 715
Spruce 35 227 86 126

Concerning tensile testing, Blal and Schmid (2001) used spruce specimen with the same
dimensions like this investigation and found a characteristic tensile strength value perpendicular to
the grain of 1.24 N/mm?. This fits well with the value of 1.27 N/mm? determined in this investigation.
In contrast, the characteristic value of 0.4 N/mm? specified in EN 338:2016 for softwoods is
substantially lower. The characteristic value given in EN 338:2016 for hardwood of 0.6 N/mm? is
much lower than the characteristic transverse tensile strength of beech and ash of around
3.7 N/mm? found in this investigation. Concerning compression testing, Hoffmeyer et al. (2000)
determined a characteristic value for spruce of approximately 2.4 N/mm2. The corresponding
characteristic value in this investigation is 2.35 N/mm2 and confirms the findings of Hoffmeyer et al.
(2000). For glulam made of beech and ash, Hiibner (2013) determined characteristic values for
compression perpendicular to the grain of 7.2 N/mm? for beech and 7.5 N/mm? for ash. These
corresponding values determined in this investigation are almost congruent and show only slight
deviation. The characteristic compression strength perpendicular to the grain for softwood given in
EN 338:2016 range from 2.0 N/mm? to 3.0 N/mm? depending on the strength class. The
characteristic value of 2.35 N/mm? determined in this investigation thus ranges in the middle of the
strength values given in EN 338:2016. The same relation can be observed for hardwood compression
strength values. The cumulative frequency distributions of tensile and compression strength and
modulus of elasticity are shown in Figure 1.
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Figure 1. Cumulative frequency distribution of strength and modulus of elasticity.

The strength and stiffness values for all three species in tension and compression are normally
distributed. Regarding the modulus of elasticity, only minor differences between compression and
tension were obtained. In consequence, the application of one modulus of elasticity for tension and
compression is justifiable. Figure 2 shows the relation between strength and density.
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Figure 2. Relation between tensile (left) compression (right) strength and density.

No correlation is found between the tensile or compression strength and the density for the
three individual species, confirming the results of Ravenshorst et al. (2004) for hardwoods. In
consequence, the density seems inappropriate to predict the strength perpendicular to the grain of a
species in terms of strength grading.

3.2. Failure modes

The tensile strength perpendicular to the grain is governed by microcracks, wood rays and resin
channels as well as fibre deviation. Moisture gradients are induced between the wood surface and
the core during drying process. These moisture gradients can cause inner tensions, resulting in drying
cracks. Niemz (1993) mentioned that these cracks run often along wood rays, initiating on the
surfaces. Kollmann (1956) perceives the numerous wood rays of beech as weak links that cause the
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failure under loads in tangential direction. For loading in radial direction, wood rays reinforce the
structure of hardwood. However strength perpendicular to the grain is decreased by the porous
annual ring structure of ash which acts like a predetermined failure point for radial loads.

Concerning failure through compression loads, Miller et al. (2003) mentions the plastic
deformation of earlywood vessels by microscopic analysis for oak, whereas buckling of the cell walls
is determined as failure mode for spruce, both under radial loading. The weakening of the cell
structure causes the annual rings to slide off. Diagonal loading leads to rolling shear. Lateral
yieldingness occurs as the most frequent failure mode. Common failure modes are compiled in
Figure 3.

Figure 3. Typical failure modes in tension (above) and compression (below). From left to right: spruce (t),
spruce (t), ash (t), spruce (c), beech (c), ash (c).

3.3. Relation between strength / stiffness and anatomical direction

In the following, the influence of the specimens’ anatomic direction on the strength and stiffness is
presented. A range of angles has been tested between 0 ° and 90 ° but in advance, the small number
of specimen with radial direction is mentioned, especially for spruce and beech. As a result of the
relatively large and more full-scale size of the specimen as well as often concentrically annual rings,
there is always a combination of different anatomic directions within each specimen. Various
overlapping influences lead to different combinations of failure modes. Figure 4 shows the influence
of the anatomic direction on the tensile and compression strength of ash, beech and spruce.
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Figure 4. Transverse tensile (above) and compression (below) strength depending on the anatomical direction.

Specimen with diagonal annual ring orientation show the lowest strengths, as radial and
tangential effects cause the failure initiation and reduces the strength perpendicular to the grain.
Based on a low number of compression specimen, Gaber (1940) came to similar conclusion for soft-
and hardwood. Kollmann (1951) describes the phenomenon on softwood trough latewood zones
sliding off at 45° angles under compression loading. For hardwood, this phenomenon is determined
for ring porous species. The scattering of strength values is larger in tension, as drying cracks, wood
rays or resin channels show bigger effect on tensile strength than compression strength. The high
number of wood rays in beech leads to large scattering of tensile strength values.

Figure 5 shows the influence of the anatomic direction on the tensile and compression modulus
of elasticity of ash, beech and spruce.
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Figure 5. Transverse tensile (above) and compression (below) modulus of elasticity depending on the
anatomical direction.

In contrast to the strength values, the minimum stiffness is shift towards the tangential load
direction. Especially wood rays, resin channels and the small drying cracks decrease the effective
cross sectional area. Further on, concentrically annual rings in combination with relatively large
specimens do not allow the application of a clear tangential load. This leads to elastic sliding and
rolling shear within the early wood zones.

4.Conclusions

Strength values perpendicular to the grain of beech and ash are almost congruent in tension and in
compression. In contrast, the softwood species spruce shows around 70 % lower strength and 80 %
lower stiffness in transverse tension and compression. Only minor differences can be noticed
between the modulus of elasticity in tension and in compression perpendicular to the grain. The
density shows no significant influence on the strength and stiffness perpendicular to the grain on
individual species level, which makes the density unsuitable as grading property. Typical failure
modes are failure in radial direction and along annual rings in tension. The last mentioned appears
also as typical failure mode in compression in combination with rolling shear along the growth rings.
Tensile and compression strength show a minimum in diagonal direction, tensile and compression
stiffness indicate a minimum in tangential direction. With respect to the low number of radial
specimens, further research should be done. Finally, the tensile strength values given in EN 338:2016
are much lower than the characteristic strength values determined in this investigation. The
determined compression strength values are in the range of the values given in EN 338:2016.
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Increasing transverse compression strength with increasing density as given in EN 338:2016 is
indicated but cannot be confirmed for certain.
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Abstract

Structural wood-based materials such as glulam are widely used in larger spans for construction
purposes. Generally made of spruce, there are other species in use such as beech, ash, oak as well
as a number of more exotic hardwoods such as iroko. Anisotropy and inhomogeneity of each
board can cause significant variations in the mechanical properties. In order to predict mechanical
properties of lamellas for glulam, numerical models are developed. The models describe boards
with local defects such as dead or live knots and fiber deviations around them. For simulations,
ABAQUS and PYTHON programming language are used and two different sets of analysis are
performed to predict the material behavior of the boards. Initially, effects of the knots and fiber
deviations around these imperfections are simulated for ash and maple boards separately. The
fiber deviations are applied in the form of local coordinates in to solid analysis, after performing a
vector transformation. The boards are loaded in tension to predict the stress distributions around
the imperfections. Fiber patterns, obtained from the simulations are validated comparing them to
the ultrasonic and CT-scan images of the boards. Based on the results of the solid analysis, the
strength of the boards is predicted. The results of the simulations are validated by comparing
them to the strength values of the experimental results from tension tests. A promising
correlation is found between both results, and regression equation is provided, through which the
boards can be strength graded.

1. Introduction

In timber engineering, most research has been performed on softwoods as a basic component for
glued laminated timber. Although mainly made of softwood species, hardwoods are also being used
for these purposes. For the case of the softwood species there is large experimental databases
available, covering mechanical (strength, stiffness, density) and geometrical properties (cross
sections, knot sizes and locations) of the material. Different studies are performed starting from
1960’s for numerical investigations of softwoods. By development of the flow-grain analogy
(Goodman and Bodig 1978, Phillips et al 1981) different 2D (Cramer and Goodman 1986, Cramer and
Goodman 1982, Zandbergs and Smith 1987) and 3D models (Foley 2001, Hackspiel. 2010, Lukacevic
and Fussl 2014, Guindos and Guaita 2013, Lang and Kaliske 2013, Bafio et al 2010) have been created
and the failure in the material has been predicted using different failure criteria, including Von Mises
and Tsai Wu’s (Jenkel 2016, Jenkel and Kaliske 2013). Due to the lack of data for hardwoods
compared to softwoods, numerical studies are generally not performed for hardwoods. Recently,
new studies are being performed for better prediction of the strength properties of these species
including a classification system for tensile lamellas (Kovryga et al 2016).

* Corresponding author: Tel.: +498921806716; E-mail: sarnaghi@hfm.tum.de

71


file:///W:/daten/tagungen/2016_08_WCTE_2016/E242_ZSERV_TUWIEN_AC/detail-3087.html
mailto:sarnaghi@hfm.tum.de

Some imperfections, such as knots in wooden materials are highly affecting its strength
properties by causing local fiber deviations. Extreme grain deviation can be severely strength-
reducing. Due to structural differences between hardwoods and softwoods the same calculation
methods and procedures cannot be followed for both cases.

Looking on the created models for softwoods, less attention has been paid on the effects of knot
clusters and geometrical non-uniformities in the boards. These are some properties, changing the
uniformity of the fiber deviations and causing extreme deviations in the fiber patterns. Although for
the case of hardwoods the knots are mostly well spaced without affecting the fiber paths of each
other, and have more uniform geometries without making the knot clusters, but the fiber patterns
around these imperfections are more complicated than softwoods. For softwoods with similar
conditions simple mechanical approaches can be applied for calculations, whereas this will lead to
inaccurate predictions for the case of the hardwoods.

The current model covers different imperfections in wooden material with geometrical
complications in order to predict a better grading result. The study considers sharp angles of the
knots, edge knots, combination of different knot shapes (conical, cylindrical, etc.), and knots,
influencing different surfaces (two or three surfaces of the board). In our FEM model knots are
considered as some imperfections in the material with local properties which are changing the stress
distribution patterns by causing local fiber deviations. These are locations with accumulation of
higher stresses which are orienting the crack initiation paths in the material.

2. Numerical simulations

In this study a new method is provided for grading of the boards using more advanced computational
methods. ABAQUS and PYTHON programming language are used for the numerical simulations in this
study. The simulations are performed in two separate steps. After measuring the exact locations and
dimensions of the knots in the real boards (Kovryga et al 2016), the numerical model of each board
is created considering all geometrical aspects. Later on, by getting the exact element rotations, local
material properties are transferred to standard solid FEM analysis for the prediction of the locations
with maximum stresses and failure initiation in the material. For verification of the simulation results
of the fiber deviations, the results are compared to the results obtained from the ultrasonic images
and the images from CT-scanning of the boards. The validation of the results of the solid analysis is
performed by comparing them to the strength values, obtained from the real tension tests. Possible
failure initiation and propagation through a specific path across knots are predicted based on the
results of the solid analysis. A reliable correlation is observed between both results. Finally, the
regression equation is provided based on which the strength grading of boards is performed using
the stress concentration factors.

2.1. Geometrical model

The model includes knots as material imperfections and is parameterized in a way that by application
of only small changes in the material properties and geometrical parameters, the model is applicable
to any kind of geometry and species. Therefore, a wide range of species and boards from softwoods
to hardwoods can be modelled using these numerical procedures. Two numerical steps are
performed, explained as follows:

In the first case, the fiber deviations and the general pattern of the fibers around knots are
predicted, whereas in the second step, the solid analysis is performed for predicting the stress
distributions and expected location of the failure of the material. Each knot is modeled separately by
creating a separate plane and a construction axis, describing the angle of the central axis of the knot.
Therefore, each knot has a separate geometry with specifically assigned properties, consisting of the
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rotation angle, density, kind of knot (live or dead), etc. Figure 1 shows a comparison between some
hardwood and softwood species including different knot conditions and geometries.

As shown in figure 1, hardwoods are containing fewer knots compared to softwoods. Moreover,
they are containing knots with more uniform geometries which are well distanced with respect to
each other. Although less geometrical complications seem to ease the numerical calculations, more
complicated fiber patterns are changing the conditions for these species making the simulations
computationally more challenging. After the appropriate definition of wood as an orthotropic
material, the geometrical model of wood is created for the analysis, described in parts 2.2 and 2.4
respectively.

2.2. Fluid analysis

Since the main fluid transport is occurring in the growing cells, an actual fluid flow exists around
knots when the cells are growing (Goodman and Bodig 1980, Hu et al 2016). Using this theory for the
first step of the simulations, the material model of wood is created including knots as material
inhomogeneities. In this model and for further investigations these locations are considered as
imperfections that are naturally included in wood and may vary among species from their
geometrical and mechanical point of view. These are important parameters in wood, as they cause
local fiber deviations and change the strength properties of the material.

Due to some differences in the number and combination of the knots among different samples,
application of the same theories for different cases may lead to wrong predictions. Moreover,
comparing softwoods to hardwood species, hardwoods have fewer knots with more non-uniform
fiber patterns that are difficult to model using the simple numerical methods. Due to the geometrical
complications and complexity of the fiber profiles around some imperfections, small deviations are
visible from the uniform fiber paths in some locations. In contrast to softwoods where these
locations are mainly the locations of the knot clusters or knots with geometrical complications, this
condition is visible for most of the knots in hardwoods. Therefore, applying a more suitable
numerical method can lead to better predictions of the mechanical behavior of the material under
different loading conditions. Similar to the softwoods, the simulation results of the fiber profiles of
hardwoods are also presented in a form, representing the general profile of the fibers through each
board. These conditions are represented in figure 2.

73



Natural resources and bioeconomy studies 80/2017

Figure 1. Sample 2239, Spruce board with 29 knots a.1) Full board with location of knots, a.2) Combination of
conical and cylindrical live knots with different axis, directions and properties, a.3) Side View of board with
planes of knots. B) Sample 349 Ash with 3 knots, c) Sample 263 Maple with 4 knots

Figure 2. Sample 1225 Spruce, softwood fibre profiles from simulations. B) Sample 263 Ash, hardwood fibre
profiles from simulations

As it can be seen in figure 2, in contrast to the uniform fiber profiles of the softwood species the fiber
paths of the hardwoods are becoming more non-uniform around some knots.
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2.3. Comparison of the CFD results with ultrasound and CT-scan
data

In order to verify the simulation results of the fiber profiles, the results are compared to the
ultrasonic and CT-scan images of the boards which represent the fiber profile in reality. An example
of this comparison is shown in figure 3 and figure 4.
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Figure 3. a.l) Softwood sample 2246 in reality, a.2) Ultrasound, a.3) fibre profiles. B) Hardwood sample 263,
Ash and c) hardwood sample 345, Maple with ultrasonic images and simulation results

Plane

Plane

Plane

Plane

Figure 4. Comparison of the simulation results of Ash sample with the CT images in different planes
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In figure 3, a comparison is done between the simulation results regarding the fiber profiles and
ultrasonic images for validation of the fiber profile. A reliable relation is visible between these both
results.

As it can be seen in figure 4, CT-scan of the samples is performed for verification of the fiber
paths in different depths and spatial directions. For this reason, different planes are created in
different spatial directions and the results of the both cases of the simulations and the CT-scan
images are compared to each other. Good relation is visible between the results of the fiber profiles
in the simulations and the CT-scan images as well.

2.4. Solid analysis

In order to transfer the data to solid FEM analysis, a vector transformation is performed. The ratio of
the velocities in each coordinate direction is calculated using equations 1, 2, and 3.
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where y. fepresents the velocity vector in each spatial direction.
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For these analyses, knots are divided into two groups of live and dead ones, and the properties of
each case are applied separately. As dead knots do not have any connection with the surrounding
bulk material, simulation of them as local holes in wooden geometry can simplify the conditions, and
seem to represent the case well. Separate solid geometries with different material properties are
defined for live knots. They are connected to the surrounding bulk material and influence the stress
distribution and expected failure locations in the bulk material.

Figure 5. a) Sample 2248 softwood (Spruce) with pictures of the real board, ultrasound, fiber profile from the
simulations, solid FEM results. b) Sample 210 hardwood (Ash) with pictures of the ultrasound, fiber profile from
the simulations, solid FEM results. c) Sample 210 hardwood (Ash) with pictures of the ultrasound, fiber profile
from the simulations, solid FEM results.



Loading is applied as a uniform tension stress. Based on the results of the finite element analysis
and the stress distribution profiles the results of different cases are compared to each other.
Moreover, strength grading of the boards is also performed based on these results. Figure 5
represents the whole procedure of the simulations, from the initial images to the final solid analysis
results. The locations of the knots are presented and are compared to the original boards.

3. Strength assessment and validation of the results

By getting the results of the simulations regarding the fiber profiles and by completing the solid
analysis calculation, the stress distribution is obtained for the board. Simulations are performed by
applying a uniform tension load to the boards. The stress distribution in the board is based on the
dimensions and sizes of the knots, the angle of rotation, and the eccentricities. In order to be able to
predict the strength properties of the material and compare and validate the results with the
experiment, a single value is calculated from the simulations which cover these growth effects. For
this reason, a straightforward parameter is defined for each single knot. This is a parameter, which
can improve the strength grading of the boards, and can be used for the prediction of the weakest
cross section of the board where failure is expected to be initiated.

For validation of the results, 14 hardwood boards are chosen randomly and the simulations are
performed in three steps, as explained before. At the end, the simulation result of each board is
compared to the experimental tension test results of the same boards.

Comparing the stress distribution patterns of the simulations with the strength values of the
experiments, a regression analysis is performed to find the correlation, see figure 6. As expected, the
simulation results and strength values of the experiments are inversely correlated to each other.

In addition, a high coefficient of determination is found between the simulation results and the
board strength. Comparing this to the linear multiple-correlation analysis of the densities and
modulus of elasticity, presented in table 1, higher R*-value for this analysis is showing a promising
progress in strength prediction of the material, using the model, ackowledging that the quality of the
prediction will decrease when more boards are being analysed.

Hardwoods:Simulation results vs. Strength

120

100

80

e

40

20 RZ=0.9047

1 1.1 1.2 1.3 14 15 1.6 1.7

Strength from test [N/mm?]

Simulation parameter[-]

Figure 6. Correlation between the strength results of the simulations and experiments
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Table 1. Statistical results of the correlations for tensile strength grading of the boards (N= 14)

Model Summary: Strength and Simulation Result
. Std. Error of
Model R R-Square Adjusted R- the
Square . .
Estimation
1 ,916° ,905 ,816 9,21684
a. Predictors: (Constant), Simulation Result
Model Summary: Strength and Density
. Std. Error of
Model R R-Square Ad;uztaei R- the
q Estimation
1 ,077° ,006 ,136 22,89393
a. Predictors: (Constant), Density
Model Summary: Strength and MOE
. Std. Error of
Model R R-Square Ad;uztaerti R- the
q Estimation
1 ,642° ,412 ,328 17,60207
Predictors: (Constant), MOE
Model Summary: Multiple Correlation
. Std. Error of
Model R R-Square Ad;uztaerci R- the
q Estimation
1 ,943° ,889 ,823 9,04139
a. Predictors: (Constant), MOE, Simulation Result, Density

4. Conclusion

The material model of wood, represented in this article is a model which is describing the hardwood
properties in a more accurate way. This model is considering different aspects of the knots, affecting
the fiber pattern and its deviation in different species. Moreover, consideration of different levels of
geometrical and material complications is making this model applicable to different possible cases
and species. Comparing the results of the fiber profiles in the simulations with the ultrasonic and CT-
scan images, a reliable match can be observed. The results of the fiber distributions are transferred
to solid FEM analysis after performing a vector transformation. The vector transformation is giving
the opportunity to define a local coordinate system for each element in solid analysis. This is giving
the possibility for applying local material properties in the simulations. The results of the solid
analysis are summarized by the stress distribution of each board. Based on the results of the
simulations, different boards are compared to each other and also they are compared to the strength
values of the tests. Performed statistical analyses are validating the simulation results and are
showing promising methods for grading of the boards. It is expected, however, that by extending the
dataset, the correlation factor will decrease.
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Abstract

Birch-based value chains have stayed rather unchanged during the last two decades. In Finland,
plywood, pulp, wood-free papers and paperboards together with sawn goods, flooring materials,
furniture, facing veneers, firewood and forest residues as chips have formed the backbone for the
birch uses. Valuable specialty handicraft products utilizing, for example, curly-grained or flame-
grained birch have relatively small economic importance but considerable image value for birch.
The most significant changes in business can be seen in the networks of primary and further
manufacturing enterprises, distribution and sales companies and supplying practitioners,
diversification of product segments within each sub-sector and in resources and sourcing of raw
materials and primary products. Some new products such as thermally treated wood and sap
products from birch have already been introduced to the market. Global competition has become
stronger especially in plywood (Russian production) and fine papers (eucalypt pulps). Distribution
and manufacturing chains have also changed much in the solid wood products and furniture.
Current trends suggest that new innovative value chains based on side streams of primary
industries and specialty products relying on the unique chemical or physical characteristics of
birch are growing. Biorefinery processes provide new fibre-based products and advanced liquid
and solid fuels as well as specialty chemicals for both large-volume techno-chemical industries
and specialized industries in health and well-being sector, where the products are used as a
variety of functional effective agents. Birch bark has shown a similar potential. Nature-based non-
wood forest products, such as natural sap liquids and their derivatives, or high-value specialty
mushrooms growing on stems, for example Pakuri based products, provide new value chains for
human well-being as well. Traditional wood products have found new pathways in further-
processed products, such as veneer in safety and credit cards, plywood in design-shaped furniture
and sawn wood or plywood in antimicrobial interior products. In this paper, we present a state-of-
the-art on birch products as a basis for value chains in Finland and discuss the market-driven
trends, stressing new innovative value chains for the next decade. We provide an insight on the
prospective development of birch product palette and role of raw materials as well as value
networks and market and supply players.

1. Introduction

European silver birch (Betula pendula Roth) and pubescent birch (Betula pubescens Ehrh.) make up a
considerable hardwood resource for forest products in northern Europe, Baltic Countries, Poland,
Belorussia and Russia (e.g., Verkasalo et al. 2007). In Finland, birch species make up of 15% of the
total wood volume and more than 80% of the hardwood volume (Natural Resources Institute Finland
2017).

* Corresponding author: Tel.: +358295323020; E-mail: erkki.verkasalo@luke.fi
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Both birch species have been used for plywood, veneers and lumber and their further products
and firewood more than 100 years, but also for pulping, paper and paperboard manufacturing since
the 1960’s and advanced conversion for bioenergy from forest chips and side streams of mechanical
wood processing since the 1970’s (Luostarinen and Verkasalo 2000). During the recent ten years,
new innovative value chains of value-added raw materials and products have been initiated, and
partly established for birch. They rely on new ways and aims of further processing of wood products,
utilizing side streams of primary industries and specialty developing products relying on the unique
chemical or physical characteristics of birch. Traditional wood products have found new pathways in
further-processed products, such as veneer in safety and credit cards, plywood in design-shaped
furniture and sawn wood or plywood in antimicrobial interior products.

The development on wood-based biorefinery scene in Finland is progressing fast, and there are
plans to build many industrial plants of different technologies and scales in the near future.
Biorefinery processes provide new fibre-based products as well as advanced liquid and solid fuels.
Various technologies are also applied to manufacture specialty chemical raw materials and products
for both large-volume techno-chemical industries as well as for specialized industries in health and
well-being sector. Here, similarly to other species, birch products are used mainly as functional
effective agents in the actual final products. Nature-based non-wood forest products, such as natural
sap liquids and their derivatives, or special mushroom-based products provide new value chains for
human well-being as well.

In Finland, birch industries typically obtain their raw materials through so-called shared supply
chains where all timber from different species in individual logging stands is allocated to several mills
or processes using one harvesting operator (Niemisto et al. 2008). Birch wood is normally supplied to
2-6 different processes or mills. Most of the birch wood is procured from Finnish private forests,
timber trade and sourcing being key elements for well-functioning supply (Hynynen et al. 2010). In
parallel, birch pulpwood and plywood logs have been the most imported timber assortments for the
Finnish forest industries, the wood coming mostly from European Russia (e.g., Verkasalo et al. 2007).
In the future the industries are counting largely on domestic birch raw materials due to the growing
birch resources and well established procurement. Chemical biorefining and health and well-being
sectors are also interested in the side streams of other birch processing industries.

Wood and timber quality of birch has undergone big changes during the last decades when
birch-dominated timber stands have become rare and most birch is harvested from softwood
dominated forests (Luostarinen and Verkasalo 2000, Niemisto et al. 2008). Birch raw materials from
plantations (silver birch) and drained peatlands (downy birch) are increasingly entering the
roundwood market, and competition on birch for different uses is growing. This alters the potential
for qualities, raw material costs and added value, and may reflect in the product and marketing
strategies and technology development needs among the birch industries.

Demand of Finnish birch-based products has been heavily dependent on export markets
(Verkasalo et al. 2007). Plywood, veneer and all paperboards are typical export products, whereas
bioenergy products, certain pulp grades and home and office furniture are typically sold to domestic
markets. The composition of customers and the palette of end-products are under progress among
the existing birch industries. The market and customer structure of the new product groups may be
complex, consisting of both business-to-business and business-to-consumer approach; anyway, they
differ considerably from the business as usual. As a result, they affect crucially the potential and
needs of product, processing, marketing and distribution development.

In this paper, we present a state-of-the-art on birch utilization and value chains in Finland and
discuss the market-driven trends, stressing innovative new value chains for the next decade. We
provide an insight on the prospective development of value networks, composition of market and
supply players, product palette and raw material benefits and drawbacks of birch. Scientific literature
and expert viewing are our main sources of information, added with selected commercial materials
from internet and discussions with professional among birch industries during the last 10 years. With
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this approach, we aim to activate players among scientific forum, industries and public development
sector to innovate, benchmark and promote new uses for birch-based raw materials and products
and advanced manufacturing processes and formulate value networks, player profiles and future
markets for the future. It should be noted that we exclude solid bioenergy products from the
discussion.

2. Value chains — well-established

2.1. Wood product based

Due to the wide availability of birch, as well as its multiple-use wood properties, birch made artefacts
have a very long and versatile history in Finland. Birch has been and still is a common species in
furniture, cabinetry, floorings, tool handles, sport equipment, and various household items. Its
advantages include uniform light colour, good machinability, ease of finishing, good mechanical
performance, lack of smell/odour, and small differences between corewood and outer wood. On the
other hand, there are shortcomings in stem straightness of birch caused by its sympodial growth
(e.g., Herajarvi 2001, Niemisto et al. 2008), tendency of pith-enclosed wood to discolour in mature
trees (Hallaksela and Niemistd 1998), poor resistance of wood against micro-organisms (e.g.,
Verkasalo 1993) as well as relatively high swelling and shrinkage, especially in tangential direction
and low tensile strength in relation to weight (Luostarinen and Verkasalo 2000).

Industrial use of birch wood was first boosted by the development of sewing machines in the
19" century: the reels-of-thread were made of birch and at its highest Finland covered as much as
80% of the reel-of-thread world market in the1920’s (Jalava 1949), until birch wood was replaced
with plastics later in the century. Birch furniture design and manufacturing knowhow emerged during
the 20™ century as a result of world-famous Finnish designer and architect Alvar Aalto, who
developed his most famous furniture series of birch and grounded his design and engineering
innovations on extensive experimental wood testing work. His furniture, typically based on bent clear
birch components, have been successfully manufactured for more than 70 years now (ARTEK).

The volume of sawn birch timber has remained at a stable level of 40,000-60,000 m? per annum
for some decades, consuming 100,000-150,000 m*® of logs, respectively (Natural Resources Institute
Finland 2017). Only large sized and high quality logs are processed in sawmills nowadays. Small-sized
logs were sawn 20 years ago as a result of temporary market created by IKEA for knotty birch, but
the demand went down in some years. Currently the knot free or mildly knotty birch lumber ends up
in furniture (visual and/or hidden load carrying components, glulam boards), parquetry, and floor
planks. Solid birch wood suits to and is used in thermal modification (e.g., Lekounougou et al. 2011)
and thermo-mechanical (e.g., M6ttonen et al. 2015a, b) modification processes. These treatments
darken the colour of birch wood and improve its dimensional stability, which is a challenge in
unmodified birch.

Industrial production of birch plywood started more than 100 years ago in Finland (Jalava 1949).
Nowadays Finland is the largest hardwood plywood producer in Europe, and plywood industries use
80-90% of the log sized birch timber in Finland (Natural Resources Institute Finland 2017. The seven
operating plywood mills owned by companies UPM, Metsa Wood, Koskisen and Riga Wood Finland
produce 300,000-500,000 m? of customer quality birch plywood from around 0.8-1.2 Mm? of logs
and, with an export value of 500-1,000 million Euros per annum (Natural Resources Institute Finland
2017). Main end uses of birch plywood are in transport vehicles (buses, trains, vans, lorries, truck
load container floors), liquefied natural gas (LNG) carrier ships, interior furniture, and structural
applications. Birch plywood can be coated with a phenol or melamine film to increase its wear and
weather resistance, durability, and hardness according to the customer demands. Plywood is the
biggest single birch derived product group if measured by the value of production or export income
in Finland. The best quality and largest birch logs are used in facing veneer production, the total
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output of the veneer mills being some thousands of cubic metres. Now, there is only one
particleboard and one fibreboard mill in Finland, both mainly basing their raw material supply on
softwoods. Birch side streams from plywood, veneer and saw mills mostly end up to pulp production
(wood chips) or heat and power plants (dry wastes, saw and grinding dust). Off-cutting and clipping
wastes, and saw and grinding dust are used to some extent in particle board production. However,
good statistics are not available on the supply and uses of different by-products from birch product
industries, especially from the further-processing industries.

High-value special forms of birch, such as curly-grained Karelian birch (Betula pendula var.
carelica) and flame-grained birch (special grain pattern occasionally appearing in mature B. pendula)
provide rare but very valuable birch based value chains for little companies, private forest owners, or
hobbyists (see: Hintikka 1941, Kosonen 2004). Industrial production of these specialties has not been
established due to the insecure raw material supply chains (Vihera-Aarnio and Hagqvist 2017).

Some threats and various opportunities can be identified for birch product manufacturing and
markets in Finland. Russian Federation, being supported by its vast birch resources and low-cost
roundwood in comparison to Finland or the entire Baltic Sea region, has actively developed birch
plywood and sawmilling industries. One advantage for the Russian companies is low-cost labour,
which enables a labour-intensive approach in production, such as customizing and tailoring single
product items according to the customer needs, which is not often possible in highly automatized
industrial scale production. In Finland, the production is mostly focused to serve customers with
large volume orders or stable long-term contracts.

While having the advantages of low cost labour and roundwood, there are considerable
challenges in terms of roundwood logistics, overall accessibility of log supply, economic and
ecological risks involved in investments and operating environment, and brand management in
Russia. Finland, on the contrary, is relatively stable, secure and predictable country for industrial
investments, and most importantly, Finnish plywood producers have a good reputation among the
main customers. In order to maintain the frontline position, the Finnish plywood industries have to
foster the remaining competitive advantages: customer service, trustworthiness, research and
development driven innovativeness, and product quality.

2.2. Pulp based

2.2.1. Pulping processes

Mechanical pulping methods mainly use softwood as a raw material but in high yield pulps such as
bleached chemi-thermo-mechanical pulp (BCTMP) hardwoods also occur ((Alén 2015). In CTMP
products hardwoods compete with softwood feedstock due to their good properties including
stiffness and dimensional stability (POyry). Chemical pulping accounts for about 70% of the total
worldwide pulp production and approximately 90% of chemical pulps are produced by the Kraft
process and its modifications. Birch (Betula pendula and B. pubescens) are the dominant hardwood
species in Northern European countries (especially in Finland and Russia) used for pulp production
(Miranda et al. 2013). Birch species are not separated in the production. Their properties differ
slightly for yield but little in the important fibre characteristics (Hakkila and Verkasalo 2009),

Several pulp mills operating in Finland convert hardwoods to pulp, but there has been some decrease
in production volumes over the recent years. During the last 10 years, total production of hardwood
pulps has been between 2.5 and 3.5 million tons a year of which more than 90% are birch-based
pulps (Finnish Forest Industries Federation 2017). The production has consumed on average 12 Mm?
of roundwood a year (annual range 8.7-13.6). Imported roundwood, with a large majority coming
from Russia, has vitally contributed to the supply with an average share of 39%, however, ranging
annually between 26% and 54% (Natural Resources Institute Finland 2017).
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Metsa Group produces Kraft hardwood pulp from birch and aspen at their Kemi unit for tissue
and fine papers and also linerboard. Their old Ainekoski Kraft mill also produces hardwood pulp but
the site will soon be closed and replaced with a novel bioproduct factory in which 2 Mm? of birch will
be processed each year. BCTMP mill in Kaskinen uses mostly hardwood for boards and book, tissue
and specialty papers. Powerflute (Savon Sellu) in Kuopio is also an active user of birch in semi-
chemical pulping that supplies their own fluting materials manufacture. Stora Enso uses birch to
produce both bleached hardwood Kraft pulp and dissolving pulp (ca. 1 Mm?/a at Enocell mill), Kraft
pulps also in Kemi, Heinola and Imatra. UPM has Kraft mills converting birch in three Finnish mills of
Kaukas, Kymi and Pietarsaari to supply their own manufacture of packaging and carton boards,
tissues, specialty papers and wood-free uncoated and coated printing and writing papers. In addition
to the confirmed investment projects in Adnekoski and capacity adding projects in some other mills,
plans of three green-field pulping-based biorefineries are progressing now, but these mills should
rely on processing softwoods.

2.2.2. Papers and paperboards

Total annual production of printing and writing papers in Finland has decreased to 5.5 million tons in
2016 since the peak year 2006 (over 10 million tons) (Finnish Forest Industries Federation). There are
estimates that it will decrease further into 3.7 million tons by 2030 (Poyry). Also, the production of
other paper grades has decreased. Instead, paperboards show increasing trends due to the
increasing demand of packaging materials.

Hardwood pulps contribute to different fibrous products typically providing better softness and
higher smoothness than softwood fibres. Chemi-mechanical hardwood fibers improve the absorption
capacity of industrial and household towels and tissues. The high number of short fibre gives paper
products good formation and desired surface properties, softness and uniform pore size distribution
that allow high quality imprint formation. BCTMP fibre improves the bulk, stiffness and opacity of
various paper products compared to chemical pulps. High-yield hardwood pulps are more photo-
stable than softwoods, therefore desirable for many fine paper applications (Fjellstrom et al. 2007).
Birch pulps bring high stiffness and uniformly white printing surface for packaging materials (Alén
2015).

2.2.3. Derivatives of cellulose and hemicelluloses

Cellulose from dissolving pulping, i.e., pre-hydrolysis Kraft, acidic sulphite and multistage sulphite
processes, are commonly used in the manufacture of cellulose derivatives (cellulose esters and
ethers), and regenerated celluloses (Gullichsen and Lindeberg 2000). For example, viscose, rayon,
lyocell and cellophane are obtained from cellulose xanthate intermediates (Alén 2015). The only
producer of dissolving pulp in Finland today is Stora Enso Oyj (Enocell), their birch originating almost
exclusively from Finland and Russia. Their dissolving pulp is used by their customers in the
production of viscose fibre for the textile industries.

The products of dissolving pulp are widely used in various industrial products, such as textiles,
tires, coatings, paints, and tobacco products, as well as food and pharmaceutical products (Duan et
al. 2015). Cellulose esters with inorganic and organic acids were the first covalently modified
cellulose derivatives on the market. The main derivatives counted to this group are cellulose nitrate,
cellulose acetate and cellulose xanthogenate (Strunk 2012). Cellulose nitrate and acetate have found
applications and markets in plastics, lacquers, adhesives, films, fibres and explosives. Alkyl cellulose
(AC), methylcellulose (MC), hydroxypropylmethylcellulose (HPMC), hydroxyethylcellulose (HEC) and
carboxymethylcellulose (CMC) are some of the cellulose ethers with varied end uses in food
products, lubricants, pharmaceuticals, cosmetics, cleaning solutions, and other household products
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as hypo-allergic and green thickeners, stabilizers and binders (Kamel et al. 2008, Wang 2009, Nasatto
et al. 2015).

Preparation of viscose, which is one of the most common derivatives of dissolving pulp, requires
enormous quantities of water, and the required reactions with carbon disulphide (CS,) cause
substantial emissions. Another disadvantage is the generally poor fibre quality. More recent and
environmentally friendly method to produce fibres include the Lyocell process (Berger 1994) or
Tencel process (Davies 1993), while several methods using, for example, ionic liquids or deep
eutectic solvents (DES) are currently under investigation (e.g., Sixta et al. 2015).

We should also recall also xylitol extracted from birch, which is categorized as a polyalcohol or
sugar alcohol. Multiple studies utilizing electron microscopy have indicated that xylitol is effective in
inducing remineralization of deeper layers of demineralized enamel, providing antiplaque and
antigingivitis effects and reducing the incidence of acute middle ear infection in healthy children;
therefore, xylitol is used in chewing gum, lozenges, nasal sprays, etc. (Steinberg et al. 1992, Miake et
al. 2003, Azarpazhooh et al. 2011). Industrial production starts from xylan (a hemicellulose) which is
hydrolyzed after extraction into xylose and catalytically hydrogenated into xylitol (Converti et al.
1999). Production of birch xylitol has so far been closed down in Finland, and replaced with a
synthetized product manufactured in other countries.

3. Value chains — novel and future

3.1. Building and living with birch wood

Despite of the high average flexural properties (e.g., Herajarvi 2004a), hardness (Herajarvi 2004b,
Motténen et al. 2004) and most other mechanical properties of birch wood (see: Jalava 1945), there
is no production of structural birch lumber or glulam beams. This is caused by the large board-to-
board property variation, especially in tensile strength, limited resistance against weather and lack of
methods and non-destructive devices that could reliably grade the lumber by strength (Niemisto
2008). As soon as birch lumber can be strength graded, a range of new possibilities will arise in
architecture and structural design. Solid or glued structural members from birch would allow visually
ambitious wooden structures (longer spans with similar dimensions, more slender dimensions with
similar spans, bent structures) that are too expensive or simply cannot be accomplished using
softwoods. As learned from the furniture industries, birch suits perfectly to bent structures, which is
a fascinating opportunity from the viewpoint of glulam beam manufacture and subsequent design
options. Structural birch components would be desirable especially in keeping with applications
where they are subjected to compressive or bending stresses. Birch plywood also suits to indoor
structural applications, but its relatively high price hinders the use. Recently, Finnish furniture
manufacturer ISKU Ltd. brought thermo-formable birch plywood into market. We expect that the
resin chemistry and bonding techniques (lignin based resins, friction “welding”) play a key role in the
future of birch plywood product development.

The currently renewing fire regulations in Finnish building legislation will allow slightly more
liberal use of wood in visible surfaces that facilitates the use of modern wooden construction
products such as cross-laminated timber (CLT) and laminated veneer lumber (LVL), both having
rapidly increasing production volumes in Finland. These products are currently made solely from
softwoods, but birch has been considered and tested, too. CLT or LVL with birch interior surface
provides the structural element with a different visual character compared to pine or spruce, and
when combined with new finishing or modification methods the number of potential applications
increases further (e.g., Pulkkinen 2016). Birch interior surfaces have, however, not only positive
effects compared to softwoods. For example, the acoustic, moisture buffering, and thermal
properties are not as favourable as in softwoods that have a lower density than birch.
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Although thermal modification is mainly used for improving the properties of softwoods, it is
also used for modifying of hardwood materials. Regarding birch, the main desirable changes in wood
material are colour darkening and improved dimensional stability (International Thermowood ...
2017). Thermal modification causes depolymerisation of the carbohydrates and especially
hemicelluloses, which is the main reason for the changes in wood properties (Tjeerdsma et al. 1998).
The changes are the stronger the higher the treatment temperature. As a result of degradation of
hemicelluloses and acid hydrolysis the amount of hydroxyl groups is reduced, increasing
hydrophobicity of wood (Pétrissans et al. 2003). The main products of thermally modified birch are
interior furniture and surfacing products such as parquetry. A recent innovation is the combination of
thermal modification with mechanical compression of wood, i.e., thermo-mechanical modification,
which substantially decreases the spring-back phenomenon usually occurring in wood after
compression (Laine et al. 2016, Mo6tténen et al. 2015a). Thermo-mechanical modification also
increases the surface hardness and flexural properties of both hardwoods (Mottonen et al. 2015b)
and softwoods (Sarpong 2017), and practically eliminates the case hardening problem (Marttila et al.
2017). This novel product was lately introduced in restaurant and sauna complex called Loyly in
Helsinki, where the raw material of part of the interior panels is small dimensioned, thermo-
mechanically modified birch glulam board (www.loylyhelsinki.fi). The manufacturing process of the
panels uses a joint with lamellae planed into a crown shape and glued under mechanical
compression and slight heat treatment.

Birch has also retained its place as a raw material for high-added-value wood products like
parquet flooring, where hardness and wear properties improved by novel wood modification
processes may be advantageous (Mottonen et al. 2015a,b). Artisans and craftsmen have continued
the furniture design started by Alvar Aalto with new and innovative product lines based on birch
wood (e.g., Studio Haekkinen 2017). The versatile properties and good machinability of birch enables
its use for designed and shaped furniture and utility articles as either solid wood or composite based
solutions. New pathways were recently found also in very specialized smart products, such as using
veneer in safety and credit cards. High-end product categories also support the development of
industrial production of valuable special forms of birch, such as flame-grained birch and curly-grained
birch, the latter also being actively cultivated in Finland for decades already, thus securing raw
material availability (Kosonen 2004, Vihera-Aarnio and Hagqvist 2017).

In the new product applications wood often makes up a hybrid with other materials, such as
concrete, stone, metals, glass, and plastics. Combining wood with other materials provides the
products with new features and properties. With the new characteristics, the cost-effectiveness of
products can also increase. However, the ways to re-use or recycle the material become more
challenging, which may turn out to be an essential feature in the adoption of bio-circular solutions. In
the wooden furniture products, a new innovation is antimicrobial surface, developed by ISKU Ltd.,
which is based on natural copper and silver technology (ISKU 2017). This technology actively prevents
contaminations and reduces the spread of infections. Studies have shown 80% less contamination on
copper surfaces than non-copper equivalents (e.g., Grass et al. 2010).

3.2. Chemical biorefinery products

3.2.1. New fibre-based products

The leading pulp and paper producers have introduced composite materials in which sulphate pulp is
mixed together with the plastic materials (mainly polyethylene PE or polypropylene PP) (P6yry). The
advantage of this approach is that pulp is 50% cheaper than PE or PP. In many applications pulp also
improves the strength properties. For now, the volume of consumption of Kraft pulp in composite
applications is small but it might increase in the future. Kraft and dissolving pulps are also considered
as potential raw materials for different micro- and nanocelluloses with current and future
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opportunities across a wide range of markets, including paper and paperboard, composites,
biopackaging, coatings, films, healthcare, textiles, filtration, rheology modifiers, aerogels, 3D printing,
and the printed and flexible electronics.

Cellulose nanocrystals were found in 1950 by Ranby and Ribi, who managed to produce stable
suspension of colloidal cellulose crystals via the sulphuric acid hydrolysis of wood and cotton
cellulose. Since then, an increasing number of researchers have studied such materials, with
hardwood pulp or dissolving pulp being common raw materials (Lavoine et al. 2012). Wood-derived
nanocelluloses can be classified in two main classes based on their dimensions, functions, and
preparation methods: nanofibrillated celluloses (NFC) and cellulose nanocrystals (CNC) (Abdul Khalil
et al. 2014).

Nanofibrillated celluloses (NFC) are produced from cellulosic materials using mechanical
treatment usually following chemical or enzymatic treatments. They exhibit both amorphous and
crystalline parts and present a web-like structure and the term microfibril or nanofibril is generally
used to describe 2-10 nm fibrous cellulose structures with the length of several tens of microns.
Microfibrillated cellulose (MFC) is typically in the range of 20-50 nm, since MFC usually consists of
aggregates of cellulose microfibrils. Subjected to acid hydrolysis, cellulose microfibrils undergo
transverse cleavage along the amorphous regions resulting in a material with a relatively low aspect
ratio (length to width ratio) referred to as cellulose whiskers or cellulose nanocrystals (CNC). The
typical diameter of these whiskers is around 2-20 nm and the length from 100 to 600 nm (Bajpai
2011).

3.2.2. Liquid and processed fuels

Only few second-generation biofuels, such as ethanol and butanol, are produced from lignocellulosic
feedstock through the biochemical process (Chapter 3.2.3), whereas all the other 2™ generation fuels
are produced thermo-chemically (Singh and Singh 2011). The advantage of thermal conversion
methods is that they can be readily applied to wood waste resources and to various by-products of
pulping (Alén 2015). Thermochemical production of biofuels begins with gasification or pyrolysis. The
syngas resulting from gasification requires catalytic conversion according to the Fischer-Tropsch
process to produce hydrocarbon fuel (Alén 2015, Singh and Singh 2011). Bio-oils from pyrolysis can
replace heavy or light fuel oil at heating plants and in industrial steam production (Fortum Ltd.).
Emerging alongside these applications is the use of bio-oil to power marine diesel engines. In the
near future, bio-oil can also be upgraded into transportation fuels. Numerous interesting applications
may be found in the chemical industries as well.

The current bio-oil processes in use as well as the new planned processes may use both
softwoods and hardwoods, with some raw material related designs or specifications. In Finland,
softwoods are their main raw materials, but also hardwoods, such as birch, aspen, alders, willows
etc. are used. Bio-oil has been produced since 2013 in a combined heat and power plant (CHP) in
Joensuu from wood-based raw materials like forest residues, wood chips or sawdust using fast
pyrolysis technology (Fortum Ltd.). The plant was the first of its kind in the world. The Finnish
investor, North European Bio Tech Oy, associated company of SOK Corporation and energy company
Stl, built in 2015 the world’s first production facility of bioethanol from wood sawdust (St1). Their
Cellunolix® ethanol plant in Kajaani uses sawdust from local saw mills to supply the current
production capacity of 10 million liters of bioethanol per year. NEB has plans to build a larger
Cellunolix® ethanol plant to Pietarsaari and to increase the production capacity of the Kajaani plant.

Several installations based on commercial gasification and pyrolysis technologies are currently
under development, but many of them face issues with insecure operational conditions due to
European policies seeking to affect carbon balance and use of biomass for fuel products (Eickhout
2017). This view poses severe implications on fund raising and market prospects for the investments
among the respective companies. A large investment plan in Kemi, Northern Finland, aims to build a
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second-generation biorefinery to produce biodiesel and bio-petroleum from wood-based biomass,
such as small-sized wood, harvesting residues and stumps, sawdust and even leftover bark from the
forest industries (Kaidi Finland Ltd.). Green Fuel Nordic Ltd. concept is based on utilizing pyrolysis
technology to produce bio-oils from forest-based biomass using technology from BTG BioLiquids B.V.
(GFN). In the near future, the company plans to build several biorefineries close to the Finnish
feedstock.

3.2.3. Value-added specialty chemicals from sugars of birch

Many important building-block chemicals (platform chemicals) can be produced from wood-derived
sugars via biochemical or chemical conversions (Viikari and Alén 2011). These biochemicals can be
subsequently converted into a wide range of high-value derivatives or used for synthetic materials
using the biochemical transformation (feedstocks > hydrolysis > sugars > fermentation > chemicals),
whereas chemical conversions predominate in the conversion of platform chemicals into derivatives
and intermediates. Other biorefinery platforms are syngas (thermochemical), together with biogas
(anaerobic digestion) and extractives (Chapters 3.2.2 and 3.2.4). Examples of fermentation products
of glucose include alcohols (e.g., ethanol, butanol), carboxylic acids (e.g., acetic acid or lactic acid),
and other products (e.g., amino acids, antibiotics and enzymes - Alén 2011). These chemicals can also
be used as monomers for polymer synthesis or as precursors for the production of other chemicals,
for example, through the addition of oxygen- or nitrogen-containing functional groups.

Among the most attractive raw materials for the production of value-added specialty chemicals
are the different side-streams of forest industries (Chapter 3.2.4.). Especially birch bark has chemical
components that have potential to be used in high-value products.

3.2.4. Other Side-stream utilization schemes

With respect to by-products from future pulp mills, only chemical pulping is of economic importance,
although the recovery of dissolved organic materials from semi-chemical and chemi-mechanical
pulping is possible by similar methods as those generally applied to spent liquors from chemical
pulping (Alén 2015). Black liquor (BL) composed of degradation products of lignin and
polysaccharides in addition to minor fractions of extractives, forms the most significant by-product of
Kraft pulping (Alén 2015), and approximately half of the total organics present in BL is lignin. Birch
wood has lignin content of 20-25% (Alén 2000) of which almost 90-95% is degraded and solubilized in
BL (Kumar 2016). The most common method for separation of lignin is precipitation by acidification
from pH 13 to less than 10 (with strong mineral acids), or carbonation (passing CO, with reduced
pressure).

Recently, the most effective industrial-scale process for a partial recovery of pure lignin by
carbonation is known as the LignoBoost process (Alén 2015, Kumar 2016). Lignin can be processed to
a wide range of products, such as solid and liquid fuels, low-cost carbon fibre, activated carbon,
resins for the plastic industry (“phenol mixtures”), and many other straightforward applications (e.g.,
binders, emulsifiers, surface and dispersing agents). Still, the easiest low cost use of the continuous
bulk production of lignin (e.g., LignoBoost lignin) is still as a biofuel in the form of powder, pellets, or
mixed with other fuels. Recent technology update from SCA enables the conversion a lignin fraction
from BL also into renewable petroleum and diesel (SCA 2016).

Large amounts of carboxylic acids, both volatile (e.g., acetic and formic acids), and non-volatile
hydroxy monocarboxylic and hydroxy dicarboxylic acids (e.g., glycolic and lactic acid) exist in BL due
to carbohydrate degradation in the form of sodium carboxylates (Kumar 2016). The recovery of
aliphatic carboxylic acids presents a complicated separation problem currently achieved only on a
laboratory scale (Alén 2015, Kumar 2016). Aliphatic carboxylic acids such as formic, acetic, lactic, and
glycolic acids are commercially important chemicals and are now being produced by alternative
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methods. Hydroxy acids can be converted into corresponding derivatives, such as polycarboxylic, and
the reaction products can be used as sequestering agents, tensides, and emulsifying agents, additives
in plastics, surface treatment agents, and potential raw materials for the synthesis of chemicals.

The importance of acid sulphite pulping has clearly declined during recent decades (Alén 2015).
It is technically possible to produce a variety of useful products from sulphite-spent liquors. These
products include lignosulfonates (amount in birch black liquor is ca. 435 kg/ton of pulp), and
carbohydrates (380 kg/ton of birch pulp, out of which monosaccharides 305 kg/ton). Hence, with the
respect to a sugar platform, acid sulphite pulping would offer attractive possibilities as
lignosulphonates are useful in such applications like dust control, crop protection, concrete
admixture, leather tanning, especially because of their adhesion and dispersion properties (Alén
2011, Sappi).

Regarding the utilization of extractives, birch bark seems to be one of the most promising raw
material options, but, at present, they are mainly burned for energy production (Gandini et al. 2006).
Bark generally contains high quantities of extractives, which possess unique biological and
therapeutic properties. These bioactive molecules are readily available through eco-friendly
extraction processes using mild organic or aqueous solvents (Royer et al. 2012). Controlled and
optimized extraction of extractives, for example, from residues prior to their use as combustible
material represents an essential path leading to added intrinsic value.

Birch bark has special physical properties, which allows separation into inner and outer bark
fractions by flotation in water, even in an industrial scale. Birch roundwood contains about 3.4% of
outer bark and about 8% of inner bark (Pinto et al. 2009, Holmbom 2011). A birch Kraft pulp mill,
with an annual pulp production of 400,000 ton/year generates about 28,000 ton of outer bark. Outer
bark of Silver birch (B. pendula) is composed of about 40% of extractives, 45% of suberin, 9% of
lignin, 4% of hemicelluloses, and 2% of cellulose (Holmbom 2011). Majority of the extractives fraction
is composed of triterpenes.

Betulinol is the predominant extractives component in birch bark, with the proportion of 30% of
the dry weight in the outer bark. The inner bark has a very high phenolic content of 8.55 %
(Kahkoénen et al. 1999). Phenolics are thought to have several health-promoting properties for
humans (Liimatainen 2013). For example, long-term intakes of phenolics may prevent or reduce the
risk of cardiovascular diseases, diabetes, obesity, and cancer. A range of bioactivities has been
assigned to pentacyclic triterpenes of lupane structure (including betulin): bactericidal, antiviral, anti-
inflammatory, cytotoxic and antitumoral (Royer et al. 2012). Betulinic acid stands out with its proven
antiviral activity towards type | human immunodeficiency virus (HIV), apart from its selective
cytotoxicity towards human melanoma. Betulin and birch bark extract are patented as adaptogenic
remedies, interferon inducers, antihypoxitic products, hepatitis-C preventatives and treatments, anti-
influenza and tuberculosis prophylactics, and as additives in cosmetics, pet foods, lipase inhibitors,
and foods containing triterpenes (Krasutsky 2006). There are many cosmetic products containing
betulin or birch bark extract on the market. As betulin and its derivatives form bark have shown
capability to act as a human health promoting agent, extraction of betulin from bark gained as a side
stream of plywood, veneer or saw mill production has gained interest (Alakurtti et al. 2006). By
applying feasible extraction methods a new value chain from bark could be created.

Suberin hydroxy and epoxy derivatives of fatty acids in birch bark are relatively rare in nature,
but may constitute interesting chemical precursors in the synthesis of polymeric materials, polyols,
polyurethanes, and polyesters (Miranda et al. 2013). Suberinic w-hydroxyfatty acids could be used in
skin-care, anti-aging, hair-care, biodegradable plastics polyesters, individual chemicals for drug
design, dietary supplements, anti-cholesterol and anti-obesity products (Krasutsky 2011). Suberinic
w-acids salts could be used in special washing materials, shampoos and hair care.

Sawmills, dimension mills, furniture and cabinet makers and carpentry are the main producers of
saw and grinding dust as by-products (Liu et al.2014). Their supply from birch industries is, however,
small in Finland. Traditionally, sawdust is used to prepare charcoal, as absorbent for nitroglycerin or
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effluents containing heavy metals, as filler in plastics, as wood composts and in linoleum and
paperboard. There has been work with the development of the method that utilizes sequential
extractions to isolate the valuable components, lignin and hemicelluloses, instead of removing the
water-soluble fraction by degradation (Liu et al. 2014). This approach preserves the unique structures
of each component of wood material for further tailoring into functional materials, instead of
removing the water-soluble fraction by degradation, which not only consumes more chemicals, but
also wastes the biomass.

The lignin from sawdust could be tailored for the manufacturing of fine chemicals such as vanillin
by oxidation or to produce carbon fibre, adhesives, resin and other products. The hemicelluloses
could be further developed for food additive, pharmaceutical and cosmetic applications or as a
starting material for the production of functional polymers or nanofibrillated cellulose (NFC) and its
films from the cellulose residue after the sequential hot-water extractions of birch sawdust (Liu et al.
2014). Kilpeldinen et al. (2012) suggested the use of residue from pressurized hot water extraction
for pulping and for enzymatic treatments to produce chemicals and fuels or to other industrial and
biomedical applications. According to them, hardwoods are more favorable to hydrothermal
treatments because they have more acetyl groups present, and accordingly more acetic acid is
released from hardwoods than softwoods during pressurized hot-water treatments, which catalyzes
hydro-thermic biomass degradation reactions further. Additionally, sawdust can be utilized as a raw
material for liquid biofuel production (Chapter 3.2.2).

Novel special products from the distillates of birch wood obtained as a by-product from
manufacturing barbecue coal or char coal with a slow pyrolysis process were introduced during the
last decade. They have proved out biologically effective, cost-efficient and environmentally sound in
controlling weeds and mosses, certain plant diseases and harmful molluscs, ants, voles, hares and
rabbits in home gardens, ornamental plant and greenhouse cultivations, and even in protecting
seedling stands from moose damage in forestry (Tiilikkala et al. 2011, Hagner 2013). Several products
have been available in the market for some years, and new applications are continuously tested in
Finland.

3.3. Non-wood forest products

Besides for veneer, furniture, building, pulpwood and firewood, birch is a vast source as non-wood
forest products (NWFPs). These include sap, and mushrooms as well as and food supplement and
medicinal products (Chapter 3.2.4).

Birch sap is the most common and well known non-wood product of birch. Demand for high
quality sap is increasing as markets for tree waters are expanding and expected to reach two billion
US dollars by year 2025 (Bouckley 2015). Finland has one of the biggest producers of tree waters in
the world, and the abundance of birch in Finland makes birch sap production almost infinitely
scalable. Tapping season is limited to some weeks during early spring but, one birch at its best can
give a yield of 350 litres, but average yield varies between 50 to 100 litres of sap (Salo 2000, Potila et
al. 2005). One tree can be used 10 years for tapping. Renting birch trees for 10-year sap tapping to a
sap company, with the average yield of 50 |/tree/year, the rental income will exceed pulp wood
revenue. If the average annual yield is 75 |/tree or above, the rental income will exceed veneer and
pulp wood revenue, making sap tapping a good option for forest owners (Miina 2016).

New value chains based on specialty mushroom production have recently been introduced to
the Finnish forestry. At its best the cultivation of these mushrooms accommodating birch stems and
stumps can be integrated to the current management of birch, or forest owners can utilize set-aside
birch stands in cultivation. Pakuri, chaga in English (Inonotus obliquus), Reishi (Ganoderma lucidium)
and sheathed woodtuft (Kuehneromyces mutabilis) are the species where most of the research and
development actions are set. These products aim for food, nutraceutical and food supplement
markets. All of the above mentioned species exist naturally, but for viable value chains of these
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products a higher and more stable supply of raw materials is needed. A growing demand for raw
materials could be fulfilled by systematic and organized cultivation of the species (Vanhanen et al.
2014, Issakainen 2015).

Pakuri is a good example of making a NWFP more desirable to a consumer, and adding its value
for forest owners and suppliers. The prices of fresh and dried pakuri are about 20 €/kg and 30-50
€/kg, respectively. By simple refining, drying and grinding Pakuri for tea uses its price will be
increased up to 100-200 €/kg. The most valuable Pakuri products are sold as instant extract powder
or liquid having a price of 1000 €/kg.

NWFPs open variable income and business opportunities that are independent on timber
cuttings and stumpage price. Poor-quality birch stands that are still abundant can be profitable in this
business as well. Future goal in forest management should be a procedure which better enables the
joint production of timber and NWFPs.

4. Trends in value chains and markets

Future of birch in industrial production relies heavily on the unique chemical and physical properties
that enable uses of the limited biomass resources in market niches with a high value add and/or
limited competition. Therefore the business concepts, product strategies or value chains of birch
should not imitate the patterns of softwoods, or aim to replace them in the market. On the other
hand, birch resources are in a larger scale very suitable for many bulk products of biorefining and
bioenergy and certain paper and paperboard grades, to be used in parallel or mixed with softwoods.

Birch-based value chains have stayed rather unchanged during the last two decades, but novel
products will expand the product palette as well as composition and interactions of market players.
Raw material supply from the forest looks to continue largely as a combined procurement to satisfy
the needs of different users of birch, except for the non-wood forest products where small and
medium-scale operators, even forest owners may develop to key suppliers and distributers. We can
expect an increasing demand for pre-sorting, purification and upgrading of raw materials especially
in the deliveries for processors for value-added biorefinery products. Novel product groups may also
call for more segregation of forest management practises in different birch forests and diversifying
market environments. Birch tree breeding is supposed to further improve raw material basis in
volume, quality and resistance to biotic and abiotic hazards, both through traditional selective
methods and molecular biological manipulation, hence, enabling feedstock optimization for different
industrial uses.

The most significant changes in birch business can be seen in the networks of primary and
further manufacturing enterprises, distribution and sales companies and supplying practitioners
where new market players of biorefining and building with wood may set new requirements for just-
in-time deliveries, quality control and homogeneity of raw materials and products. They also ask raw
material origin, environmental labelling, carbon balance and sequestration and overall circular
economy considerations.

New innovative value chains based on side streams of primary industries and specialty products
relying on the unique characteristics of birch call for industrial symbiosis between large biorefining or
mechanical wood processing companies and specialized manufacturers of value-added further
processed products. Here, optimized scaling of production units, as themselves and in relation to
each other, and consistent considerations of investment, production and logistics costs are key issues
in planning of either integrated production plants, decentralized mills or miscellaneous industry
parks.

Basic biorefinery processes providing fibre-based products and liquid and solid fuels are
currently in the hands of large stock exchange companies. Manufacturers of specialty chemicals
processing side streams of primary industry companies are typically private SMEs. However, their
customers are both among large-volume techno-chemical industries and specialized industries in
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health and well-being sector. Nature-based non-wood forest products and their derivatives, or high-
value specialty mushrooms cultivated on stems provide totally new value networks aiming mainly to
human well-being markets. Traditional wood products from birch have potential for new pathways in
a variety of advanced further-processed products both for consumer and industrial uses, stressing
smart adaptation to modern building, housing and logistics applications as well as progressing
digitalization, cascading and urbanization. All these trends set new challenges for marketing and
distribution strategies and networks of enterprises.

Diversification of product segments according to customer groups and geographic supply regions
is supposed to go further within each sub-sector. Digitalization in sales and distribution is proceeding,
and may open new markets for small and medium-scale producers and add to their competitiveness.
Simultaneously, global competition obviously increases also in smaller product groups of birch — the
development that has already taken place in such important products like plywood (Russian
production) and fine papers (South-American eucalypt production).
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Abstract

In Europe, the wood products industry is primarily based on raw material from softwood species
like spruce and pine. The high expansion of production capacities for wooden products and the
shift in forest management (i.e., enhancement of hardwood and reduction of softwood stands)
results in an increasing demand for softwood and in supply shortfalls and rising of softwood
timber prices. On the other hand, hardwood species like beech or birch with high stocks in the
European forests are hardly used for products with high added value. Consequently, the amount
of hardwood forests has increased so that now, in Europe, almost 50% of forests are covered with
hardwood species. Thus, there is need for new ways to use hardwood for high added value
products. Besides flooring, stairs, doors, and high-end furniture from solid hardwood, plywood
was an important way to use hardwood for advanced products. However, plywood lost most of its
market share for furniture and even for house construction due to the competition by Oriented
Strand Boards (OSB), Particle Boards (PB) and Medium Density Fibre Boards (MDF). In the view of
price competitiveness, the future of plywood production will rely mostly on hardwood. The
European hardwood species are ecologically advantageous and are in many cases a more
economical choice than tropical hardwood species. Both new product innovations as well as new
fields of application are necessary to improve the situation of the plywood industry which has not
been profitable during the past 10 years. This paper highlights project approaches and results
from WKI and partners aiming at an increased use of hardwoods in existing production lines and
for new products.

1. Introduction

1.1. Special situation of hardwood in selected countries

The utilisation of hardwood in the EU is quite heterogeneous. While Finland’s industries depend
mostly on birch - 357 million m® of growing stock / 16% of the total volume - (Hynynen et al., 2010),
France as a major hardwood producer relies mostly on oak with 720 million m? of standing trees and
700 000 m® of sawn products. Beech is the second major species in France, with 280 million m? of
standing trees and 390 000 m? of sawn products. Chestnut is number three with 133 million m® of
standing trees, but only 60 000 m? of sawn products (UNECE/FAO, 2010 & 2015). With an area of 1.6
million ha and a stock of 590 million m?, beech is the dominating hardwood species in Germany. Only
8 to 10 million m> of beech timber are harvested annually, although a sustainable amount of 23
million m? could be used every year. To strengthen the European economy, it is necessary to find
new marketing solutions for hardwood raw material by developing new products, in particular in the
construction sector, which can take benefit from the fundamental properties of the used species,
such as strength, durability (chestnut/black locust), ability to be glued (beech) and weight (birch).
Engineered products are a good way to increase the added value of the complete forestry-Timber
value chain. The aim of many current projects is to (re-)establish the hardwood value chains that
would lead to the production of high added value products made from hardwood (e.g. hybrid or
sandwich boards). This can be achieved through increases in production efficiency and new products
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made from solid hardwood as well as hardwood lamellae and veneers with a focus on applications
for furniture and construction.

1.2. Hardwoods in the wood-based panel industry

For the last 40 years the European woodworking industry concentrated its investments and
technological developments on processing softwoods, whereas forestry developed silvicultural
strategies that lead to enhancing the share of hardwood species. Consequently the growing stock of
hardwood forests is increasing (almost 50% of European forests, in some southern countries up to
about 85%) and this development will be significantly amplified within the next tree generations
(100-150 years). The result is an increasing demand for softwood and supply shortfalls as well as
rising prices for softwood. On the other hand, hardwood species like beech or birch with high stocks
in the European forests (ash and alder in some Baltic and east European countries) are hardly used
for products with high added value. Huge amounts of hardwood timber are not used at all or only for
products with low added value (energetic use). Due to different physical and chemical properties, an
immediate and 100% substitution of softwood by hardwood into existing processing technologies
and final products is impossible. Thus, there is need for new ways to use hardwood for products with
high added-value and meet the requirements of a changing hardwood processing. Furthermore,
procurement of on-demand hardwood assortments, new products, process and service innovations,
as well as new fields of application are necessary to drive increased utilisation of hardwood timber
and to transform this biomass into long life, carbon storing products. Besides flooring, stairs, doors,
and high-end furniture from solid hardwood, plywood was an important way to use hardwood for
advanced products. However, plywood lost most of its market share for furniture and even for house
construction due to the competition by Oriented Strand Boards (OSB), Particle Board (PB) and
Medium Density Fibre Board (MDF). The reasons for this include the high production costs in
Western Europe, especially for the energy needed for pre-treatment, and the relatively high weight
of plywood made from hardwood as compared to softwood. Plywood and other veneer products
covered in 2008 approximately 11% of the production of wood-based panels in Europe, but globally,
the corresponding figure was 34%. The global production of plywood was about 77 million m* in
2008, while China alone was producing 36 million m®. Finland as the 10th largest plywood producer
of the world produced about 1.5 million m>. In the view of price competitiveness, the future of
plywood production will rely mostly on hardwood. The European hardwood species are ecologically
advantageous and are in many cases a more economical choice than tropical hardwood. New
products, process and service innovations as well as new application fields are necessary to improve
the situation of the plywood industry which has not been profitable during the past 10 years. It is
widely acknowledged that plywood and veneer products have many chances for new products and
for new customer segments which are not yet utilized. In addition, there are many already
recognised but still unutilised ways to increase the efficiency of the industrial production processes,
energy use, and end product quality in hardwood plywood and veneer industries.

Currently dominating hardwood tree species will probably not be available to the same extent or
will be replaced by other species adapted to changed climate conditions in the future (Parmesan and
Yohe, 2003). A very prominent example is the current Chalara dieback of ash (Hymenoscyphus
fraxineus), although ash was expected to profit from global change (e.g., by increased
competitiveness against beech in warmer and dryer climates). This example shows that the wood
based panel industry will not be able to rely on one tree species for the future production but has to
be more flexible in the future. By the processing of hardwood species that are both expected to
survive and/or profit from climate change and characterized by good mechanical timber properties
and high durability like silver birch / Betula pendula or black locust / Robinia pseudoacacia), the
wood industry can increase its product portfolio and offer new and innovative products. Timber of
these tree species contain high amounts of different bioactive compounds, including terpenoids and
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phenolics (Tegelberg et al. 2002; Laitinen et al. 2004, 2005; Diinisch et al. 2010), and are in high
demand for outdoor products for its long-durability. Especially, condensed tannins found in both
species are of special interest for their roles in plant resistance to microbial infestations and other
biological effects (Ge et al. 2003).

1.3. Engineered Wood Products (EWP) production based on
hardwood

The state-of-the-art veneer production is energy- and cost intensive as well as water polluting
cooking or steaming process, in which the logs have to be placed for days in hot water or steam to
get wood blocks which are soft and free of tension for slicing or peeling it in a proper, crack-free way.
Moreover the colour and therefore the price of the product can be influenced by the processing
time, temperature, and the species of the treated wood. In the next step, thin sheets (0.5 to 5 mm)
of veneer are sliced or peeled from the logs. For economic reasons, many logs are peeled in one
piece leaving only a minor wood core in the machine. In the next costly step the veneers are dried
(press, jet or roller drier) to a moisture content between 4% and 14%. Finally, the veneer sheets
move through a clipping line, where edges are straightened and defects can be detected and cut out.
This causes significant losses in wood raw material. At the same time a grading according to quality
and dimensions will be done and the results are stored on a computer.

Softwood is the preferred raw material of the wood-based panel industry in most European
countries. The production of OSB, MDF and PB is primary based on spruce, pine and fir. The
production of plywood based on hardwood species like beech or birch decreased drastically in the
last decades due to lowered profitability and outdated, ineffective production process.

Due to supply shortfalls and rising costs of softwood timber, EWP’s based on hardwood are
currently of increasing interest for both science and industry. Therefore some smaller projects
focussing on the utilisation of hardwood for the wood-based panel production were conducted in
recent years (e.g. OSB based on old beech wood). Currently, these activities are being intensified by
national and international project initiatives. There have been some attempts to scientifically analyse
the product development needs and potential markets for hardwood plywood and veneer products.
However, the attempts have mostly focused in recognition of prospective research needs, market
trends, etc., whereas a systematic approach towards defining potential customer segments, as well
as product and service development needs, has been missing.

1.4. Hardwood products for the building and construction industry

Globally, infrastructure and building construction consumes 60% of the raw materials extracted from
the Earth (Bribian et al. 2011), while the built environment accounts for 35-40% of total carbon
dioxide (CO,) emissions (Nelson et al. 2002). Therefore, the shift to “green building” is urgently
needed to pre-empt the deleterious effects of predicted population growth on resource depletion
and climate change. Wood is a material of choice in many countries for residential and light
commercial buildings. 90% of the residential buildings in the US (slightly less in Japan) are wood-
frame constructions. The use of wood in green buildings is a logical choice, as wood is a renewable
resource, and its production and transformation into construction and furniture products is generally
non-polluting at all stages, although there have been instances in the past with polluted sites from
chemical preservative processes (Buchanan 2006, 2010). Furthermore, using wood in construction
and furniture will increase carbon sequestration, which is very important for tackling climate change
(Kuittinen et al. 2013), despite green building programs not giving proper credit to wood and its low
embodied energy (Bowyer 2008). To utilise the full range of possibilities provided by building design
codes, new structural graded hardwood lumber must be delivered to the market. Many widely
available hardwood species have clearly denser, stiffer and stronger wood than the current structural
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softwood lumber species. However, only poor information exists on their load carrying capacity as
structural components and limited data on the behaviour of structural adhesives and mechanical
connections in hardwoods. Besides construction purposes, hardwood is an interesting resource for
the production of furniture and insulation materials. Moreover, combined approaches — hardwood as
construction and insulation materials — promise the highest level of hardwood timber use.
Additionally, the developments of new construction materials and products have to take into
account environmental performance. The main objective of many projects addressing the enhanced
use of hardwood timber for various applications is the development of innovative hardwood-based
products from underutilised species, with emphasis on the construction and furniture making
sectors, leading to increased added value for the forest based industries’ value chains, new
marketing solutions, and enhanced competitiveness in this industry.

The potential for utilisation of selected hardwood tree species (e.g., black locust, birch, oak and
beech) adapted to warmer/dryer climate conditions and with multiple interesting aspects
(mechanical properties and durability) due to chemical-physical properties have to be analysed in
current and future projects dealing with this topic. These projects should aim to solve problems
regarding the weight and durability of many hardwood species to enable the substitution of
softwood species primarily used in the structural panel industry, as well as for broader applications in
the construction and furniture sectors.

2.2. Selected projects and results

Fraunhofer WKI conducted and participated in several projects addressing the enhanced utilization
of hardwoods in the Wood Based Panel industry. Besides projects aiming at the substitution of
softwood by hardwood in existing production lines for MDF, PB and OSB, WKI worked on the
development of new and/or improved engineered wood products (EWP) based on hardwood timber.

2.1. Use of hardwood as a substitute for softwood

23 million m? softwood and 1.1 million m® hardwood logs are produced annually by saw mills in
Germany (ZMP 2008). Besides the saw mill industry the wood based panel industry is the second
largest consumer of wood in Germany (Marutzky 2004). To produce 10.5 million m® of wood based
panels (MDF, PB and OSB) this industry has a demand of 16.5 million m?® of raw material (VHI 2015).
Therefore 7.5 million m® of round wood — primarily softwood - is used (Mantau 2012). This high
production capacity combined with the shift in forest management (enhancement of hardwood and
reduction of softwood stands) led to the current supply shortfalls and rising softwood prices and
forces the industry to review the raw materials used in the production as well as the production
processes (Dieter 2003, Kharazipour 2005).

The utilization pattern for timber in Germany is in distinct contrast to the distribution of tree
species in German forests: 43% of the forest area is covered by hardwood species, whereas only 25 %
of the total timber consumption in 2012 was based on hardwood processing (Seintsch and
Rosenkranz 2014). Obviously the use of softwood species (especially spruce) is often no longer
sustainable (Dieter 2011), whereas great volumes of available hardwoods are not used at all.
According to Spellmann (2013) currently only 50 % service capacity of oak wood and 65 % to 80 % of
beech wood are used. Moreover, great volumes of hardwood species like birch or ash also remain in
the forests or are used for products with low added value (energetic use). Projects and results
addressing the utilization of hardwood species as a substitute for rare and expensive softwoods are
presented below:
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Beech wood for OSB

Recently two projects dealing with the use of different beech wood timber assortments for the
industrial production of OSB were conducted at WKI. Concerning quality of beech wood timber
Germany is facing two major problems: Large areas of young and thin beech wood trees with limited
potential for the use in the wood industry, e.g., in some paper mills as resource for digital printing
papers, High stocks of old beech wood of questionable quality (116 million m? or 20% of the complete
beech wood stock in Germany is stored in stands with an age >140 years). To analyze the usability of
beech timber from both young (thinning wood) and old stands (stands older 140 years with the risk
of wood decay due to fungal attack) for the OSB production, trials under industrial environments
have been conducted at WKI.

Y d Lk
Thinning Wood

Figure 1. Processing of beech wood assortments to OSB

Figure 1 shows the raw materials used in the trial as well as the produced OSB based on the
material described above. It is obvious that - besides well-known physical and chemical problems
regarding the use of beech wood in panel production — the beech wood supply of the industry will be
dominated by assortments of low quality (especially with respect to material from old stands).
Therefore the influence of the degraded timber on the quality of final product was of major interest
within these projects.

0SB boards were produced using beech logs of different quality grades (see pictures in Figure 1)
and tested according standard methods. The mechanical board properties are shown in Figure 2. It is
evident that the wood quality has an influence on board properties, but the effect was not as high as
expected. Advanced decay leads to lower bending strength (MOR) and E-modulus (MOE). Regarding
internal bond (IB) results were not distinct. The same statement can be deduced from the results of
boards thickness swelling (TS) testing. After 2h treatment boards produced from stronger decayed
material seem to have higher values, but after 24 h treatment no differences can be observed
anymore. On the other hand one major problem of the beech wood utilization for panel production
becomes obvious: After 24 h of treatment boards show TS between 22 % and 25 % and will not pass
the standards. Therefore effective methods and additives are needed to use beech wood as a
substitute for softwood in panel production (see next chapter).
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Figure 2. Mechanical properties of OSB boards produced from beech logs with different degree of wood decay
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Figure 3. Thickness swelling of OSB produced from beech logs with different degree of wood decay

Beech wood for MDF and HDF

Thickness swelling and durability are the major problems of products based on beech timber.
Product improvement regarding hygric properties (water uptake and thickness swelling) of beech
based panels had been the major goal of projects aiming at a maximum substitution of softwoods
(spruce, fir and pine) by beech timber in board production. To improve hygric properties of beech
HDF and MDF both parameters during refining process (temperature, pressure, cooking time) and
raw material pre-treatment were varied and different waxes adjusted to chemical composition of
hardwoods were tested. Results of these trials are given in Figures 4 to 6.

In Figure 4 the thickness swelling of beech wood HDF in dependence of raw material quality
(wood from young and old trees) and refining parameters (pressure and cooking time) is presented.
In this trial no wax was added to improve the hygric properties of boards. TS after 24 hours of all
variants were higher than 30% and therefore far away from passing the standard (maximum 25%). It
seems that wood from old beech trees (with wood decay) leads to slightly higher water uptake and
TS of boards compared to boards based on material from young trees (without visible decay); but
these findings were not significant. It is obvious that refining conditions exert a much stronger effect
on TS than raw material quality. HDF based on fibers produced under high pressure refining
conditions (8 bar) show much higher TS than boards produced with fibers, which were refined with
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lower pressures (3 or 5 bar). These results indicate, that hygric properties of board can be positively
influenced by refining parameters adopted to the raw material primarily used for industrial
production.

It is well known that acetylation improves timber durability as well as water uptake and
thickness swelling. Therefore the trial presented in the section above (see Figure 4) was repeated
with beech wood fibers that were treated with 0%, 10% and 40% of C,H¢O; (Figure 5). Treatment
with C4;HgO; lowered TS from 30%-50% (untreated fibers) to 27% (10% C,4H¢Os3) and 24% (40%
C,Hg¢03). Again no difference between different raw material qualities (wood from old and young tree
/ with and without decay) could have been observed. Besides improving hygric properties of boards,
fibers treatment with C;HgO3 seems to overlap the effect of refining conditions, i.e. boards based on
fibers produced with higher pressure during refining did not show higher TS anymore.

To analysis the effect of acetylation on durability, wood decay of HDF samples with and without
treatment was tested under standard conditions. In Figure 6 the fungal decay by Coniophora puteana
(“Blight”) for four different board variants is presented:

e MDF: Raw material “Mature Beech Wood”; Refined with 5 bar / 5 min; 12% UF (Reference)
o MDF W1: Raw material “Mature Beech Wood”; Refined with 5 bar / 5 min; 12% UF; 1,0% wax
e MDF A10: Raw material “Mature Beech Wood”; Refined with 5 bar / 5 min; 12% UF; 10 %
C:HgO3
o MDF A40: Raw material “Mature Beech Wood”; Refined with 5 bar /5 min; 12% UF; 40 %
C;Hs03
Mass loss after fungal attack of all variants was around 55 %, without significant differences
between C,HgO; treated and not treated material. Regarding water uptake / wood moisture content
variant MDF W1 containing 1% of wax showed significant lower values then the other variants
(without wax), no effect of acetylation was observed. Obviously in this trial it was not possible to
prevent fungal decay by C,HgO3 treatment of beech wood fibers.
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Figure 4. Thickness Swelling of HDF based on 100% beech wood produced with different refining parameters
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Figure 5. Thickness swelling of HDF based on 100% beech wood produced with different refining parameters
and treatments
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Figure 6. Mass loss and wood moisture of beech wood HDF after decay by Coniophora puteana

Under industrial production environments a substitution of 100% softwoods by hardwoods is not
realistic, more likely a partial replacement will take place. This realistic approach was addressed in an
additional trial, where spruce wood (Pa) was substituted by beech wood (Fs) to 25% and 50% (figure
7). Moreover, five different wax types were tested, all designed to improve hygric properties of
hardwood based panels. Based on the findings of studies presented above, refining parameters were
not varied and wood was disintegrated by 5 bars for 5 minutes. Compared to all results presented
above, the significant improvement of thickness swelling of all board variants is obvious. Even after
24 h of water storage TS of samples was lower than 10%. Variants with 50% of beech wood material
showed slightly higher values compared to boards produce with only 25% of beech wood, but these
differenced were not significant. Comparing the five different wax types used in this study,
performance regarding TS showed no significant differences. With respect to water absorption it
seems that wax 3 shows a less good performance than the other wax types, but also here differences
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were not significant. By reason of these findings it can be concluded, that the partial substitution of
softwoods by hardwoods in industrial panel production can be realized without quality decrease, if
the production parameters (refining conditions, degree of substitution, used wax type) are adapted
to the type of panel produced, and the kind raw material dominantly used for the production.
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Figure 7. Water Absorption and Thickness Swelling of HDF produced with different raw materials and
hydrophobic agents (wax)

2.2. Renaissance of hardwood veneer based engineered wood
products

In an extensive national project called OptiPro the pretreatment of beech wood logs concerning
cooking or steaming, using different temperatures from 40°C — 80°C and times from 3 days to weeks
were tested. After the peeling and air drying process the quality of the veneer surfaces were
evaluated concerning the roughness, colors and cracks. For the detection of lathe checks which occur
only in the peeling process, a new ultrasound excited thermographic testing system was used to let
the cracks appear as bright lines (see Figure 8b and thermogram in Figure 8c).

In the next step the dried veneer were sent to another Fraunhofer Institute (Umsicht) for a
special impregnation process under a high-pressure CO, atmosphere to reach different amounts of
phenolic resin into the veneer.

Afterwards the impregnated veneers were send back for producing 7 layer plywood for testing
the water uptake and its swelling and shrinkage behavior.

Finally, special test samples with different artificial but real defects were produced and
mechanically tested for bending and compression strengths. The results of the bending tests are
shown in the following graphics.
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Figure 8. Peeling process at WKI (a); shape of test samples (b); thermogram of sample (c)
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Figure 9. Test samples with a butt joint (left), a 4 cm long defect (center) and a 8 cm long defect (right)
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Figure 10. MOE of different test samples showing best values with no defects and butt joints

3. Conclusions

Softwood is the preferred raw material of the wood-based panel industry in most European
countries. The production of OSB, MDF and PB is primary based on spruce, pine and fir. The
production of veneer based hardwood panels from species like beech or birch decreased drastically
(plywood) in the last decades or was not established at all in Europe, because of problems regarding
costs and effectivity of the production process (e.g. LVL). Due to supply shortfalls and rising costs of
softwood timber, engineered wood products (EWP) based on hardwood is currently of increasing
interest for both side’s sciences and industry. Therefore the results of projects focusing on the
utilization of hardwood for the wood-based panel production conducted at Fraunhofer WKI in the
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recent years (e.g. OSB based on old beech wood) are presented in this article. Currently these
activities are being intensified by national and international project initiatives.

With respect to the substitution of softwood by hardwood for the production of wood-based
panels like OSB or MDF it becomes obvious, that the utilization of hardwoods (focus: beech wood
timber) is possible and already state of the art in industrial production lines. For a successful
integration of hardwoods in these production processes, raw material disintegration (refining
conditions) and use of additives (special type of wax and/or adhesives) have to be modified
according to used timber species. Moreover it could have been shown that under industrial
production environments a partial substitution of softwoods by hardwoods is the most realistic and
sustainable solution.

Besides the substitution of softwood by hardwood in existing production lines for OSB, MDF or
PB, a renaissance and redevelopment of hardwood veneer based Engineered Wood Products in
Germany and Europe can be observed. Current projects of WKI are aiming at the optimization of the
pre-treatment of logs and the peeling process itself. Besides that, new products and a greater range
of use for these materials are in the focus of these studies.
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Abstract

Previous research has shown that large secondary wood manufacturers request numerous
product-related services from their hardwood lumber suppliers. In addition, large secondary
manufacturers also source more of their lumber directly from hardwood sawmills than do smaller
secondary manufacturers, which tend to purchase more lumber from distributors. Current trends
in the U.S. hardwood industry suggest that secondary manufacturers are becoming larger in size
and more concentrated (excluding the wood household furniture sector), a reversal of a trend
toward smaller size during the Great Recession that started in 2007. Furthermore, many
secondary manufacturers have been focusing on reducing input costs in conjunction with more
streamlined or lean manufacturing processes. Thus, it might be expected that these
manufacturers would be seeking more services from hardwood sawmills regarding their lumber
purchases. This notion is consistent with the results from a recent small survey, which indicated
that hardwood sawmills are experiencing an increase in the services being requested by their
customers. Concurrently, hardwood sawmills in the United States are showing a trend of
increasing size and concentration as well, also reversing patterns evident during the Great
Recession. Thus, many hardwood sawmills seem well-positioned to provide these extra services.
The resource-based view of the firm states that larger firms possess more internal capabilities and
resources, which in this case can help sawmills meet the market demand of providing more
product-related services to secondary manufacturers.

1. Introduction

There are several compelling reasons why firms within a given industry tend to grow larger over
time. In fact, the growth of the firm over time is the prevalent trajectory within a given economy
(Penrose 1995). Some of the reasons for this include the advantages associated with economies of
scale and scope, as well as experience effects (Ghemawat 1986). Additionally, the resource-based
view (RBV) of the firm is consistent with the notion of firm growth over time and states that larger
firms possess more internal capabilities and resources than smaller firms, giving them a competitive
advantage (Hoopes et al. 2003). For example, several studies have shown that larger hardwood
sawmills are more likely than smaller mills to be exporters (Bumgardner et al. 2016). Other RBV
studies have suggested that investment capital and the skills needed to start up and exploit modern
technology are resources associated with larger sawmills (Lédhtinen et al. 2008).

While large firms generally are most competitive in expanding economies, previous research in
the wood products industry has shown that smaller firms might actually have a competitive
advantage when markets are declining (Bumgardner et al. 2011). The primary reason for this finding
was that small firms (defined in the study as those with fewer than 20 employees) were closer to
their customers and thus able to fully customize products when market conditions were difficult.

* Corresponding author: Tel.: +15402319759; E-mail: buehlmann@gmail.com
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During economic downturns, the inherent advantages associated with being a larger manufacturer
are less compelling; for example, large firms have relatively high fixed costs and economies of scale
are less favorable when demand contracts.

Given the discussion above, it might be expected that housing-related sectors in the United
States (cabinets and millwork) would show a pattern of increasing firm size up to the Great Recession
that started in 2007, followed by a period of declining firm size during the recession and associated
housing downturn, to a return to growth coming out of the recession. The exception might be the
wood household furniture industry, which has not been globally competitive in the United States for
a number of years (Lihra et al. 2008; Luppold and Bumgardner 2009). For this sector, employment
has been in long-term structural decline.

As secondary manufacturers grow larger, it might be expected that their manufacturing and
supplier needs would change. It has been shown that larger firms in the secondary woodworking
industry (20 employees or more) generally request more services from their lumber suppliers than
do smaller manufacturers (Buehlmann et al. 2013). Out of the ten services investigated in that study,
only S2S (surfacing lumber on two sides) was requested significantly more by smaller firms.
Conversely, four of the ten services investigated were requested signficiantly more by larger firms.
This is likely due to the fact that large secondary firms are seeking to reduce input costs in
conjunction with more streamlined or lean manufacturing processes (Buehlmann et al. 2013). In
addition to requesting more services from their suppliers, large secondary woodworking firms
sourced more of their lumber directly from sawmills than did smaller firms, which relied more on
distribution yards for their lumber purchasing. Nearly 45% of large firms’ lumber purchasing came
directly from sawmills, on average, while just 29% of small firms’ purchases came directly from
sawmills (Buehlmann et al. 2013).

1.1. Study objectives

The preceding discussion indicates that secondary hardwood manufacturers (except furniture
manufacturers) generally would be expected to be growing larger in size (by number of employees)
coming out of the Great Recession. For this paper, the recessionary period was expressed in annual
terms as lasting from 2007 to 2009; the starting point for the analysis was chosen to be 2003 because
another recession ended in 2002 (Luppold and Bumgardner 2016a).

Furthermore, large secondary manufacturers have been shown to require numerous services
from their hardwood lumber suppliers and to source much of their hardwood lumber directly from
sawmills. Taken together, it would be expected that if U.S. secondary manufacturers are in fact
becoming larger, then U.S. hardwood sawmills would be realizing increasing demand for a number of
product-related services. These notions were investigated using secondary data and the results from
a survey.

2. Methods

2.1. Secondary data component — firm size trends

Data available from the U.S. Bureau of Labor Statistics (2017) was used to determine average firm
size from 2001 to 2015 for the follwing U.S. sectors: wood kitchen cabinet and countertops (North
American Industry Classification System [NAICS] 337110), millwork (which includes flooring) (NAICS
32191), nonupholstered wood household furniture (NAICS 337122), and sawmills (NAICS 321113).
Firm size was derived by dividing total employment by the total number of firms for each sector for
each year. Although other measures of firm size are sometimes used (e.g., annual turnover, annual
sales), employment and firm data were readily available from secondary sources and simple to track

110



through time. The resulting value is termed “average” firm size for this paper, even though it was
calculated as a ratio rather than a true average (an average would require a list firms and their
corresponding number of employees).

For hardwood sawmills, average firm size was calculated using only states with at least 60% of
their lumber production in hardwood as discussed in Bumgardner et al. (2016). This was necessary
because sawmill employment is not separated by hardwood and softwood mills in the Bureau of
Labor Statistics data, so the only way to develop data specific to hardwood lumber is to limit the
analysis to primarily hardwood lumber-producing states. Sixteen states were included. Data for wood
kitchen cabinets, nonupholstered wood household furniture, and millwork were national in scope
since the breakdown of hardwood use by region was not known for these sectors. The latest year for
which data was available at the time of the study was 2015.

2.2. Primary data component — changes in sawmill services

An internet-based survey was conducted in the winter and early spring of 2016 with members of the
National Hardwood Lumber Association (NHLA). Sawmill representatives were invited to visit a
website containing a 26-question survey instrument via NHLA and Virginia Tech newsletters
(companies were not sent the questionnaire directly). A total of 12 usable questionnaires were
returned; the responding mills collectively produced about 210 million board feet (MMBF) of lumber
(495,000 cubic meters or m?) in 2015. This figure represented about 2.2% of U.S. hardwood lumber
consumption (including exports) in 2014 (Luppold and Bumgardner 2016b). Although the sample size
was quite small, the data could be used in conjunction with the secondary data analysis to help
understand if the services being requested of hardwood sawmills were increasing.

Most of the mills (n=7) reported total hardwood lumber production in the range of 6 to 20
MMBF (14,160 to 47,200 m?) in 2015; two mills reported production of less than 6 MMBF and three
mills reported production of 21 MMBF (49,560 m?) or more. Only 1 responding mill indicated that
their production volume was lower in 2015 than in 2011. The respondents were dispersed
geographically, with five located in the Midwest, four in the South, and three in the Northeast.
Nearly all of the responding mills (n=10) exported hardwood lumber. Only one respondent reported
that their average customer was smaller in 2016 compared to five years prior. Conversely, in
previous research conducted during the housing downturn, 41% of hardwood sawmills had indicated
that their average customer was smaller in size in 2008 than five years prior (Espinoza et al. 2011),
which is consistent with the notion that firm size decreases during periods of economic decline.

The main research questions for the present study were: “What services were being requested
by your hardwood lumber customers in 2011 and 2015?” and “What services did you offer in 2015?”
The response format was to check all that applied from a list of 18 potential product-related services.

3. Results

3.1. Firm size trends

As shown in Figure 1, the expectations based on the the literature review were consistent with firm
size trends in the wood kitchen cabinet sector (U.S. Bureau of Labor Statistics 2017). This sector,
which remains competitive in the United States, showed a period of growth in average firm size
through 2006, followed by a period of declining firm size during the Great Recession, and a return to
growth coming out of the recession. The U.S. millwork sector showed a similar overall pattern and is
illustrated separately from the other secondary sectors given its larger average firm size (Figure 2). In
contrast, the U.S. nonupholstered wood household furniture sector realized a long-term decline in
average firm size (Figure 1). Thus, in periods of market decline, whether due to cyclical economic
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conditions (i.e., the case with the cabinet and millwork sectors), or long-term structural decline (i.e.,
the case with the wood houeshold furniture sector), it can be seen that firms tend to become
smaller. Conversely, they grow larger when markets are expanding (such as the case with cabinets
and millwork, pre- and post-recession). It is interesting to note that the year 2015 marked the first
time in the data series where the average U.S. cabinet firm was larger than the average U.S. wood
household furniture firm (Figure 1).
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Figure 1. Number of employees per firm for the U.S. nonupholstered wood household (HH) furniture and
wood kitchen cabinet sectors (developed from U.S. Bureau of Labor Statistics 2017).
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Figure 2. Number of employees per firm for the U.S. millwork sector (developed from U.S. Bureau of Labor
Statistics 2017).

Similar to the U.S. cabinet and millwork sectors, U.S. hardwood sawmills also showed a general
trend toward increasing firm size with the exception being during the Great Recession (Figure 3). For
hardwood sawmills, firm size growth actually seems to have accelerated since the recession.
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Figure 3. Number of employees per firm for U.S. hardwood sawmills (developed from U.S. Bureau of Labor
Statistics 2017).

3.2. Changes in sawmill services

The results of the primary research questions are shown in Table 1. Seven of the listed services were
requested of at least half of the responding mills in 2015, including double-end trimming, kiln drying,
S2S, special grading, width sorting, quick delivery, and color sorting.

The overall result was that for every responding mill, each service was requested the same or
more in 2015 than 2011. Eight of the 18 services (or eight out of 12 services if considering only those
services that were requested at least once) showed an increase in the number of mills indicating that
they were requested more in 2015 than 2011. Two of these services, special grading and quick
delivery, realized double-digit gains in requests over the period. The general trend is consistent with
the notion that more services are being requested of hardwood sawmills. Table 1 also shows the
percentage of responding mills providing each service in 2015. The levels of services provided
generally are close to the percentages being requested in 2015, although several are slightly lower.
However, there were two services whose offered percentage was somewhat lower than what was
being requested (by double-digits), including S2S and width sorting.

Respondents also were given space on the questionnaire to respond to an open-ended question
asking how their hardwood lumber customers were changing. Several of the comments anecdotally
supported the notion that services were becoming increasingly important. For example, one
respondent wrote that they were seeing “more specific specifications for widths, lengths, color and
grain.” Another indicated their customers were “more inventory conscious” and another respondend
that customers were “more demanding.” One respondent wrote, “Our customers continually want
high quality, consistent lumber. Price does not drive orders as much as in the past.” Five respondents
said they perceived no changes with customers and the remainder (n=3) mentioned other changes.
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Table 1. Percentage of sawmills (n=12) receiving requests from customers for 18 product-related services in
2011 and 2015, and the percentage of those sawmills offering the services in 2015.

Requested Requested Increased,
2011 2015 Equal, or Offered 2015

Service Requested (%) (%) Decreased (%)
Double-end trim 83 92 + 92
Kiln drying 75 75 = 83

S2S 58 67 + 50

Special grading 50 67 + 58
Width sorting 58 67 + 50
Quick delivery 42 58 + 50
Color sorting 50 50 = 42
Just-in-time orders 33 42 + 42
Break bundles 17 25 + 33
S4S 17 17 = 17
Custom molding 0 8 + 8
Custom flooring 0 0 = 0
Imported species 0 0 = 0
Profile sanding 0 0 = 0
Priming 0 0 = 0
Embossing 0 0 = 0
Finishing 0 0 = 0
Other (i.e., “phytosanitary heat 8 8 = 8

treat”)

4.Discussion

The results of the present study are interesting in that trends in average firm size are consistent with
what would be predicted based on theories of the growth of firms. Namely, firms tend to grow larger
over time with the exception of periods of market decline. Of the hardwood sectors investigated,
only nonupholstered wood household furniture has shown a long-term decline in average firm size.
Structural change has reduced the competitiveness of this sector in the United States. Therefore,
smaller wood furniture firms are finding niches protected from larger scale production overseas, and
“smallness” might actually have become a competitive advantage (Buehlmann et al. 2011). Other
major parts of the secondary hardwood industry have realized increasing average firm size since
2010. Similarly, hardwood sawmills have been increasing in size since 2009.

As secondary wood firms grow larger in size, previous research suggests that they can be
expected to request more services from their hardwood lumber suppliers. This notion was supported
by the present small survey, which showed that several of the services invesitgated were being
requested more frequently in 2015 than in 2011. None were being requested less frequently.

Going forward, sawmills likely will need to be prepared to offer more services to their
customers. The RBV, which states that internal capabilities and resources are the main source of
competitive advantage for firms, suggests that sawmills will be well-positioned to meet this market
demand given that they too show a trend of increasing size over time (outside of the recessionary
period). However, S2S and width sorting are services that currently might be under-provided by
hardwood sawmills.
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Abstract

Hardwood research along with softwood research has always been on the agenda of the Georg-
August-University of Goettingen. During the last 15 years the focus was mostly set on wood
modification and impregnation. In April 2012, a special research group was initiated and financed
by the “German Federal Ministry of Food and Agriculture”. The title of the five-year project was
“New markets and applications for native hardwood species”. The project was subdivided into
three parts: (1) The use of deciduous lumber for structural purposes, (2) Deciduous lumber for
exterior uses (3) The use of deciduous lumber for wood based composites. This paper aims on
sketching the most important results from this project, which ended in February 2017. Part (1)
looked at the European hardwoods and their suitability for structural applications — especially in
glulam. Four candidate species were identified and sets of data were gathered, which are believed
to help with the application of hardwoods in construction. Part (2) focused on the modification of
four native hardwoods in order to adapt their characteristics to the requirements of outdoor
applications such as cladding, decking and railway sleepers. Part (3) investigated the possibility of
applying beech LVL in use classes 2 (under cover and exposed to the weather, wetting can occur)
and 3 (exterior, above ground, exposed to weather) according to EN 335. Therefore, different
modification and impregnation substances and processes were tested.

1. Introduction

New approaches to silviculture call for a maximum increase of biodiversity in forests through the
creation of mixed forests. Therefore, more hardwood material will be available in the near future. It
is the declared political will to introduce these hardwood resources into the building sector for a non-
energetic use (Nds. Landesforsten 2011).

In 2012, softwoods covered more than 75 % of the total 70 Mio. m? annual harvest in Germany.
While 80 % of this total amount was used for wood and wood products, 20 % were processed for bio-
energy use. For hardwoods, the proportion was the opposite, only 35 % were used in the building
sector (BMEL 2016). Therefore, in the future it will be necessary to use hardwoods more extensively
for non-bio-energy uses to meet upcoming demands. To ensure future resources for the wood
industry new strategies for improving the utilization of hardwoods normally exclusively used for bio-
energy are needed.

German forests (11.4 Mio. ha) are at present stocked with approximately 54 % of coniferous tree
species and 43 % of deciduous tree species. Hardwood forest areas grew around 7.3 % from 2002 to
2012, while the softwood forest area shrunk by 4.3 % during the same time period. Most wood
species are used sustainably. However, the use of Norway spruce (Picea abies) wood was 15 % higher
than the sustainable growth rate. While the available softwoods in German forests are used
extensively, there is still considerable potential for the use of hardwoods. Beech (Fagus sylvatica) and
oak (Quercus sp.) wood is widely used (beech mainly for bio-energy) whereas species like birch
(Betula sp.) and ash (Fraxinus excelsior) require further applications, e.g. based on their good
mechanical properties.

" Corresponding author: Tel.: +4955119514; E-mail: sbollmu@gwdg.de
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Since the turn of the century more funds for hardwood research were made available to
overcome the gap between growth and utilisation rate. The above-mentioned situation with respect
to the raw wood market was also the starting point for different national and transnational research
activities at the University of Goettingen, Department of Wood Biology and Wood Products. The
research focus was on identifying reasons of the underrepresented use of hardwoods: why is
hardwood only poorly used or rather difficult to introduce to certain markets? Therefore, different
interviews were carried out. The interview partners represented a wide range of roles and interests
in the German Forestry and sawmilling sector. The main findings are summarized in Figure 1.

The reasons why hardwoods are not used are versatile and complex. One of the main factors is
that softwoods are still sufficiently available (BMEL 2016). Furthermore, most interview partners
mentioned that they have a logistic problem with hardwoods. Besides beech and oak, hardwoods
usually grow in mixed forests with several tree species and not in monocultures like spruce. The trees
are mostly distributed as single stems all over the stand and therefore harvesting is more effortful.
Medium dense hardwoods are characterised by complex machinability. Sorting of hardwoods for
construction usage is at present underdeveloped. All these points are highly influenced by the high
variability between the species and also by the quality of timber. Compared to softwoods hardwood
is more heterogeneous. Therefore, the requirements for logistic services and the technical
equipment are challenging as well as establishing new standards for hardwood in general.
Additionally, there is only little customer demand for hardwoods except for the few well-known
markets like furniture, stairs, and parquet flooring industry. Finally, industry-driven innovations with
respect to hardwood products are rather sparse.

2. Research activities

2.1. The use of hardwood for structural purposes

During recent years research activities and efforts by private companies led to a number of European
and German Technical Approvals for glulam made of the following hardwoods are available:
european oak (quercus sp.), beech (Fagus sylvatica), sweet chestnut (Castanea sativa), LVL made of
beech. A further result was the inclusion of the hardwood species beech, oak, maple (Acer sp.), ash
(Fraxinus excelsior) and poplar (Populus sp.) into the European standard EN 1912:2012, which allows
the use of these hardwoods as solid wood product in construction. However, a significant use of
hardwood for load bearing purposes has not been observed, yet.

Firstly, the market and standardisation situation was evaluated and the following three work
items were defined together with industry partners:
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(A) Strength grading,
(B) Surface gluing, and
(Q) Yield.

Special emphasis was on item A (strength grading), where a high improvement potential was
seen. The suitability for a wider use of the six European hardwood species oak, beech, ash, maple,
lime (Tilia sp.) and birch (Betula pendula) was investigated. Therefore, timber availability and the
distribution of characteristics of sawn timber (of typical, market-available assortments) were
determined. For ash and maple a yield analysis from round wood sections to sorted glulam lamellas
was carried out (work item C), which pointed out the need for improved sawing techniques (incl.
sawing pattern), an optimised drying technology and adapted sorting schemes (Schlotzhauer et al.
2017b). When it comes to timber sorting, the grain angle is highly correlated with the final tensile
strength of the glulam lamella It is technically complicated to determine the grain angle on
hardwoods in a non-destructive way. In the course of this project, it was proved that for all the
above-mentioned hardwood species it is possible to determine the grain angles by machine use
(Schlotzhauer et al. 2017a). Furthermore, “size effect” were examined (Schlotzhauer et al. 2015) for
bending, tension and compression parallel to grain (for all six species) as well as tension and
compression perpendicular to grain (for ash, maple and beech). In addition, compression and tension
tests on glulam lamellas were carried out and the results were correlated with the sorting results
(Schlotzhauer et al. 2017b). These experiments revealed the unused potentials (in standard strength
values) of some of the hardwoods, but also pointed out the difficulties in increasing the final yield
(e.g. lower production costs). The evaluation of the suitability of commercially available gluing
systems for surface gluing (work item B) was carried out for the species ash, maple and beech. The
resistance to delamination was often not satisfying (Persch 2016).

2.2. Hardwood for exterior uses

2.2.1. Treatment of hardwood with conventional wood preservatives

Without treatment most of the native hardwood species are not suitable for exterior use because of
their low natural durability (EN 350:2016) and poor dimensional stability. To improve the resistance
against wood destroying organisms and the swelling and shrinkage behaviour the use of conventional
wood preservatives and different wood modification systems was investigated.

In most European countries, wood preservatives are exclusively applied to softwoods. Therefore,
formulation of wood preservatives, efficacy thresholds and schedules of impregnation processes are
made for softwoods. However, due to different anatomical features and chemical composition,
impregnation and fixation mechanisms in hardwoods are likely different from softwoods. Hence, the
following research topics were of interest:

e Penetration, distribution, and fixation of wood preservatives in different hardwoods
e Protective effectiveness of wood preservatives in hardwoods against brown and white rot
fungi (comparison of threshold values between softwoods and hardwoods)

e Impact of preservative treatment on mechanical properties of hardwood
Wood specimens made from beech, oak, poplar and birch were impregnated with different water
borne preservatives. The wood preservatives, which were already approved for softwood, need to be
adopted and optimized for hardwoods (Bollmus and Gellerich 2017). This study is still ongoing and
further investigations will be carried out to understand the different modes of action in hardwoods
and softwoods to optimize impregnation processes and the distribution of active ingredients within
the wood matrix.
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2.2.2. Wood modification of different hardwood species

Different wood modification systems were considered to improve the usability of hardwoods
outdoors focussing on use class 3 (EN 350: 2016) conditions (exterior, above ground, exposed to
weather), e.g. for cladding or decking elements.

Two wood modification systems (heat treatment and wood modification with methylated melamine
formaldehyde resin) were applied, adapted and combined to produce competitive materials for
outdoor applications made from native hardwoods. In close cooperation with industry partners, the
scope of the investigation was the development of a solid wood-based substitute for tropical wood
species. This two-step modification process was chosen to generate a technical and optical
equivalent wood for this purpose.

Beech, ash, lime and poplar were chosen because of their high availability and treatability. The
double modification increased dimensional stability and hardness. The modulus of elasticity (MOE)
and the modulus of rupture (MOR) were almost unaffected, whereas the work in bending was
negatively influenced (Behr et al. 2017a). It became also evident that an adjustment of the process
parameters was necessary to improve the crack resistance and to reduce the embrittlement of the
modified wood (Behr et al. 2017b). Therefore, different tests were carried out to optimize the
modification process. The influence of the different parameters and the quality of the modification
process were controlled by the determination of the nitrogen content, the fixation of the
modification chemicals, the work in bending, and formaldehyde emissions (Behr et al. 2017c).

Secondly, German hardwoods were acetylated to enhance their performance. The investigations
were carried out in cooperation with Accsys Technologies (Arnhem, The Netherlands). Accsys
Technologies is working on the development of commercially viable acetylation processes for
additional wood species. Beech, alder, lime and maple were acetylated in an industrial process to
high loadings in commercial sizes. The resistance of the material against fungal decay was tested
according to CEN/TS 15083-1 using Rhodonia (Poria) placenta and Trametes versiolor. Only very little
mass losses were determined for the acetylated wood indicating significantly improved durability if
exposed outdoors. Furthermore, dimensional stability tests (Anti-Swelling-Efficiency) showed that
the acetylated wood was highly dimensional stable under cyclic changing moisture conditions. In
addition, the performance under artificial weathering and the mechanical properties (hardness,
bending strength and stiffness) of the acetylated woods were determined. The results were overall
promising and upscale efforts will be made to demonstrate uniformity and reproducibility of the
acetylated (German) hardwoods (Bollmus et al. 2015).

2.2.3. Potential substitute products for the use of creosote in railway sleepers
made of Beech

An important field of application for beech wood in Germany are railway sleepers. Standard track
sleepers are made of creosote impregnated beech. Creosote as an oil-based wood preservative is
one of the oldest industrially used wood preservatives for products in heavy-duty applications (use
class 4) like railway sleepers, timber bridges, utility poles and piles in the marine environment (use
class 5). Because of its high variety of chemical compounds, creosote provides a wide spectrum of
efficiency against wood destroying fungi (especially soft rot), insects and marine borers. Additionally,
the hydrophobic character of the oil reduces the water uptake of impregnated timber. However,
creosote is classified as harmful to the environment and human health. Therefore, its use is
restricted for selected products and a complete ban is expected for the near future. This leads to the
necessity for finding alternative products.

The first step of the project was, to investigate the reasons for (premature) failure of sleepers to
use this information to create optimal novel protection systems for the impregnation of railway
sleepers. It was investigated whether mechanical or biological defects are the main cause of failure.
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A possible distinction is necessary for the selection of the protective agent components and their
properties.

The causes of failure differed significantly between sleepers used for standard tracks and
industrial trains, or railway stations under the roof. The examined standard sleepers showed
predominantly a biological attack by brown and soft rot, mechanical damage was scarcely visible.
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Figure 2. Sleepers showing severe signs of brown (left) and soft rot attack (middle). No mechanical damage
(right).

Substitute products for creosote should have similar properties compared to creosote
impregnated material regarding rot resistance and mechanical properties, particularly concerning the
effectiveness against soft rot and copper tolerant fungi, which are the main causes for insufficient
protection of conventionally impregnated products in heavy-duty applications.

Also, the Deutsche Bahn AG in Germany formulated requirements towards new alternative
wood preservatives such as:

e The performance of the environmental compatibility must be given
e The active ingredients must show a low leachability
e Results from laboratory and field tests regarding protective effectiveness against wood
destroying basidiomycetes
e Mechanical properties similar to creosote impregnated sleepers, mainly bending, tensile and
fatigue behaviour
e Fulfilment of required standards for electrical conductivity
e Corrosion resistance
e Further use of conventional impregnation plants
The potential of different copper organic wood preservatives as well as some oily products was
investigated for the use in railway sleepers where the focus was on:

e Optimization of impregnation processes for railway sleepers

e Examination of physical, mechanical and biological properties of the impregnated wood

e Examination of products-specific properties like corrosion or electrical conductivity.
The tested wood preservative systems in this project showed promising results in laboratory tests.
Based on these results, the protective systems are generally suitable for the impregnation of railway
sleepers. A critical point could be the crack performance. The treated specimens showed a similar
formation of cracks than untreated beech.

2.3. Laminated veneer lumber (LVL) made of beech wood

Beech-LVL and derived products are already used and accepted for structural purposes, e.g.
fabrication halls and multi-story buildings, though they benefit from its higher mechanical properties
compared to softwoods. The Pollmeier company started in 2014 their production plant in Creuzburg
(Germany). Today many reference objects prove the applicability of this product (Polimeier 2014).
However, the susceptibility to biological decay and possibility of dimensional changes limit the
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applicability to dry climate conditions. The aim of the project was therefore the development of a
laminated veneer lumber (LVL) made of beech for application in use class 3 (external application
without ground contact). First tests were carried out and 1) LVL was impregnated with conventional
preservatives, and 2) LVL was produced from thermally treated veneers. Both approaches did not
lead to satisfactory results, since crack performance and dimensional stability were not acceptable
(Bollmus and Gellerich 2017). Therefore, LVL was modified on basis of phenol formaldehyde (Bicke
and Militz 2015). This seemed to be more attractive than other chemical treatments or thermal
modification, because earlier work showed a sufficient preservation of the mechanical properties,
which is crucial for building applications. The treatment was applied to decrease the water uptake
and the extent of dimensional changes by incorporating the phenol formaldehyde resin inside the
cell wall polymers to achieve a permanent bulking and a resistance against fungal decay. Therefore,
rotary cut beech veneers were treated with low molecular weight alkaline phenolic resins with the
aim of an optimal cell wall modification. The process contained a two-step impregnation, where a
vacuum was followed by atmospheric pressure and a pre-drying. The final curing of the resin took
place while gluing the veneers in a heated press to form LVL-boards. The used resins were water-
soluble alkaline types with a low molecular weight and commercially available. First results have
shown that LVL from the PF-modified beech veneers is highly durable against degradation by the
white rot fungus Trametes versicolor and at the same time dimensionally stable. The cell wall
modification with PF also provides a higher compression at relatively low production pressures,
wherefore increased modulus of elasticity (MOE) and modulus of rupture (MOR) are achieved. It has
to be dealt with an increased stiffness and a reduced impact bending work. Thus, it will be a major
challenge to identify the needed material characteristics for a specific product application and to
adapt the process. Even though there is still research to be done concerning natural weathering and
other corrupting influences, it is believed that the modification with PF at low and moderate weight
percent gains (WPG) can lead to durable products in structural and outdoor applications.
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Abstract

Cross Laminated Timber (CLT) is a relatively new building system that is just starting to gain
traction in North America. CLT has attracted the attention of construction professionals,
developers, and researchers across the world; in part due to its environmental, economic, and
aesthetic advantages. Although virtually all CLT structures are manufactured using softwood
species, there is growing interest in the possibility of manufacturing CLT panels out of hardwoods.
However, at the present time, research on hardwood CLT is scarce but existing results suggest
that it is technically feasible. In this paper, the authors explore the potential of manufacturing CLT
using North American hardwood species; specifically, an analysis is made about technical
feasibility and procurement issues are discussed as well.

1. Introduction

Cross-Laminated Timber, or CLT (Figure 1), a relatively new structural material, is defined by ANSI as
“Prefabricated engineered wood product made of at least three orthogonally bonded layers of solid-
sawn lumber ... (ANSI 2012, p. 3).” The cross-laminated configuration improves the rigidity, stability,
and mechanical properties of the product (Evans 2013). As CLT panels are being built in sheltered,
climate-controlled factories, where also the openings for windows, doors, and service channels are
cut using CNC (Computer Numerical Controlled) routers, high precision and productivity can be
achieved. After manufacturing, panels are transported to the construction site and assembled using
metal connectors such as steel angles and metal splines (Crespell and Gagnon 2011).

CLT allows covering long spans without intermediate support and without compromising the
structural integrity of the structure, which is impossible to attain using traditional wood products
(Kwan 2013). CLT as a structural system allows for short erection times and lower labor costs
compared to steel and concrete, with little waste and disturbance to a construction site’s
surroundings. CLT has also environmental benefits compared to other structural systems.
Furthermore, abundant evidence of the environmental advantages of building with wood-based
materials exist (CORRIM 2010, Hubbard and Bowe 2010, Lippke et al. 2004, Wilson et al. 2005). While
production in CLT is still concentrated in Central Europe, it is believed that most of the growth during
the next decade will occur outside this region (Plackner 2015). As of September 2016 there were four
CLT producers in North America (Espinoza et al. 2016) , one in New Zealand, and seven in Japan.
Plans for manufacturing facilities in other countries exist, such as Australia, Korea, and Chile.

The United States has abundant forest resources, with 7.5% of the world’s forest area and one-
third of the country’s total area (FAO 2011). Some of the most productive forests are in the U.S., in
areas such as the South eastern United States, the Appalachian region, or the Pacific Northwest,
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forests that contain numerous species (Figure 2). While the forests east of the Mississippi are
predominantly populated with broadleaf trees, the west is dominated by gymnosperms. U.S. forests’
long-term sustainability faces significant challenges from insect and disease. The U.S. Forest Service
estimates that approximately 56 million acres of National Forest lands need removal treatment
(Forest Products Laboratory 2000) and 36% of these forests are at “most significant risk” of insect
attack and disease (Krist et al. 2014). Given the extent of damage by disease and pests, it is important
to find uses for the affected material, which for the most part is still suitable for processing into
numerous end-products (Forintek 2003, Uyema 2012).

Figure 1. Example softwood CLT panel sections.

There is also a pressing need to grow markets for high value-added forest products in the U.S.
The industry is among the 10 top manufacturing employers in the states within the region, and is
particularly important in rural communities. However, the forest industry has been facing challenges;
for example manufacturers have been losing considerable market share to overseas producers for
over two decades (Buehlmann and Schuler 2009, Buehimann et al. 2007, Schuler and Buehlmann
2003). Further, the Great Recession from 2007-2009 has reduced domestic demand, resulting in
plant closures and thousands of layoffs (Woodall et al. 2011), while substitute materials continue to
take market share from wood (particularly for exterior siding and decking). Generating economically
viable uses for the continent’s wood is critical for bolstering struggling economies in timber-reliant
rural communities, and is a necessity for enhancing forest health and reducing the risk of wildfires
and vulnerability to insect attack, disease, and drought (Levan-Green and Livingston 2001).

Figure 2. Forest concentration in the United States (Simmon 2011).

124



Natural resources and bioeconomy studies 80/2017

2. Objectives and methods

CLT is almost invariably made of softwood species, including Norway spruce (Picea abies), white fir
(Abies alba), or Douglas fir (Pseudotsuga menziesii). However, there is increasing interest of using
hardwood species in the manufacture of cross-laminated timber (CLT). Some of the reasons are the
changing makeup of some forests, and the desire to make use of underutilized or low-value
hardwoods. This paper explores the technical and economic feasibility of manufacturing CLT from
hardwoods, with a focus on the United States. The method followed for this analysis was a review of
current academic literature, including peer-reviewed journals, conference proceedings, theses and
dissertations. Additionally, other sources were consulted, such as industry trade reports, industry
associations, standards, news notes, and personal contacts with industry representatives, association
officials, and researchers.

3. Results

The American Hardwood Export Council (AHEC), an international trade association of the American
hardwood industry, whose major tasks is to promote U.S. hardwood products worldwide (AHEC
2016a), has undertaken the construction of urban installations made of Yellow Poplar (tulipwood,
Liriodendron tulipifera) cross-laminated timber (CLT). For example, the Endless Stair (Slavid 2013),
which was presented at the 2013 London Design Festival, consists of a large structure composed of
15 interlocking staircases. The endless stair was designed by Rijke Marsh Morgan Architects and
engineered by Arup. Yellow Poplar CLT in three layers was used for the treads and railings (Slavid
2013).

AHEC also commissioned a life cycle analysis on the environmental impact of this project. One of
the conclusions was that the total amount of carbon stored within the wood itself exceeded all of the
carbon emissions resulting from the manufacturing, transport, and installation of the project. Also,
the authors of this study calculated that it takes less than 2 minutes for the 100m? of Yellow-poplar
logs needed to produce the Endless Stair to be replaced by new growth (AHEC 2013).

More recently, The Smile, designed by Alison Brooks architects and engineered by Arup, was
presented in the grounds of the Chelsea College of Arts in London. The Smile is an impressive curved
and hollow structure 33 m long, over 3 m high, and 4.5 m feet wide (AHEC 2016b).

Figure 3. The Endless Stair (AHEC 2016b).
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3.1. Existing research

Research on cross-laminated timber made of hardwood species for North American species is
relatively scarce. However, research activity on this subject has gained speed in recent years as the
industry and academia is starting to recognize the importance of the topic. Table 1 displays the
country, the research institute, the title and the author(s) of research published on hardwood CLT in
North America with a brief summary of each investigation being presented further below.

Table 1. Research published on hardwood CLT.

Country Institution Topic Reference
Canada FPInnovations Performance of CLT made from (Grandmont and Wang
LVL, LSL and hardwood 2016)
United Virginia Tech Design methods to predict (Beagley et al. 2014)
States mechanical performance of
hardwood CLT
United West Virginia Adhesive bond quality of yellow- (Hovanec 2015)
States University poplar CLT
United Virginia Tech Mechanical properties of yellow- (Mohamadzadeh and
States poplar CLT Hindman 2015)
United Oregon State Mechanical properties of hybrid (Kramer et al. 2014)
States University poplar CLT

Researchers at Virginia Tech and West Virginia University have carried out studies on the
feasibility of using lower grade hardwoods for CLT manufacturing. These researchers focused on
Yellow Poplar (Liriodendron tulipifera), one of the most abundant hardwood species in the U.S.

The quality of the adhesive bond of Yellow Poplar for CLT production was studied by Hovanec
(2015), at West Virginia University. He studied the effects of factors such as adherent thickness,
lamination orientation, and orthotropic orientation. Results showed that lamination orientation
significantly affected bond strength. Adherent thickness was also found to influence bond strength.
Interestingly, no differences were observed with failure or delamination when compared with
softwood CLT.

At Virginia Tech, Mohamadzadeh and Hindman (2015) investigated the mechanical performance
of CLT made out of Yellow-poplar, using the American standard ANSI/APA PRG 320 (ANSI 2012). Test
values for bending stiffness, bending strength, and resistance to delamination exceeded the required
values in the ANSI/APA PRG 320 standard (ANSI 2012), but were lower than the required values for
resistance to shear and compression loading. Compared with softwood species (Southern pine) and
hybrid poplar, bond line shear strength of Yellow-poplar CLT was 19 and 43% greater, respectively
(Mohamadzadeh and Hindman, 2015).

Beagley et al. (2014), also at Virginia Tech, investigated various design methods for predicting
mechanical performance of CLT. Methods included in the analysis were the Shear Analogy Method
(SAM), Gamma method, k-Method, and the transformed section analysis, all approved for softwood
species. Predicted values were compared with experimental data, obtained by non-destructive
testing of Yellow-poplar (Liriodendron tulipifera), 5-layered CLT beams. The authors also listed the
design methods most suitable for predicting different values of mechanical performance of CLT
(Beagley et al. 2014).

Kramer et al. (2014) at Oregon State University evaluated poplar and hybrid poplar as a raw
material for CLT. These researchers used environmentally-certified (FSC) plantation hybrid poplar
(Pacific albus) of low density (specific gravity of 0.35) to manufacture and test ten CLT panels under
the ANSI/APA PRG 320 (ANSI 2012) standard (Kramer et al. 2014). The authors indicated that hybrid
poplar CLT exceeded shear and bending strength required by the standard ANSI/APA PRG 320 (ANSI
2012), but stiffness (MOE) was lower than the grade E3 of the standard.
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In another experiment, researchers at FPInnovations in Canada, used hardwood species (yellow
birch, aspen, sugar maple) used in engineered wood products (laminated strand lumber (LSL) and
laminated veneer lumber (LVL) to build and test CLT panels (Grandmont and Wang 2016). These
authors studied dimensional stability and appearance with changes of equilibrium moisture content
(4.5, 12, and 16%). The performance of the panels produced was then compared with CLT panels
made entirely from softwoods (spruce, pine, fir). According to the study’s results, higher density
species were prone to delamination. Checking and edge separation were also observed. The best
results in respect to delamination were obtained when using engineered wood products such as
Laminated Veneer Lumber and Laminated Strand Lumber Grandmont and Wang (2016) hypothesized
that higher shrinkage values, chemical properties, and microscopic structure of the wood may
interact to explain the observations made. Interestingly, using hardwood for the core layer and edge
gluing the outer layers had a detrimental impact on performance. Lastly, a cost estimation and
comparison with softwood CLT was carried out, with prices of hardwood CLT (solid or engineered)
significantly higher than the softwood variety (Grandmont and Wang 2016).

The research presented in this section shows that it is technically feasible to manufacture CLT
using hardwood species, with structural performance comparable to softwood CLT. The motivation
behind studies involving the manufacturing of CLT using hardwoods species is driven by the need to
develop high value-added uses for hardwood species that are relatively abundant and/or
underutilized. Some authors have suggested that hardwood CLT may open new applications for this
engineered wood product, while others maintain that hardwood CLT may simplify the design
process. In the following sections, we discuss the practical implications of potentially manufacturing
and using hardwood CLT in the United States.

4.Discussion

As discussed above, in recent years, a number of researchers in the U.S. and Canada have studied the
feasibility of manufacturing CLT with hardwood species (Table 1). In the following paragraphs, we
present and discuss various topics relevant to the possible adoption of hardwood species as raw
material for CLT manufacturing and its use in construction.

4.1. ANSI/APA PRG 320

In 2012, the Engineered Wood Association, or APA, released the “Standard for Performance-Rated
Cross-Laminated Timber,” ANSI/APA PRG 320 (ANSI 2012). This standard “provides requirements and
test methods for the qualification and the quality assurance for performance rated cross-laminated
timber (CLT) intended for use in construction applications” (ANSI 2012, p. iv). This ANSI/APA PRG 320
(ANSI 2012) standard specifies allowable design properties for CLT panels in seven grades. It also lists
materials requirements for the manufacture of CLT panels for structural applications. Currently there
are two producers in the U.S. and two in Canada certified to produce CLT for structural uses.

However, the current version of the ANSI/APA PRG 320 (ANSI 2012) standard recognizes only
softwood species for CLT manufacturing. Thus, any future development of hardwood CLT in the U.S.
must start with the inclusion of hardwoods as a recognized material in the American standard for
CLT. The process to change the standard requires significant industry commitment and involvement
including the generation of technical data to support and justify the inclusion of a new material. At
the time of writing, the committee in charge of the revisions of the ANSI/APA ANSI/APA PRG 320
(ANSI 2012) standard was still active, but with revisions due by November of 2017 to meet the 2018
code deadline, potential inclusion of hardwoods is unlikely.
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4.2. Material considerations

The ANSI/APA PRG 320 (ANSI 2012) standard requires that wood species to be used for CLT
manufacturing have a specific gravity (SG) of 0.35 or greater. Most hardwoods have SG values higher
than 0.35, as Table 2 shows. Moreover, this stipulation would exclude some softwoods, such as
Northern white cedar (0.31), Western red cedar (0.32), sub-alpine fir (0.32, Forest Products
Laboratory 2010). Although there is no requirement for shrinkage in ANSI/APA PRG 320 (ANSI 2012),
hardwood species in general have values of shrinkage 30% higher than softwoods (Forest Products
Laboratory 2010), which may have implications for the design, manufacture, construction, and
service performance of CLT panels.

ANSI/APA PRG 320 (ANSI 2012) requires moisture content (MC) of 12 + 3%. Softwoods for
structural purposes are dried to 19 or 15% moisture content. Hardwoods (and softwoods) used for
value-added uses, such as furniture, flooring, kitchen cabinets, and millwork, are dried to lower MCs,
usually 6 to 8%. This difference in practices in the softwood versus the hardwood lumber industry
may work as an advantage for hardwood as raw material for CLT, as there is considerable experience
in the industry for drying to lower moisture contents. However, drying times are in general longer for
hardwoods than softwoods of the same thickness and final MC. For example, one-inch thick Yellow-
poplar, one of the fastest drying hardwood, takes 3 to 6 days to dry from air-dried condition (20%) to
6% MC, and 6 to 10 days to dry from green condition, while these times for Eastern white pine (Pinus
strobus) are 2 to 3 days for material that is air-dried (20%) and 4 to 6 days for green lumber (Simpson
1991). Another difference between drying of hardwoods and softwoods is the amount of volatile
organic compounds (VOCs) that they released during the drying process, with most hardwood
species releasing lower amounts of VOCs. For example, drying of Yellow-Poplar releases 0.14 kg/m?
(0.71 Ib/MBF, Rice and Erich 2006), whereas drying southern yellow pine releases 0.58 kg/m? (3.0
Ib/MBF, Milota and Mosher 2008).

Probably most important for material consideration for hardwood CLT is the higher mechanical
properties of hardwoods. A comparison between spruce with oak, ash, and beech, shows that
tension perpendicular to the grain of hardwoods can be more than 2.5 times that of softwoods, and
more than 1.5 times in bending and compression parallel to the grain. This means that smaller cross-
sections and larger spans are possible with hardwood CLT. The greater densities of hardwoods may
also reduce the need for acoustic insulation. In floor applications, the modulus of elastic is of
disproportionate importance. The outer layers define 95% of the stiffness properties of a CLT panel.
Thus, hardwood does have properties that are beneficial for the performance of CLT panels;
however, at the present time not enough research has been conducted to knowing exactly what
benefits can be derived from using hardwoods for the manufacture of CLT panels.
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Table 2. Specific gravity (12% MC) of selected American wood species (Forest Products Laboratory 2010).

+ Softwoods % Hardwoods
0.75 -~
0
SG at 12% MC o ickon
0.70 -
® 0ak, white
0.65 4
¥ Beech
® Maple, sugar
& Birch, yellow
0.60 -
Longleaf pine & & Oak,red
055 - & Walnut, black
Tamarack &
Lobiolly pine @
0.50 - @ Black cherry
#® Blak ash
Dougias fir @
® Maple, silver
Red Pine @ € Red gum
Western hemlock @ 0.45 -
@ Chestnut
@ Yellow poplar
0.40 - % Cottonwood
Fir, white & .
Aspen, quaking
4 Basswood
Spruce, Engelmann
Fastern white pine ¢ 0.35 -
Western redcedar @

0.20

4.3. Procurement and processing considerations

The American standard ANSI/APA PRG 320 (ANSI 2012) requires that the thickness of the layers for a
CLT panel be between 5/8 and 2 inches (16 to 51mm). Furthermore, widths of the laminations must
be equal or greater than 1.75 times the thickness for the parallel layers (major strength direction),
and 3.5 times the thickness for perpendicular layers (minor strength direction, ANSI 2012). For
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dimension lumber, this would exclude certain sizes, such as 2x2 and 2x3 for the parallel layers and
1x2, 1x3, 2x2, 2x3, 2x4 for the perpendicular layers. This limits the number of sizes that a dimension
mill can supply to a CLT manufacturing plant and is a potential issue for hardwood sawmills as
hardwood sawmills tend to cut thinner lumber of highly variable width compared to softwood
lumber. Anderson (2016) in one calculation states that, if manufacturing costs and availability
considerations are added to the analysis of the optimal combination of grade and size for the
manufacture of softwood CLT, the best combination would be #2 and Better and nominal 2x8,
respectively. Lumber of such grade and size has the lowest 10-year average price per thousand board
feet, allows for a reasonable layer lay-up time, and represents about half of all product grade
distribution of Western dimension mills. The same analysis concluded that, under this scenario, a
hypothetical large CLT manufacturing facility in the western U.S. would need access to lumber from
at least five dimension mills to supply 90,850 m*® (24 MMBF, Anderson 2016). This suggests
procurement challenges for a potential hardwood CLT industry, as the typical hardwood sawmill in
the U.S. has a capacity of under 16518 m? (7 MMBF, Espinoza et al. 2011), thus limiting the feasibility
to large mills. Moreover, hardwood sawmills typically saw a variety of species, sizes, and qualities
(Espinoza et al. 2014), which may diminish the ability of most hardwood sawmills to supply a CLT
manufacturing operation with the right species, dimensions, and qualities.

Differences in adhesion and gluing between hardwoods and softwoods also need to be
addressed when planning to manufacture CLT using hardwood species. In general, a higher capacity
press is needed for processing hardwoods to allow the compressing of stronger and stiffer wood in
higher-density hardwoods. The higher density can also cause more stresses in the bond line because
of dimensional changes from moisture variations. Some extractives, which occur in higher
concentration in hardwoods, may interfere with gluing by limiting available bonding sites, and the
acidity of some extractives may affect curing of adhesives. Thus, adhesives should be specifically
formulated for hardwoods to assure proper bonding and performance. In addition, the use of a
primer or additional surface preparation may be required as well as the careful monitoring of the
maximum thickness of the glue line. Thus, the hardwood CLT industry must rely on a close
collaboration with an adhesive provider to assure well-performing yet cost effective adhesive bonds
in hardwood CLT.

5. Conclusions

The research reports reviewed in this publication suggest that hardwood CLT for structural uses is
technically feasible. Furthermore, the higher mechanical properties of hardwoods could potentially
expand the applications of CLT to greater spans and higher loads while reducing the size of the cross
sections needed.
However, there are some challenges to incorporating hardwood as a major raw material for CLT. The
first one is the need to obtain inclusion of hardwood as a recognized material in the American CLT
standard ANSI/APA PRG 320 (ANSI 2012). Also, technical issues such as procurement, gluing, and
grading need to be investigated and resolved. Furthermore, the cost differences between hardwood
and softwood lumber may have negative impacts on the economic feasibility of hardwood CLT.
Nonetheless, a hardwood CLT industry would certainly bring economic benefits, generating
economic opportunities in rural communities, and expanding markets for underutilized and/or low-
value hardwoods. Such an industry would most likely also support forest landowners in their fight
against disease and pests by providing economic incentives to improve forest management.
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Abstract

Curly birch (Betula pendula var. carelica (Mercklin) Himet-Ahti) is a special variety of silver birch,
known for its hereditary and unique, highly decorative curly-grained and brown-figured wood. It is
the most highly-priced variant of native tree species in the Nordic countries. Curly birch logs and
veneer are used for furnishing and paneling e.g. banks, offices, luxury homes, ships and expensive
cars. Wood with smaller dimensions is used in carpentry for highly valued products such as gifts,
souvenirs, tools and furniture. Curly birch occurs naturally, but rare, in Northern Europe and parts
of Eastern and Central Europe. Its cultivation has a long tradition in Finland. Interest in
commercial cultivation of curly birch has, however, increased significantly since the 1980’s. As a
result some 6500 hectares of curly birch stands have been established. They will soon start
reaching their rotation age (35-50 years). Small-sized wood from thinnings is already available in
abundance. The significantly increasing availability of this exceptionally beautiful wood resource
makes it possible to develop new wood products based on this, now cultivated, variant. The wood
material is suitable also for premium products with high class design. Earlier the poor availability
of curly birch wood has prohibited developing such products. Now wood will soon be available
regularly in larger quantities than today, enough for both domestic use and export. Silvicultural
management of curly birch has to be done with special care, from plantation establishment,
through right-timed thinnings to branch pruning and final cutting. In this article the wood
characteristics and utilization, silvicultural practices and the rapidly changing market issues of this
wooden ‘marble’ are reviewed.

1. Introduction

Curly birch is known for its hereditary and unique, highly decorative curly-grained and brown-figured
wood. Due to its rarity and very special wood, it has for centuries been sought after in the forests for
purposes where decorative or strong wood was needed and it is still the most highly-priced variant of
native tree species in the Nordic countries.

According to the current taxonomy (Hamet-Ahti 1987, Hamet-Ahti et al. 1992) curly birch (Betula
pendula var. carelica (Mercklin) Hamet-Ahti) is regarded as a special variety of silver birch, but
several Latin names have been in use in course of time. A number of generic names have also been
used, e.g. Masur or Mazer birch, Karelian birch and speckled birch (see Velling et al. 2000 and
references therein).

Curly birch occurs naturally in southern Scandinavia and Finland, the Baltic countries and
western Russia, Belorussia and Ukraine. Sporadic populations are to be found also in Poland,
Germany and Slovakia (Pagan and Paganova 1994). Throughout its distribution area curly birch is
rare, occurring as solitary trees or small groups of trees. Its distribution is often related to areas
where shifting agriculture including burning of land was practiced until the early 1900’s (Heikinheimo
1951).

Cultivation and research of curly birch have a long history in Finland, dating back to the first
experiments by Aaltonen and Heikinheimo in the 1920’s and 1930’s (Heikinheimo 1951). Thanks to
the active guidance and consulting by the Finnish Curly Birch Society (Huuri 1978), the enthusiasm
and knowledge about curly birch increased, which led to a significant and long-lasting increase in its
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cultivation starting in the late 1980’s. Thus, in the near future wood of this earlier rare variant will be
available in larger quantities than before.

The aim of this article is to review and discuss the special features of this unique variant in terms
of wood characteristics and utilization, silviculture and the rapidly changing market issues.

2. Curly wood formation and wood properties

Curly birch wood is the result of abnormality in the functioning of the cambium. Groups of cambium
cells cease to divide, as the surrounding cells divide rapidly and wound callus and brown parenchyma
cells are born and become incrusted in the wood (Hintikka 1941, Ruden 1954, Johnsson 1974). As a
result, the annual rings become wavy, the tissue exceptionally oriented and the pith rays dilated. In
the cross section of a curly-grained birch stem, V-shaped brown patterns are seen, which can form a
pronounced and closed “curly-grain flower” configuration. When the bark is peeled off, the surface
of the stem has a decorative granulated appearance with small oblong swellings and depressions. A
longitudinal tangential cut shows a lens-like configuration (Hintikka 1941, Ruden 1954, Saarnio 1976).
Scientific studies of the technical properties of curly birch in Finland are practically nonexistent, in
spite of the fact that curly birch is such a regional specialty in our country and the neighbouring
areas. In Russian literature more studies may probably be found (see the literature list by Etholén
and Huuri 1982).

Wood density and hardness of curly birch are higher than those of ordinary silver birch. Wood
density and strength properties of curly birch were studied by Hintikka (2004). Oven-dry density p, of
wood samples consisting entirely of curly birch wood was 680 kg m™ and air-dry density p1, (in 12%
humidity) was 730 kg m™, while air-dry density p;s of silver birch was 640 kg m™. In wood samples
which were mixtures of curly and normal wood the values were somewhat lower, i.e. oven-dry
density po was 650 kg m™ and air-dry density p;, 700 kg m™ (Hintikka 2004). The strength properties
of curly birch reported by Hintikka (2004) were generally lower than those for silver birch. However,
according to Sokolov (1937, cited in Hintikka 2004) the Janka-Brinell hardness of curly birch and
normal silver birch was 471 kg cm™ and 403 kg cm™, respectively.

3. Growth form and various stem types of curly birch

Curly birch trees differ in many ways from normal silver birches in terms of external morphology. The
stem form of curly birch varies from crooked multi-stemmed bushes to straight single-stemmed trees
(Ljubavskaja 1978). Due to their slower growth curly birches remain shorter than normal silver
birches (Heikinheimo 1951, Karkkainen et al. 2017). The trunk of curly birch, which is typically forked
and leaning, contains swellings, knots and protuberances and is covered by thick, cracked and partly
black bark. The abundance and appearance of the curly formation also varies (Mikkola 2004).

Saarnio (1976) described four stem types which differ regarding their external morphology and
the abundance and type of internal curly configuration with brown figures in the wood:
protuberance, neck, stripe and ring curl. The trunk of protuberance curl contains small knobs,
approximately an inch in diameter, located close to each other. Usually they are externally visible
and can be felt by hand. Straight-stemmed treelike individuals, suitable for turning (veneering) with
abundant protuberance formation and rich curly configuration with brown figures in the wood are
the most valuable and in highest demand (Mikkola 2004). In the trunks of the neck type there are
distinct thickenings “muffs”, containing curly grain pattern in the wood, and thinner parts “necks”,
usually containing normal wood. The trunk of the stripe type contains vertical ridges with furrows in
between, and that of the ring type transverse thickenings. The wood of these latter two types does
not have brown configuration, but the ring type typically contains light-coloured patterns resembling
wavy or flamy birch. Stripe and ring types are not planted or collected commercially for export
(Mikkola 2004), since they are quite rare types. Most of the curly birch trees are, however, mixtures
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of two curly types (Saarnio 1976). It should be noted that wavy and flamy wood forms are called
“curly” e.g. in American classification of figured wood (Beals and Davis 1977). This differs from the
classification used in our paper.

External signs of curliness on the stem do not always guarantee the existence of curly grained
wood with brown figures within it, and on the other hand, sometimes a fine curly pattern can be
found in the cross-section of a felled stem without any visible external signs on the stem. According
to the external appearance of the stem, the formation of curly-grained wood can usually be detected
at 5-6-year-old seedlings (Johnsson 1951, Ruden 1954, Saarnio 1976), but the age for appearance of
external signs can vary as much as 2-30 years. Trees growing on fertile sites and in wider spacings,
usually express the curly-grain formation at an earlier age (Heikinheimo 1951). So far, there is no
method for reliable identification of the quantity or quality of curly pattern on living trees or even
the entire felled logs. Salmi et al. (2007) presented an ultrasound method for differentiating curly
birch from silver birch on wood samples in laboratory circumstances indicating 93% probability of
correct type classification using computerized clusterization.

4. Curliness is a hereditary trait

Several hypotheses have been presented on the primary cause of curly wood formation (Velling et al.
2000). Site nutrition and climatic factors were regarded as reasons for this abnormal development
‘Wisa disease’ by Hintikka (1922). It has also been attributed to viruses and other pathogens by e.g.
Atanasoff (1967). However, Heikinheimo (1933) was the first to show that curliness is a hereditary
trait and passed from generation to another via seeds. This has later been confirmed in several
studies using different types of breeding material (Heikinheimo 1951, Johnsson 1951, Velling et al.
2000, Paganova 2004, Karkkainen et al. 2017).

The proportion of individuals expressing curly-grained pattern within the progeny depends a lot
on the mother tree and on the amount of pollen coming from the surrounding curly trees, when seed
is collected from solitary trees in the forests. It can, thus, vary from 1 to 50 % (Heikinheimo 1951,
Johnsson 1951). Seed from controlled crosses of curly trees produces 60-70% trees with curly-
grained wood (Karkkainen et al. 2017).

Like the basic cause of curly-grained wood formation, also the pattern of inheritance of curly
trait has been speculated (Johnsson 1951, 1974, Ruden 1954). Ruden (1954) was the first one to
explain the genetical back-ground of curly-grain formation on the basis of a dominant ‘masur gene’
that is lethal in homozygotic conditions. The hypothesis of Ruden (1954) was supported by the
observations of Paganova (2004) and recently by Karkkainen et al. (2017).

The molecular and physiological basis of curly wood formation is, so far, poorly known and only
a few studies are available. Patidla et al. (1978) observed differences in carbohydrate composition of
the sap of curly and normal silver birches, of which only the latter ones contained sorbitol.
Novitskaya (1998) reported accumulation of sucrose in the phloem of curly birch. Ahokas (1985)
found higher cytokinin content in the spring sap of curly birch compared to that of normal silver
birch, which could be the reason for the poorer apical dominance of curly birch trees and possibly
even for the curly-grained wood formation itself, as suggested by Ahokas (1985). Because curliness in
birch entails drastic changes in the wood structure, growth form and external morphology as well as
the vitality of the trees, it can be assumed, that the gene(s) behind are important, and thus studies
on this aberrant form can provide knowledge and understanding of wood formation and growth
processes in general (Karkkainen et al. 2017).

5. Cultivation and silviculture of curly birch

Cultivation and silvicultural management of curly birch has to be done with special care, from
plantation establishment, through branch pruning and right-timed selective thinnings to final cutting.
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Successful management demands special expertise, significant effort and economic contribution
from the forest owner. However, if the silvicultural measures are well-timed and carried out in a
correct way, it is possible to reach 10 times greater profit than that for normal birch (Raulo and Sirén
1978, Hagqvist 1996).

The history of curly birch cultivation in Finland dates back to the 1920’s and 1930’s, when the
first large experiments were carried out mainly by professor Olli Heikinheimo (Heikinheimo 1951).
Since then, the genetic quality of the seedlings cultivated has been improved by plus tree selection,
crossings, progeny testing and production of genetically improved material in greenhouse seed
orchards (Lepistd 1973). A tissue culture method for vegetative propagation of the valuable curly
birch individuals was developed in 1986 (Ryynanen and Ryynanen 1986), and the micro-propagated
plants are widely used (roughly 50% of all planting stock) for practical cultivation nowadays in spite
of their higher price. Seed orchard seed produces 60-70% trees with curly-grained wood and
vegetative micro-propagation 100%.

In Finland curly birch is mainly cultivated in the southern part of the country, where it grows
best, but there are also a few encouraging examples from Northern Finland where cultivation of curly
birch has succeeded well (Etholén 1978). For cultivation of curly birch a fertile upland site with light
mineral soil and good aeration should be selected. Site preparation is needed before plantation
establishment especially on former agricultural land (Hagqvist and Mikkola 2008). Usually 1600
seedlings are planted per hectare, but if there is a risk of damage by browsing animals, i.e. moose
(Alces alces), hare (Lepus spp.) and voles (Microtus spp., Myodes spp.), it is recommended to plant up
to 2500 seedlings per ha. When expensive micro-propagated plantlets are used, some 800-1000
plantlets (sometimes as low as 400) are used to reduce the costs. Seedlings can be protected against
the moose by fencing and against voles and hares using plastic plant shields. Excess ground
vegetation is removed from covering the seedlings during the first 2-3 years, and cleaning is needed
to remove sprouts of other broadleaves.

Artificial branch pruning is practiced to maximize the amount of turnable wood in the stem
(Heikinheimo 1951, Sarvas 1966). It should be started as early as after 2-3 years after plantation
establishment and continued in stages until wanted height is reached, normally up to 2.5 — 5 meters.
The best time to carry out pruning in Finland is from late June till late July (Haggvist and Mikkola
2008).

Normal silver birches are removed from the stand at the age of about 10-13 years, when the
dominant height is 7-9 m (Heikinheimo 1951, Sarvas 1966, Hagqvist and Mikkola 2008). Thereafter
repeated thinnings from below are carried out to remove the curly trees with low quality to provide
the best ones with sufficient space and light. As a general rule, the thinnings should be light and
repeated at short intervals, because identification of curliness is unreliable especially in younger
trees. The final cutting is usually conducted at the age of 35-50 years.

6. Processing of curly birch

Detailed instructions for processing curly birch were given by Kosonen (2004a), whose work is briefly
cited below. Curly birch if preferably cut in the late winter, when the amount of water in the tree is
smallest. In case the decorative outer surface of the curly birch beneath the inner bark is to be
revealed, the best cutting time is in the sap season later in the spring, when the bark is easy to
remove. If the trunk is to be dried as such, it is partly peeled from different sides along the length of
the trunk, and then slowly dried for 2-3 years outdoors in a windy but sheltered location, in order to
prevent splitting of the log. A dried round curly birch log is excellent material for making lathe-turned
objects, and therefore such items of curly birch are very common. Grinding and finishing curly wood
surface succeeds well (Kosonen 2004b). Curly birch wood suits well for turning, but as long massive
items it bends and twists.

136



Curly birch logs are sawed immediately after cutting. The sawing adjustments depend on the use
of the timber. If the use is not known it is recommended to saw the trunk into boards as thick as
possible but with the log opened in the middle. The boards are then dried in the same way birch is
usually dried. If light color of timber is desired, the drying should be carried out without high
temperatures. The subsequent drying of curly birch after outdoor drying is carried out in normal
indoor conditions (5-10 years). The dried board is worked and prepared just like ordinary silver birch
(Kosonen 2004b).

Veneering of curly birch can be done either by rotary peeling transversely or by cutting
longitudinally, the former being the most common method. Veneering is always begun with fresh
time, even with the addition of humidity and temperature. The width of the veneer is usually 90-120
cm, which is due to the small number of straight curly birch logs. Cut curly birch logs provide long but
narrow veneer. Making wide surfaces calls for composition, but it also permits more alternatives
than rotary peeled veneer (Kosonen 2004b). From seed-borne curly birch trees every log is different,
which means that in large works it is difficult to preserve the visual aspect unchanged. However,
from clonal stands it is possible to get technically and visually uniform wood material in large
guantities in the near future.

7. Traditional and modern uses of curly birch

Curly birch has been traditionally used in various vernacular tools and implements (Kosonen 2004c).
Owing to the tough and non-splitting structure of the wood, curly birch has been suitable and sought
after for purposes where durability and toughness is needed. Handles of knifes and chicels, stocks of
veapons as well as cudgels were typically made of curly birch. In the kitchen, most of wooden vessels
and containers were made of curly birch or burls before stave vessels were available. In addition,
curly birch served people’s everyday life in many other functional items, like salt cellars, scale
weights, reelers, spool frames, sugar hammers, candlesticks etc. For traditional uses the durability of
the wood, more than the decorativeness, was the starting point.

When industrial manufacturing of tools and vessels was started in the early 1900’s, there was no
more need to make things by hand. The skills and knowledge of the curly wood material among
ordinary people and local carpenters was directed to making decorative objects. Curly birch began to
be used by cabinet-making firms and furniture factories (Kosonen 2004c).

Curly birch has gained also symbolic meanings in addition to its value in vernacular use. Courts
and members of the elite became interested in it owing to its rarity and decorativeness - particularly
in Russia, where it was greatly valued at the Imperial court. Emperor Alexander | is known to have
given Napoleon a set of curly birch furniture (Kosonen 2004c).

For the Finns, curly birch has been associated with the symbols of national existence. The Latin
name of curly birch “var. carelica” refers to its important area of distribution in Karelia, where in turn
Kalevala, the National Epic of Finland was generated. The Finland pavilion of the Paris World Fair of
1900 and its Iris Room with curly-birch furniture by Gallen-Kallela and other art objects manifested
our national identity. In the 1930’s the new Parliament House in Helsinki, the capital of the young
republic of Finland, was fitted with curly and flamy birch furniture alongside items made from foreign
types of timber. The simple forms of functionalist style in the 1930’s utilized curly birch by enhancing
the furniture with curly birch veneer. Famous Finnish architect, Alvar Aalto accepted curly birch
veneer for the finish of some of his chair designs, but otherwise it was no more wanted in wooden
products of the industrial era (Kosonen 2004c). However, during the 1990’s designers and cabinet-
makers collaborated in projects involving various types of wood, which reintroduced curly birch in
the modernization of wooden materials.

Curly birch wood can be highly decorative containing curly-grained and brown-figured pattern.
However, being a visually prominent pattern, curly birch has been and is still used only as a part of
interiors, on small surfaces. The interiors of lifts, table tops, cupboard doors and the front part of
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counters are often lined with curly birch. Wood with smaller dimensions is used in handicrafts and
carpentry for highly valued products such as gifts, souvenirs, tools and furniture. Curly birch items
are very popular as corporate gifts. Chairmen’s gavels of organizations are one of the most common
symbolic uses for curly birch at present.

After the Second World War curly birch was still rotary-cut into veneer in Finland, but at the
limited use of veneer and the development of rotary cutting brought an end to its manufacture on a
large scale in Finland. The Mahogany company in Lohja has continued making curly veneer in small
amounts. The veneer is mostly cut in Germany (Kosonen 2004c).

8. Curly birch timber trade

Curly birch is by far the most valuable and highly-priced variant of native tree species in Finland —and
the only one that is sold by fresh weight. The price of a kilo of curly birch wood has clearly exceeded
the price of sugar, with which it used to be compared earlier. However, the price of curly birch can
vary a lot depending on the quality and quantity of the batch for sale. The quality requirements vary
according to the buyer, and every deal is a unique case which is agreed precisely between the seller
and the buyer (Hagqvist and Mikkola 2008).

Curly birch timber is generally divided into two main quality grades according to the size and
quality: (i) wood without knots, suitable for turning and (ii) curly grained branch wood (Visaseura
2017). In the former category, the minimum length and diameter above bark of the log is 75-100 cm
and 20 cm, respectively. In the latter category, the minimum length is 50 cm and diameter 10 cm.
Both grades are further divided into two according to the quantity of the curly-grained pattern. In
addition to these grades, even smaller curly-grained branch wood (till 5 cm in diameter) is bought, if
it contains rich curly configuration. The price for curly birch suitable for turning varies between 3-5 €
kg and the price for curly grained branch wood is around 0.5 € kg™.

Curly birch is mostly bought by dealers which market the timber further to users. The best time
for curly birch commerce is in the winter season from October to April, when there is no risk of the
logs to get spoiled. In summertime the demand is low and only minor batches are bought. Curly Birch
Society disseminates information between the sellers and buyers of curly birch timber.

9. Changing markets

Since the first cultivation experiments in the 1920’s, the annual cultivation area of curly birch
remained very low — a few hectares at the most — till the 1980’s, although seed material was
available (Sarvas 1958) and the management methods were known sufficiently (Heikinheimo 1940,
1951, Sarvas 1966, Saarnio 1976). The Finnish Curly Birch Society (Visaseura ry) was established in
1956 to promote the cultivation and use of curly birch, and to co-ordinate the activities of curly birch
growers, forest industry and research (Huuri 1978). Since then it has operated as a link between curly
birch growers, enthusiasts and professionals and promoted cultivation, management, research,
utilization and marketing of curly birch by information, guidance and consulting. Excursions,
organized annually to interesting visiting points, have always been very popular among the members
and the most important way of extension.

In 1980 the Finnish Dendrological Society nominated curly birch as the Tree of the Year, which
raised new public interest in this variety and gradually led into launching of a new cultivation era.
Genetically improved seedling material was soon available after establishment of the first curly birch
seed orchard in 1981. Also the introduction of clonally micro-propagated plant material by the
company Metsatyllila Oy in the 1990’s kept interest in curly birch high promising even higher
monetary returns than growing of seedlings. These facts together with intensified extension
especially by the Curly Birch Society and the Foundation for Forest Tree Breeding increased planting
areas very rapidly between 1989 and 1998, from about 30 ha to 600 ha annually (Figure 1). After the
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peak year 1998 annual planting areas have gradually been declining so that between 2011-2015 the
average annual area was 100 ha. Planting statistics are available since 1984. From that year roughly 6
500 ha of curly birch have been planted in the period 1984-2017.

A vast part of this total area of plantations has suffered from damages by mammals and
inadequate or careless management, which decrease the area of curly birch plantations able to
produce commercial wood. Information of the silvicultural status of the plantations is not, however,
available. In spite of the failures, greatly increasing amounts of curly birch from final cuttings will be
available starting from the year 2025, since the rotation age of curly birch is 40-50 years for trees
originating from seed (Hagqvist and Mikkola 2008) and 35-45 years for clonal plant material. This
wood will contain a large proportion of log-sized dimensions suitable e.g. for making veneer and for
sculpting or turning decorative items with big dimensions. The quality of the wood figures and
patterns can be variable (from seedling origins) or uniform (from clonal plantations), depending on
what is preferred by the customer. Smaller sized wood from thinnings is available already now in
large quantities.

Planted area, ha
\

1984 1990 1995 2000 2005 2010 2015
Year

Figure 1. The annual (solid line) and cumulative (dashed line) area of curly birch planting in Finland from 1984
to 2015 according to the plant production statistics of Finnish Food Safety Authority (EVIRA). The areas were
calculated using planting densities 1600 ha™ and 900 ha™ for seedlings and micro-propagated plantlets,
respectively.

The significantly increasing availability of this exceptionally beautiful wood resource makes it
possible to develop new wood products based on this, now cultivated, variant. The wood material is
suitable also for premium products with high class design. Earlier the poor availability of curly birch
wood has prohibited developing such products. The increase of the curly birch wood supply will be
great and take place rapidly. This calls for need to extend the markets. Now wood will soon be
available regularly in larger quantities than today, enough for both domestic use and export.
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Abstract

Vietnam aims to use 80% of wood material from domestic sources for furniture making by 2020
whereby effective use of the plantation resource is a priority in the “Action plan of the forestry
sector to year 2020”. Research on the effective use of timber plantations is oriented into two
objectives: diversifying the products from timber plantations and increasing the value of products
from this resource. The value of timber plantations is increasing leading to an increase in the price
of plantation timber material. This is contributing to one of the five major components of the
“Vietnamese forestry strategy 2006-2020”, such that forest growers’ income is improved.
Nevertheless, currently most of the plantation material in Vietnam is being used for wood chip
and construction material; a much smaller proportion of plantation resources are being used for
furniture making and other value-added products such as veneer based products, which does not
correspond to the potential of this resource. In order to meet the target of using wood material
from domestic sources and increase the effective use of this plantation resource, particularly
Acacia and Eucalyptus species, we investigated the potential of using peeled veneer for
manufacturing multilaminar based products as raw materials for the furniture industry.
Investigation of the potential of these products was requested by several members of the
Vietnamese veneer processing industry. As the use of Acacia and Eucalyptus plantations for this
purpose is in its infancy, research and development is needed to assist the industry to produce
high value veneer based products from this resource. To meet these research needs the Australian
Centre for International Agricultural Research (ACIAR), in conjunction with 11 partner
organisations from Vietnam and Australia are funding a project titled Enhancement of veneer
products from acacia and eucalyptus plantations in Vietnam and Australia (2012-2015).

1. Introduction

Acacia and Eucalyptus species are potential sources of timber for the wood processing industry in
Vietnam. It is estimated that Acacia and Eucalyptus plantations represent more than 2 million ha of
the 3.8 million ha of production forests in Vietnam (MARD 2016). Annual production of Acacia and
Eucalyptus round logs is estimated at 21 million cubic meters per year.

The current use of Acacia and Eucalyptus logs is not compatible with the full potential of this
resource. At present, planted timber utilization is limited, opportunities for value-adding are not
being optimised and the economic effectiveness of this resource is limited. Over 70% of Acacia and
Eucalyptus logs are used for wood chip production; The Vietnamese Government has encouraged
plantation owners to develop their plantations to meet the requirements and demands for log
material for veneer and sawn timber production.

As the current purpose of planting is providing logs for wood chip production, the planting
duration cycle is short (from 5 to 6 years) and log quality does not meet the requirements set for saw
logs or logs produced for veneer production. Typical defects of logs produced from plantations
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developed for the wood chip industry include small diameter, wood with many eyes and
deformations in sawn timber that arise during the processing phase.

The characteristics of planted Acacia and Eucalyptus trees in Vietnam at present are suitable for
use in veneer production, which would result in high added value, contribute to the value of planted
timber and increase income for plantation owners, most of whom are farmers.

Multilaminar blocks are a special product produced from Acacia and Eucalyptus peeled veneer
which can be used as furniture material. The FST 2008/039 project implemented in Vietnam from
2013 to 2016 tested the production of multilaminar block material from small diameter trees from
acacia plantations. Initial results show that Vietnam's current technological conditions meet the
production technology requirements for producing furniture from these materials for.

This result ushered in new directions, creating new materials for the wood industry in Vietnam.

The overall aim of this research is to promote higher value utilisation of Vietnamese Acacia and
Eucalyptus plantation timber by creating a new timber material ‘multilaminar base products’ for the
furniture industry.

2. Materials and methods

2.1. Wood and adhesive material

The peeled veneer was produced from Acacia and Eucalyptus urophylla logs, which were logged at an
age over 10 years old.

Adhesive used for LVL panels production was STbond UF 9128. Adhesive used for multilaminar
blocks production (cold press gluing LVL blocks together) was Emulsion Polymer Isocyanate (EPI)
Jowacoll 102.48 with the crosslinking agent Jowacoll 195.60. This adhesive has a viscosity of
approximately 11,000 mPa (brookfield). It is 51% solids and has a pH value of 7. The open time is 10 £
2 min, the pot life is a maximum of 2 hours. Adhesive application was to one face of the LVL panel at
a rate of 200g/m”.

Adhesive Peeled veneer I
Preparation Preparation I

Glue Ii
~

l] - Pressing time: 10
Veneer lay up minute

-

]

Hot Press

- Pressing time: 10
| minute

!

m - Pressing time: 10
minute

_/

Figure 1. Diagram of production LVL in the laboratory
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2.2. Manufacturing methodology

Laboratory manufactured LVL panels: In order to identify the best technical parameters to
manufacture LVL panels, three different pressing treatment temperatures were tested as presented
in Figure 1. Industry manufactured LVL panels and multilaminar blocks: LVL production technology
was applied as it was tested in the laboratory. Multilaminar blocks were created by cold pressing of
small dimension LVL plates which were cut from LVL boards.

2.3. Testing methods

Some mechanical and physical properties of the material were determined by the following
standards:

e Swelling in thickness: EN 317: 1993 Particleboards and fibreboards. Determination of swelling
in thickness after immersion in water

e Tensile strength: EN 319:1993- Particleboards and fibreboards. Determination of tensile
strength perpendicular to the plane of the board

e MOR and MOE: EN 310:1993. Wood-based panels. Determination of modulus of elasticity in
bending and of bending strength

e Bond quality value was tested by EN 314-1:2004 Plywood. Bonding quality. Test methods va
EN 314-2 EN 314-2:1993 Plywood. Bonding quality. Requirements.

3. Results and dicussion

3.1. Laboratory manufactured LVL panels

Figures 2 and 3 show the distribution of swelling and tensile strength of LVL panels which were made
at three difeerent temperatures. The results show that the lowest value of swelling property was for
the panels manufactured using treatment number lll (temperature: 110°C). In other words, the
technical parameters of this treatment created the best results for minimising the swelling. The
highest value of the tensile strength recorded was also for the panels manufactured by treatment
number lll. This indicates that treament number Il had the best glue-line performance.

The distribution of MOR and MOE of panels which were made at three diferrent temperatures
are illustrated in Figures 4 and 5. Both the MOR and MOE values were the highest for the treatment
lIl. This clearly shows that the treatment Il is the most favourble in terms of MOR and MOE.

The results of all physical and mechanical properties tested show that the best performance for
all properties was under treatment lll. The higher temperature resulted in better glue-line quality
under the same pressure and press time.

Subsequently, treatment Il (pressing time of 10 minutes; temperature of 120°C; pressure of 1.2
N/mm2) is recommended for application in the manufacturing of LVL panels in the furniture industry.
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3.2. Industry manufactured LVL panels and multilaminar blocks

Technical parameters applied for the manufacturing of LVL panels and multilaminar blocks at the
industrial level are demonstrated in Figure 6. Adhessive used for LVL panels prodction was STbond
UF 9128 which was used for LVL panel production at the laboratory.
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Figure 6. Diagram of manufacturing LVL panels and mulilamiar blocks at company

For both LVL panels and multilaminar blocks adhesive bonds were tested using the chisel test
under dry conditions and for C type bonds according to Australian standard AS/NZS 2098:2012.

Under the dry condition chisel test, 100% of samples achieved the highest bond quality value
(Figure 7). This means that the performance of glue-lines was excellent. However, bond quality
values for the Type C bond test were very poor; most of the glue-line bond quality values did not
meet the requirements of the standard. This could be because adhesive UF 9128 does not suit high
moisture conditions while the type C bond test is designed for products which can be exposed to
long-term high humidity or short-term extremely high humidity.

Both the dry and type C chisel tests had good bond quality values (Figure 8). Nevertheless, the
average bond quality value of the type C chisel test was significantly lower than that of the dry chisel
test even though the adhesive used for multilaminar blocks was a water resistant adhesive (Emulsion
Polymer Isocyanate (EPI) Jowacoll 102.48). The reason for this was that when submerging the test
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pieces in water at 70 C, the test pieces absorbed water and then expanded while the already cured
gluelines did not, resulting in a reduction of glue-line quality.

Figure 8 shows that the bond quality value in both test conditions was distributed over a wide
range, indicating that the bond quality value was different within blocks and between blocks. The
causes of this could be (I) as a result of variation in glue application on one face of the LVL panels
when applied by hand or (Il) because some LVL panels showed signs of bowing or bending under the
pressure of creating a block and the LVL panels did not fully flatten. Nonetheless, when the block was
released from pressure panels tended to go back to their original form whereas glue-lines were not
100% cured. This may have caused a reduction in the bond strength of glue-lines.
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LVL dry chisel
test

12 -+
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Figure 7. Distribution of bond quality value of LVL panels
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Figure 8. Distribution of bond quality value of multilaminar block
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4. Conclusion and recommendations

e Multilaminar based products could be used as a new material for furniture manufacturing.
This will increase the value of plantation timber.

e The bond quality value of LVL panels under dry conditions was excellent using the adhesive
tested. However, the bond quality value was poor under long-term high humidity conditions
and short-term extremely high humidity conditions.

e In order to make sure that bond quality values are even within blocks and between blocks,
glue should be applied on two faces of the LVL panels (during the cool press step) using a
machine applicator for more consistency in the glue spread.

e For LVL panels manufactured with urea formaldehyde, the products should be used under dry
conditions.

e In cases where products are to be used long-term in a high humidity environment, melamine
formaldehyde or urea formaldehyde modified by melamine adhesives are strongly
recommended for use.

e More research is required to test different adhesives to find the most suitable adhesive for
different applications and products.
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Abstract

Wooden surfaces are considered beautiful and natural and they are widely used in various interior
applications due to their aesthetically pleasant visual appearance. In addition to the aesthetics,
wood material could also bring functionality to the interior. Wood material has an ability to take
up and release moisture and thus it can have an effect on the indoor air for example by reducing
the humidity fluctuation. To maintain the functional properties of wooden surfaces, they must be
coated in a way that allows water vapor to transfer trough the coating layer. Another option is to
leave wooden surfaces untreated, but this option is not common in Finland. This paper describes
research which was done in Aalto University as a part of WoodWisdomNet+ project Wood2New
(Competitive wood-based interior materials and systems for modern wood construction). The
studied hardwood species were Silver birch (Betula pendula), European White EIm (Ulmus laevis),
Common Ash (Fraxinus excelsior), Common Oak (Quercus robur), Black Alder (Alnus glutinosa)
and Norway maple (Acer platanoides). The moisture buffering value (MBV) was determined to the
listed wood species. In addition to uncoated surfaces, the effect of permeable and impermeable
coating on the moisture buffering capacity of wood was studied. Test results show that coatings
alter the sorption behaviour of wooden surfaces significantly and thus change the moisture
buffering behaviour of wood material. There were differences between the species as well, but
they were less significant.

1. Introduction

Hygroscopic interior materials, like wood, are able to even-out moisture peaks in the interior
environment (Hedegaard et al. 2005; Rode et al. 2005, Hameury 2006) and thus make living spaces
more comfortable for the occupant. This ability of a material to moderate humidity fluctuations is
termed its moisture-buffering capacity. To quantify this capacity, in a joint effort between European
wood research institutes at the beginning of the millennium, a test methodology was developed
(Rode et al. 2005). The proposal for the test protocol for what is known as the practical moisture
buffering value (MBV) has been widely accepted amongst researchers, but so far it has not been
included in product declarations listing the key materials properties of a building product, and thus
information regarding its moisture buffering capacity is difficult to obtain. MBV is applicable also for
the material systems such as coated wood. The Nordtest project determined five performance
classes for the practical moisture buffering values. Materials in the best performance class excellent
have in minimum a capacity for a moisture flow of 2g/(m2%RH)@8/16h which corresponds to the
minimum required air change rate. The lowest performance class negligible has the capacity of O-
0.2g/(m2%RH)@8/16h. For example uncoated spruce boards reached the second best performance
class good (1-2g/(m2%RH)@8/16h) in the Round Robin tests of the Nordtest project. Uncoated birch
boards fell mostly into the class moderate (0.5-1g/(m2%RH)@8/16h), but some specimens reached
the class good.

Easily accessible information about the moisture buffering capacity of various building products
would allow architects, designers and end-users to compare the hydrothermal performance of
various products and to employ them in creating passive means for indoor-climate control. Buildings
without mechanical ventilation units would benefit directly from the use of hygroscopic building
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materials but, in addition, the proper use of porous building materials could decrease the need for
energy-consuming ventilation systems and thus enable savings in the operation costs of a building.

Material properties dictate the moisture buffering performance of a product. Density, porosity,
water vapour permeability and other sorption properties have an effect on the ability of a product to
take up and release moisture when exposed to indoor air. Properties of wood species differ from
each other, but there is variation also within-species, of which pine is a good example. Even more
variation derives from the coatings, which are frequently applied on wooden surfaces to protect
them from moisture, wear and sunlight. Besides the protection, the layer of coating covering the
hygroscopic material inhibits the material-moisture interaction needed to employ the moisture
buffering capacity of the material. There are promising examples of ways to protect the surface
without blocking it and thus allowing the water vapour to reach the porous material.

The appearance is of vital importance in interior products. Hardwood species have more
versatile visual properties than commonly used Scandinavian softwood species like pine and spruce.
Hardwood species appear both in light and to modified (Sundqgvist 2002) and locally sourced light-
colored species can be made to imitate darker imported species when modified. It is also possible to
increase the surface hardness and improve the wear resistance of the wooden surfaces (Rautkari et
al.2010). Research about the potential of wooden surfaces to serve as a moisture buffer has focussed
mainly on softwood species. This paper presents results from moisture buffering tests carried out on
six hardwood species. In addition to the difference between the species, the effect of cutting
direction is discussed, as well as the effect of interior coatings.

2. Materials and Methods

The protocol of the Nordtest Method (Rode et al. 2005) was used for the moisture buffering test to
determine the practical moisture buffering value (MBVpractical (kg/m2%RH)). MBVpractical defines
the amount of moisture transported in to or out of a material per unit of open surface area, during a
specified period of time, when the material is exposed to cyclic variations in relative humidity. In
order to determine MBVpractical, the weight gain during absorption and the weight loss during
drying were calculated, then averaged and normalized per open surface area and ARH. Average of
weight gain and weight loss was taken for each cycle, and consequently MBVpractical was calculated
as the average of three cycles.

Before the cyclic humidity loading started, the test specimens were conditioned at RH50%,
T=23°C for several weeks. The cyclic humidity loading consisted of two intervals following each other
for several days: an 8-hour interval with a high humidity load of RH75% and a 16-hour interval of low
humidity of RH33%. A climate cabinet was used for the test. The temperature was maintained at
2329C during the test. According to the test protocol, the materials tested should be exposed to the
humidity variation in the same way as they would be in the real end-use environment. In the case of
solid wood boards this means that only one surface is exposed, since boards are usually installed on a
wall, floor or ceiling leaving only one side of the board visible. In the test, only one surface of the
specimens was exposed; the remaining five sides being sealed with aluminum tape to prevent
sorption. An analytical balance was used to monitor the mass change of the test specimens.

2.1. Wood Material

The hardwood species tested were silver birch (Betula pendula), European white elm (Ulmus laevis),
common ash (Fraxinus excelsior), common oak (Quercus robur), black alder (Alnus glutinosa) and
Norway maple (Acer platanoides) including both ring- and diffuse-porous species. Scots pine boards
(Pinus Sylvestris) were included in the test for comparison purposes. Boards were kiln-dried and
planed. Both flat-sawn and radially sawn boards were obtained for the test, because they differ
visually from each other and they reveal different amount of latewood and early wood, which may
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have an effect on the sorption behavior. The six hardwood species are presented in Figure 1. The
exposed area of radial/tangential surfaces was 100mm*300mm.

The thickness of the boards was a limiting factor in the transverse surface sample preparation
and therefore small cubes (25mm*25mm*25mm) of oak were used to explore the difference
between the transverse and the radial/tangential surfaces (Figure 2).

Figure 1. Radially sawn (top) and flat-sawn hardwood boards used in moisture buffering test. Species from
left: ash, birch, black alder, elm, maple and oak.

Figure 2. Transverse (left), tangential (middle) and radial (right)_surface of oak (Quercus Rubur).

2.2. Surface Coatings

Coating experiments were carried out using Scots pine boards. The chosen coating was water-borne,
transparent varnish. A permeable, diffusion-open, coated surface was created by diluting the coating
with 10 % water and applying it by spraying with an application rate of 55 +/- 5 g /m?% An
impermeable, diffusion-closed coated surface was created by applying undiluted coating with an
application rate of 110 +/-10 g /m?.

3. Results and discussion

Due to the limited amount of replicates, the results are presented as average of all the specimens per
specie and no division between the radial and tangential surfaces is done. For the cubic samples of
oak, results for all the three directions are presented.
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3.1. The effect of species and grain direction

Figure 3 shows the practical moisture buffering values of the tested hardwood species tested. All
tested specimens fell into these two categories. Variation between various species is expected, since
there are anatomical differences, the amount of extractives differs and some wood species like oak
have more closed structure due to the tyloses.
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Figure 3. Practical moisture buffering value (MBV) of the tested hardwood species. Birch, black alder and oak
fell to the category good. Ash, elm and maple were in the category good.

In addition to the boards, the moisture buffering test was also run using cubic samples to see
how the different grain directions differed from each other. As may be seen from Figure 4, the radial
and tangential surfaces of oak fell into the ‘moderate’ category, but the transverse surface reached
the category excellent (Figure 4). Especially in short and high moisture loads as in the wet spaces the
ability of the material to quickly adsorb moisture is significant from the buffering perspective.
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Figure 4. Practical moisture buffering value (MBV) of oak in different grain directions.
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3.2. The effect of coatings on the moisture buffering value

The choice of a coating is critical when the moisture buffering potential of wood is to be maintained.
Figure 5 shows schematically how the different coatings (permeable/impermeable) affect the
hydrophobicity of the surface (contact angle) and water vapor transport to and from wood material.

Figure 5. Schematic representation of the effect of different coatings on the moisture buffering behaviour of
wooden surfaces.

The test to study the effect of coatings was done with Scots pine specimens. Practical moisture
buffering value of the untreated flat-sawn board was compared to similar board surfaces which were
coated either with diffusion-closed (impermeable) or diffusion-open (permeable) coating. Both
coatings decreased the moisture uptake and release, diffusion-open coating less than diffusion-
closed coating. The practical moisture buffering class of the uncoated reference was moderate
whereas the sample with diffusion-open coating fell into the category limited and the sample with
diffusion-closed coating into the category negligible. Similar results were obtained by Hameury
(2007) who tested both water-vapor permeable coatings and coatings with low water-vapor
permeability. The biggest decrease in the moisture buffering value was more than 50% when using a
coating with low water-vapor permeability. In his study the used wood species was Scots pine. The
uncoated pine specimen reached the practical moisture buffering class good. Lozhechnikova et al.
(2015) used Norway spruce in her study of the effect of new natural hydrophobic coatings and
commercially available coatings on the moisture buffering capacity of wood. Her uncoated spruce
reference belonged to the MBV class moderate. Her new wax particle coating did not decrease the
moisture buffering capacity, but her results with linseed oil were similar to Hameury’s results with
traditional linseed oil based paint: a slight decrease in MBV. The application of wax and varnish
decreased the MBV to the class limited (Lozhecnikova et al. 2015).

4. Conclusions

The practical moisture buffering values of birch, black alder and oak belong to the class moderate
whereas ash, elm and maple reached the class good. These values are comparable to those of
softwood species in for example Hameury’s (2007) and Lozhechnikova et al. (2015) studies. There
was a clear difference in the moisture buffering performance of wooden surfaces due to the
anatomical orientation of the exposed surface. The tangential and radial surfaces of oak fell into the
MBV class moderate, whereas the transverse surfaces were in the best performing class excellent.
Wooden surfaces are usually coated in real end-use applications to prevent them from wear and
soiling. Careful consideration is needed when the moisture buffering capacity of the surfaces is to be
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maintained and simultaneously protection against dirt, liquids or other types of soiling is needed. In
our test both coating variations decreased the moisture buffering capacity of the wood material.
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Abstract

Case hardening (CH) is an unwanted feature, which causes dried wood to deform after sawing
and conditioning the moisture content. The tendency for CH depends on the drying parameters.
Its probability increases due to increased internal stresses in rapid kiln drying, thus conditioning
and steaming after the cooling minimises the problem. A process of thermo-mechanical timber
modification (TMTM™), enables drying, compression and thermal modification of sawn timber in
a single treatment unit. This process is a potential method for reducing CH. It also reduces the
equilibrium moisture content (EMC) of wood. The aim of this study is to analyse the effect of
initial moisture content, compression degree and thermal modification of the CH and EMC of
European aspen (Populus tremula L.) and silver birch (Betula pendula Roth). A total of 252 clear
wood CH specimens were manufactured from TMTM™ modified boards that had green
dimensions of 40 x 100 x 2,700 mm. Modifications were carried out in one of two ways: the
compression was started either on green state or after pre-drying to approximately 20% MC.
After the compression phase, half of the boards were thermally modified at 190 °C. After storage
of four years, specimens were conditioned and analysed according to the standard CEN/TS 14464.
Compression increases the CH substantially, but subsequent thermal modification practically
eliminates it in both studied hardwood species. Tangentially and radially compressed specimens
did not differ from each other in terms of CH. An increase in process temperature also reduced the
EMC of birch and especially aspen.

1. Introduction

The internal stresses that develop in wood during drying vary considerably according to the process
conditions, especially temperature and relative humidity. As a basic factor in stress development,
tensile stress develops if normal shrinkage is restrained (McMillen and Youngs 1960). Case hardening
(CH) is a factor closely related to residual stresses in wood after drying. According to Ranta-Maunus
et al. (2001), ‘Case hardening is a feature of dried wood to deform (cup) after re-sawing and
equalizing of the moisture content’. McMillen and Young (1960) determine CH as ‘a condition of
stress and set in which the outer fibers are under compressive stress and the inner fibers under
tensile stress, and the stresses persist when the wood is uniformly dry’. CH may impede machining
such as resawing because it results in a change in stress distribution (McMillen and Youngs 1960).
Nevertheless, there are ways to prevent it. According to Mili¢ and Kolin (2008), conditioning can
reduce residual stress and moisture content distribution, and therefore, significantly improve the
drying quality. However, no data are available on case hardening of thermally modified wood.
Equilibrium moisture content (EMC) can be defined as the moisture content at which the wood
neither gains nor loses moisture from the surrounding atmosphere (e.g., Hoadley 1980). EMC is a
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function of both relative humidity and temperature of the surrounding air (Baronas et al. 2001).
Tiemann (1920) noticed a decrease in equilibrium moisture content of wood through drying at high
temperatures. Thermal degradation of hygroscopic hemicellulose in thermal treatment has a major
effect on hygroscopicity of wood (e.g., Kollmann et al. 1975, Borrega 2011).

Densification of wood is a process where density is increased by reducing the void volume of
lumens in wood material. The process is effective when wood is heated above the glass transition
temperature of amorphous polymers of wood — hemicellulose and lignin (Kunesh 1968, Wolcott et al.
1994, Tabarsa and Chui 2001). The primary purpose is to improve mechanical strength, moisture
sorption behaviour and physical properties of wood (Fukuta et al. 2008). Thus, it is presumed that
the process parameters of densification have an influence on case hardening and equilibrium
moisture content of treated wood material. A process of thermo-mechanical timber modification
(TMTM™) developed and commercialised by Nextimber Ltd. in Finland, enables densification, drying
and thermal modification of sawn timber in a single treatment unit. The aim of this study is to
investigate the effects of several combinations of initial moisture content and process parameters in
densification and thermal modification on case hardening and equilibrium moisture content of
European aspen (Populus tremula L.) and silver birch (Betula pendula Roth) after long-term storage.

2. Material and methods

Altogether 138 European aspen and 114 silver birch (hereafter, aspen and birch) boards were sawn
from freshly harvested logs to nominal cross-cut dimensions of 40 x 100 mm. Logs were procured
from final felling of fertile mineral soil stands: birch logs (100 years) from Maaninka, Finland and
aspen logs (50-70 years) from Kuopio, Finland. The diameter of the logs was over 25 cm. Logs were
harvested at the end of 2012. The boards were modified in eight batches using four different
combinations of initial moisture content, target degree of compression and thermal modification
(Table 1). Aspen and birch boards were modified separately. The modifications were executed in a
pilot modification kiln of Nextimber Ltd. in Kuopio, Finland. The length of the boards was adjusted to
2,700 mm, which corresponds to the executive length of the modification kiln (Figs. 1 and 2).

Figure 1. (Left) A set of aspen boards (40 x 100 x 2,700 mm?) before the modification. Photo: Nextimber Ltd.

Figure 2. (Right) Aspen boards after the modification. Photo: Nextimber Ltd.
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Table 1. Treatments and boards after modification used in the study. Air-dry density is measured
approximately at 20°C, 25% RH. Values after symbol + refer to standard deviation in percentage points (pp) or
kg/m3.

Treat- Species Initial Target Actual Air-dry Thermal N, N, N,
ment code moisture in | degree of reduction in density, modification tang. radial total
comp- comp- thickness kg/m?3
ression ression
Reference Aspen - - 4% £ 2 pp 472154 - 19 8 27
G Aspen Green 30% 27% £ 6 pp 565+69 - 19 9 28
G+TM Aspen Green 30% 33% 5 pp 574154 3hat190°C 20 8 28
MC20 Aspen 20% MC 30% 8% +2pp 452+38 - 19 8 27
MC20+TM Aspen 20% MC 30% 21% £ 2 pp 48552 3hat190°C 20 8 28
Reference Birch - - . . - 4 8 12
G Birch Green 10% 10% + 1 pp 596127 - 19 8 27
G+TM Birch Green 10% 12% + 1 pp 589124 3hat190°C 19 8 27
MC20 Birch 20% MC 10% 8% +1pp 587126 - 16 8 24
MC20+TM Birch 20% MC 10% 11% + 1 pp 602135 3hat190°C 17 7 24

The modification equipment allows drying, compressing and thermal modification in a single
process, and different combinations of process and modification parameters can be used. The boards
are stacked between aluminum plates structured of hollow pipes and the compression is executed
using a hydraulic press in the kiln. During the process, air circulates through the aluminum plates,
which are also perforated in order to enable moisture evaporation from the wood surface. Air and
wood temperature, MC of wood, compression force and degree of compression (relative thickness
decrease) were monitored at two different locations in the batch during the compression. In this
study, compression was started either when the wood was green or when it was pre-dried in the
modification equipment at the beginning of process down to 20% MC. For the two modification
processes for aspen including thermal modification (G+TM and MC20+TM), the wood material had to
be rewetted by immersing it in water because it had dried, possibly below the fibre saturation point
from the surface during storage prior to the modification.

During the process, the wood temperature was first elevated gradually up to 100 2C in 3 hours,
and stabilised until the MC of wood decreased to a level of 30%. Below the 30% MC, the wood
temperature was elevated up to 130 2C for the rest of the drying phase. The target degree of
compression for aspen and birch was set to 30% and 10%, respectively. The different degrees of
compression were based on differences in the initial basic density of the species. Later, half of the
wood material of both species was thermally modified at 190 °C after the drying and compression
phases. The entire modification process lasted 52 hours including the thermal modification. Mainly in
aspen boards, which were modified at 20% MC, the actual reduction in thickness differed from the
target degree of compression. In the reference boards some reduction in thickness was detected due
to drying shrinkage.

This paper focuses on long-term storage to determine if internal tensions still exist after several
years. After the modification, a defect-free piece of 450 mm was stored from each board for 4 years
at constant room temperature (about 20 °C) with varying relative humidity (about 20—-60%).
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CH was assessed according to the technical specification CEN/TS 14464:2010. In March 2017, two 15-
mme-long pieces were sliced with a blade saw from the middle of the boards. One piece from each
board was divided into two equal parts in a vertical direction parallel to the cross-section of the test
slice. A billhook and rubber hammer was used for splitting (Figure 3). Pieces were held in sealed
plastic bags for 48 hours to equalise the moisture content. The pieces were placed across the test jig
pins, which were at 75 mm pitch. The distance between the two test pieces at mid-point (hereafter,
called simply ‘gap’) were measured with a calliper (Figure 4). The diameter of the test pins was
subtracted and the value was multiplied by a factor of 1.78 to express the corresponding gap within a
distance of 100 mm.

-

)

Figure 3. (Left) Method to split the specimens. Photo: Barnes Owusu Sarpong.
Figure 4. (Right) Method to measure the gap. Photo: Barnes Owusu Sarpong.

After analysis, the MC was measured by an oven-dry method. Homoscedasticity of the data was
tested with Levene’s test. Differences between the groups were studied using analysis of variance
(ANOVA) with Games-Howell post-hoc test, because the data did not meet the homogeneity of
variances assumption.

3. Results

The gap of the batches in the CH test is presented in Table 2. According to Levene’s test, the
variances between the groups were not homogeneous (P=0.000***). The variation in the gap
corresponded to the variation in moisture content; in each batch, moisture content within the aspen
boards had more variation than that in birch. An ANOVA test indicated significant differences in
moisture content between the batches (P=0.000***). The differences are illustrated in Figure 5.
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Table 2. Gap of specimens in case hardening test.

Aspen Birch
Batch N o] N o]
Reference 27 | 0.3 mm 0.3 mm 12 0.2 0.2 mm
mm
Green 28 | 1.1 mm 0.4 mm 27 0.7 0.2 mm
mm
Green + TM 28 | 0.1 mm 0.3 mm 27 0.0 0.2 mm
mm
MC20 27 | 0.9 mm 0.4 mm 24 0.8 0.2 mm
mm
MC20 + TM 28 | 0.1 mm 0.3 mm 24 0.3 0.2 mm
mm

Table 3. Mean equilibrium moisture content (approximately at 20 °C, 25% RH) of specimens and standard
deviation

Aspen Birch
Batch N o N o
Reference 27 | 5.7% 0.2% 12 | 5.3% 0.1%
Green 28 | 4.6% 0.2% 27 | 4.5% 0.1%
Green + TM 28 | 3.0% 0.2% 27 | 3.4% 0.2%
MC20 27 | 4.9% 0.2% 24 | 4.9% 0.1%
MC20+TM 28 | 3.1% 0.2% 24 | 3.6% 0.1%
1.6
a b a ab
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0.8
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Figure 5. Gap of specimens and differences between  the batches. Thin bars represent standard deviation.
Columns sharing the same letter show no significant  differences (P>0.05) and those not sharing the same
letter show significant differences (P<0.05)

The gap was clearly at its highest in densified batches without thermal modification (G and
MC20). According to the Games-Howell test, differences between those batches were found neither
in aspen (P=0.850) nor in birch (P=1.000). In the batch G, the average gap was wider in aspen than in
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birch (P=0.005*%*). In the batch MC20, such a difference was not detected (P=0.646). The gap was
considerably smaller in the reference batch than in densified batches without thermal modification.
In the reference batch, no differences between aspen and birch were detected (P=0.796). In
MC20+TM the batch gap was, in general, smaller than in the reference batch. However, because of
substantial variation, differences were found neither within those batches in aspen (P=0.085) nor in
birch (P=0.365), though for aspen, the P value stands only for a weak indication of insignificance. In
the MC20+TM batch no differences between aspen and birch were observed (P=1.000). In the G+TM
batch, the gap was virtually non-existent. No differences between aspen and birch were detected
(P=0.892). Also between groups MC20+TM and G+TM no differences in aspen (P=1.000) or birch
(P=0.825) were detected.

No differences in the gap between the tangential and radial direction were detected in any
batch. The only cases where the pairwise-comparisons of tangential and radial direction differed
from P=1.000 in the Games-Howell test were as follows: reference in aspen (P=0.977), G in aspen
(P=0.973) and G+TM in aspen (P=0.999).

Differences in CH are illustrated in Figure 6.

Figure 6. Examples of case hardening gaps in tested specimens. Specimens in the top row are thermally
treated. Specimens on the left side are aspen and on the right side birch. Photo: Juhani Marttila.
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Figure 7. Equilibrium moisture content of specimens and difference between the batches. Bars represent
standard deviation. Columns sharing the same letter indicate no significant differences (P>0.05) and those not
sharing the same letter indicate significant differences (P<0.05).

161



EMC of the batches is presented in Table 3. According to Levene’s test, variances between the
groups were homogeneous (P=0.003**). EMCs between aspen boards had more variation than
between birch boards. The ANOVA test identified significant differences between groups in the EMC
(P=0.000***). Differences between the batches are illustrated in Figure 7.

EMC was at its highest in the reference boards. The EMC of the reference aspen was higher than
that of the reference birch (P=0.000***). Densification in the MC20 group reduced the EMC in both
aspen (P=0.000***) and birch (P=0.000***) compared with reference boards. However, no
differences were detected between aspen and birch in this treatment group (P=0.969). Densification
at the green state (G) further reduced the EMC both in aspen (P=0.000***) and in birch (P=0.000***)
compared with the MC20 treatment group. No differences were detected between aspen and birch
in this treatment group either (P=0.183).

Thermal treatment after densification (batches MC20+TM and G+TM) clearly lowered the EMC
compared with corresponding treatment groups without thermal treatment (batches MC20 and G) in
both aspen (P=0.000***) and birch (P=0.000***). After the thermal treatment, EMC was lower in
aspen than in birch both in MC20+TM (P=0.000***) and in G+TM batches (P=0.000***). In aspen,
thermal treatment equalised the EMC in batches G+TM and MC20+TM (P=0.466). However, the EMC
of birch was lower in the batch G+TM compared with MC20+TM (P=0.039*).

4.Discussion

4.1. Case hardening

The densification without subsequent thermal modification essentially increased the case hardening
in both aspen and birch. This can be caused either by the densification phase if it generates internal
stresses inside the board or by the conditioning process. When statistically significant differences
between species differences were identified, the aspen specimens shower larger case hardening
values than birch. This can be explained by the tendency of aspen to internal stresses, non-uniform
final moisture content and substantial swelling differences in different directions after drying
(Mackay 1975a, Mackay 1975b, Maeglin et al. 1985, De Boever et al. 2005, Herajarvi et al. 2006,
Herajarvi 2009)

According to Mili¢ and Kolin (2008), the gap opening decreases rapidly during the first hours of
conditioning and then approached a certain value asymptotically. Furthermore, Sandland (2001)
points out the connection between a longer conditioning time and a reduction in case hardening.
Therefore, the increasing conditioning in the modification process undoubtedly also decreases the
gap size in this process. However, in this study, even low-speed air-drying of the reference boards
caused case hardening to some extent.

The most remarkable thing is that thermal modification after densification eliminates case
hardening almost completely. Therefore, TMTM™ is a suitable method for preventing set recovery
and in increasing dimensional stability in further processing. The cellular level changes might be like
the macrostructural changes, which, according to Morsing and Hoffmeyer (1998), eliminate the
spring-back effect. Churchill (1954) found that the temperature has an important role in the removal
of case hardening set and stresses. The presence of water promotes hydrolysis process (Morsing and
Hoffmeyer 1998). Hsu et al. (1988) concluded that partial hydrolysis of hemicelluloses reduces the
tendency for stresses during compression. However, this assumption was not met in this study in
terms of case hardening. No differences in case hardening between different initial moisture content
in densification (G and MC20) were detected.

The splitting method caused relatively high variation in the results. Splitting by billhook is an
efficient method, and split line in shear surface is very straight, but mechanical differences in
earlywood and latewood and in some cases slope of grain caused slightly wavy surface to the
opposite side. In CEN/TS 14464:2010, the splitting method is not determined, but with a
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sophisticated method, statistically significant differences between the wood species might be seen.
Furthermore, increasing the number of birch specimens in the reference group might also reveal
differences between aspen and birch.

In every case, the variation in case hardening in aspen boards was more substantial than that in
birch boards. This is probably due to significant relative mechanical differences between earlywood
and latewood in aspen (Herajarvi 2009), and higher variation in density of aspen boards compared to
birch boards in this study. Despite a relatively long storage time of 4 years, it is noticeable that
differences in case hardening between batches are still very clear. Therefore, the release of post-
drying internal stresses is a very slow process.

4.2. Equilibrium moisture content

EMC differences between the batches were as expected. Reference batches had the highest EMC
followed by densified batches without thermal modification (the highest temperature being 130 °C
during the process). Thermally modified batches (at 190 °C) had the lowest EMC. Fang et al. (2012)
have studied EMC of European aspen with several densification temperatures. In our study, the
reduction in EMC of aspen was more substantial (up to 50% between references and G+TM
treatment). There might be several reasons for this difference. In a study by Fang et al. (2012),
relative moisture content was 50%, the number of samples was relatively small, and there were
potential differences in process parameters.

Hemicellulose is more hygroscopic compared with cellulose or lignin and the least thermally
stable. Even though chemical changes in hemicellulose begin at temperatures of approximately 150
°C (Beall 1969, Hill 2006), Hill (2006) noted that there is variation in the degradation temperature
because hemicellulose is composed of several components. Therefore, presumably some
components of hemicellulose already degraded at 130 °C, which was the process temperature in
densification in this study.

In the previous studies, a decrease in EMC after thermal treatment has also been confirmed,
e.g., for beech (Fagus sylvatica) by Morsing and Hoffmeyer (1998), for sessile oak (Quercus petraea
Lieb.), chestnut (Castanea sativa Mill.), calabrian pine (Pinus brutia Ten.), and black pine (Pinus nigra
Arnold.) by Akyildis and Ates (2008), for tauari (Couratari oblongifolia), ash (Fraxinus excelsior), and
northern red oak (Quercus rubra) by Zhou et al. (2013), and for wild cherry (Cerasus avium L.) by
Aytin et al. (2015).

EMC of aspen decreased more rapidly than that of birch when the maximum treatment
temperature increased. In the case of reference boards, aspen had higher EMC than birch, whereas
in thermally modified batches the relationship was the opposite. Chirkova et al. (2013) noticed that
the proportion of holocellulose reduces more rapidly in aspen than in birch when wood is heated up
to 170 °C. Hence, presumably, hemicellulose in aspen (as a part of holocellulose) has some
components that start to degrade at lower temperatures than hemicellulose components of birch. In
the study by Zhou et al. (2013), EMC of specimens was inversely proportional to their dry density
both in non-treated and in heat-treated wood at relative humidity of 50%. This conclusion supports
the results of this study in reference boards, because aspen used in this study had clearly lower
density than birch (see Méttonen et al. 2015). As in CH, also in EMC values, aspen boards had less
variation than birch boards. This refers to the greater structural variability of aspen wood.
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Abstract

Currently pine is nearly the only wood species used as structural timber in South Africa. But, due
to a shortage of suitable land for afforestation, it is estimated that the country will have to import
a large volume of its structural timber requirements within the next two decades. Meantime,
Eucalyptus trees are rarely processed into structural timber; the large areas of short rotation
Eucalyptus plantations are used mainly for pulp production. This is largely due to processing
problems associated with dimensional stability and splitting of the wood. A new method to
produce structural products from young Eucalyptus grandis trees was recently conceptualised and
tested. The process involves finger-jointing and lamination of green Eucalyptus into panels using a
poly-urethane adhesive. These panels are dried and can be further processed into single boards or
glued products. The potential advantage of this process is the suppression of excessive
deformation and splitting normally associated with Eucalyptus. The experiment was divided in
two parts: the first part aimed to investigate the bonding strength of the edge gluing of green
boards; the second tested the entire process in practice and evaluated the benefits in term of
check and warp reduction. Results showed that the green edge-gluing of Eucalyptus grandis can
be considered to be effectively applicable in an industrial process. However, it was not able to
contribute to the reduction of check, split and bow development in the wood during kiln drying,
while cup and twist were significantly reduced.

1. Introduction

In South Africa, only 1% of the total land is dedicated to commercial forestry and it is mainly
occupied by pines and Eucalyptus species (DAFF 2012, DAFF 2015). In this system, softwoods are
processed as sawlogs and intended for structural uses, while Eucalyptus is mainly designated to pulp
and paper products with a big amount of wood chips exported towards foreign markets
(Chamberlain et al. 2005). In addition, over the past twenty years afforestation in the country has
declined, due mainly to a scarcity of suitable land and restrictions on expanding plantation areas as
new regulations regarding water usage were introduced by the government, while the demand of
sawlogs is increased. Major benefits can therefore ensue from the exploitation of Eucalyptus timber
as solid product: benefits both from the point of view of employment with a certain revitalization of
the internal market, both from the technical point of view thanks to the good mechanical properties
of this wood, far superior to those of currently used pines (Dowse and Wessels 2013, Wessels et al.
2014).
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In this respect, however, the main barrier to the expansion of Eucalyptus timber as solid product
remains its tendency to warp and checks during processing, primarily due to high internal stresses
and excessive shrinkage (Yang 2005, Yang and Waugh 2001, Malan 2003, Mugabi et al 2010, 2011).
Most of these defects either originate or aggravate during the drying stage, so that the yields might
be deeply reduced.

To tackle the problem, a new process has been conceived at Stellenbosch University. The idea is
to edge glue the Eucalyptus boards before kiln drying, so that, during the loss of moisture content,
the deformations and the splitting could be potentially reduced. A previous study carried out some
early attempts aimed to evaluate the feasibility of the finger-jointing of green boards to be employed
in roof trusses (Crafford and Wessels 2016). The results underlined a good potential both of the
material (suitable mechanical properties) and the process, but deformations and checks still
appeared on laminations dried after finger-jointing. Thus, a practical suggestion was to build roof
trusses with green members, but it needed further verification. Additional tries verified the suitability
to structural uses of green-glued, finger-jointed, and edge to edge laminated boards (Proller et al.
2015), experiencing again a good potential, but highlighting the need of further research efforts to
improve the bonding between boards and to prove the real amelioration with a bigger experiment.

Therefore, a new project was to design better set up the process and to assess the actual benefit
to include the green gluing of Eucalyptus boards in the manufacture of structural products. Here, the
results on the suitable process parameters, effective advantages in terms of dimensional stability and
drying defects occurring on the lumber will be presented; and the feasibility of the entire process will
be discussed.

The experiment was divided in two parts: the first part aimed to investigate the effect of some
wood properties and process parameters on the bonding strength of the edge-gluing of green
boards; the second tested the entire process in practice and evaluated the benefits in term of check
and warp reduction.

2. Materials and methods

2.1. Material

Eucalyptus grandis boards (cross section of approximately 38 x 114-120 mm?) were obtained from
plantations located in Tzaneen, Limpopo, South Africa. The area where the trees were grown has a
sub-tropical climate with an average temperature of 15°C in winter and 28°C during the summer
months. Rainfall is predominantly found in mid-summer, between November and March, with an
average of approximately 1230 mm per year. The altitude of the plantations is ranging from 900 up
to 2000 m above sea level.

A one-component polyurethane (1C PUR) adhesive, manufactured by Henkel, was employed for
this study. Although quality assurance testing on green wood was done successfully by the
manufacturer (pers. comm. Ferreira-Netto, Henkel SA, 2015), a maximum wood moisture content
between 16 and 18% is stated in the technical data sheet. Therefore, this type of adhesive was not
particularly formulated for green gluing applications, but it was preferred because it is already being
used in an industrial green gluing process for finger-jointed Eucalyptus grandis timber. The bonding
strength of finger-joints in Eucalyptus grandis timber was tested in a large experiment and found to
be very good (Crafford and Wessels, 2016). It was, therefore, decided to continue using the same
adhesive in this study.
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2.2. Influence of wood and process parameters on bonding strength

The variables investigated in the first phase of the study were wood density, moisture content,
adhesive spread rate and press force; two grades (low and high) were assigned to each parameter
(Table 1).

Table 1. Variables selected to study their influence on bonding strength, and their relative low and high grades

Variable Low High
Wood density (kg/m°) <500 > 500
Moisture content (%) ~30 ~ 60
Adhesive spread rate 150 250
(8/m®)
Pressure (MPa) 0.6 1.0

The boards were longitudinally sawn into strips 25 mm wide, then the strips were cross cut into
pieces 50 mm long. The block specimens (30 x 25 x 50 mm?, T x W x L) were glued such as to obtain
finally 10 gluelines for each group of the 4x2 full crossed design (4 variables x 2 grades).

After gluing the specimens were conditioned at 20°C and 65% RH and then subjected to shear
tests according to the methodology provided for glulam (EN 14080: 2013) or cross-laminated timber
(EN 16351: 2015), to calculate the shear strength of the bond line. Further details about the methods
used can be found in Préller et al. 2017.

2.3. Green edge glued panels

The material used for this part of the experiment came from two different plantations: one about 20
— 25 years old and the second 6 — 8 years of age. The boards cut from these logs were additionally
divided according to the presence of pith, so to form 4 groups (Table 2). Moreover, the boards
obtained from younger trees were horizontally finger-jointed (fingers visible on the narrow edges of
the boards), with each board consisting of between four and five end-jointed pieces of timber. The
boards had dimensions of roughly 2400 x 114 x 38 mm (Lx W x T).

Six edge-glued panels were produced for each of the four groups. Furthermore, a control group,
comprising 30 randomly selected non-laminated boards from the same source, was established for
each group. Splits and checks of every control and edge-glued board were marked if already present
after sawing in order to determine the increase in length during kiln drying.

Table 2. Experimental design consisting of four different material groups distinguished according to their
characteristics; amount of edge-glued panels produced, edge-glued boards cut back from panels and control
boards selected for each group

Group Characteristics No. No. of edge No. of control
Panels glued boards boards
YUN_P1 6 - 8 years old, finger-jointed, including pith 6 30 30
YUN_PO 6 - 8 years old, finger-jointed, no pith 6 30 30
present
OLD_P1 20 - 25 years old, including pith 6 30 30
OLD_PO 20 - 25 years old, no pith present 6 30 30

To manufacture the edge glued panels, all boards were first processed to equal dimensions, i.e.
cut into 2.4 m length and planed to a width of 102 mm in order to obtain a clean surface for edge
gluing, which was carried out within the subsequent 24 hours. Five boards were randomly selected
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for each panel and arranged alternately within the panel with respect to their growth-ring
orientation (with ring facing alterative direction), in order to even out each other when glued
together.

Both panels and control boards were then kiln-dried in equal conditions with drying schedule
that allowed reaching a moisture content of timber below 12% in 24 days. After drying, panels were
cut back to boards and the wood defects were evaluated according to definition and methodology
reported in the South African grading standard for Eucalyptus (SANS 1707-1: 2010). The
characteristics measured were the following.

e Check: separation of the wood fibres along the grain but not passing through the piece; the
lengths on both sides of the board were measured along the longitudinal axis of the board
and summed up to a total length per face.

e Split: separation of the wood fibres along the grain passing through the piece; the lengths
along the longitudinal axis of the board were measured.

e Warp: bow, cup and twist were measured according to figure 1

Only with regard to checks and splits, the edge-glued boards were measured twice: first, when

still bonded together in the form of panels, and second, after the panels were re-sawn apart into
single boards in order to determine if the separation of the boards caused a change in their quantity
or dimension.

2.4. Data analysis

The assumptions of normal distribution and homogeneity of variance were verified before
performing a factorial design analysis of variance (ANOVA) on the test results, in order to determine
how the different variables (wood density; moisture content; adhesive spread rate and pressure)
influenced the shear strength of the bonded samples and how the age of the timber, the presence of
pith and the edge-gluing influenced the development of the drying defects. Since checks and splits
were measured before and after kiln drying, the increment during the drying stage was investigated
as well.

Figure 1. Measurement of warp, (adapted from SANS 1707-1: 2010).

3. Results and discussions

3.1. Shear strength of the edge bonds

Overall the values of shear strength ranged between 5.6 and 14.8 N/mm?, with an average value of
11.2 N/mm?. Considering that the requirement for the edge bonds of the cross laminated timber
according to the European Standard EN 16351 (2015) is 3.5 N/mm?, even if it is thought for softwood,
it can be stated that the results obtained for green gluing of Eucalyptus were far above the
requirement.
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From the analysis of variance performed to investigate the influence of the four factors included
in the experiment on the shear strength, moisture content resulted the most important, with high
level of MC (60%) corresponding to higher shear strength. A possible explanation could be the
application of a moisture-curing adhesive (PUR), which uses moisture as the second component to
react. In this system, curing is initiated by the reaction of isocyanate and water, which is taken from
both the wood and the surrounding air. Studies done by Sterley (2004 and 2012) exhibited deeper
penetration into green wood than dry wood.

Also wood density resulted to be a significant factor to determine shear strength: the specimens
of high density groups (> 500 kg/m®) showed on average higher shear strength over low-density
specimens. Observing that failure during tests often occurred in the wood tissues, it is likely that
higher-density wood has higher mechanical properties.

Looking at the interaction between the parameters of the wood and those of process, it was
observed that, for specimens with high MC, high or low pressures have given similar results. For high
density, a high pressure might have favoured the outflow of adhesive instead of the absorption into
the wood, resulting in lower shear strength; while for low density, a higher pressure was better in
term of shear strength. The use of an intermediate pressure respect to what tested in the
experiment seems the best solution.

As for the glue spread rate, if it was low, there were no differences in shear strength related to
the other variables (high or low pressure, high or low MC) and the values were fairly high states.
When the spread rate was high, have been achieved the best results of all possible combinations (for
high MC), but also the worst in the case of low MC and low pressures. Therefore, the use of a low
amount of adhesive has to be preferred, considering that it could also be an advantage from an
economic point of view.

Further details can be found in Proller et al. 2017

3.2. Drying defects after edge gluing

The moisture content of the boards obtained from the 6 — 8 years old Eucalyptus material was on
average 83%, with an average basic density of 381 kg/m?>. The same properties for the 20 — 25 years
old material were 64% and 432 kg/m? respectively. The differences are explained by the presence of
mostly juvenile wood with either no or only little heartwood developed in the boards from young
trees, while it could be assumed that all the boards cut from older trees exclusively consisted out of
heartwood.

Given the results of the first part of the experiment, the edge gluing of the green boards to form
the panels to be kiln dried was done with an adhesive spread rate of 180 g/m? and a pressure of 0.75
MPa.

3.2.1. Checks

Table 3 shows the average total length of checks per board for every material group. The same
evaluation was performed on the edge-glued boards before and after they were re-sawn apart from
panels into single boards after the re-sawing and no change in dimension or quantity of the checks
occurred, thus this comparison does not appear in the table.

Table 3 shows that checks increased for all material groups during the kiln drying process. On
average, the young boards (YUN) had a total check length of 36.9 (+ 2.8) mm, whereas the old boards
(OLD) showed significantly lower results with an average value of 16.8 (+ 1.9) mm. However, about
60% of the total check length for all boards was already created before kiln drying (63.4% for group
YUN and 56.9% for group OLD). Since checks develop at the early stage of drying, this was probably
owed to preceding air-drying, which happens naturally after a tree is felled.
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Table 3. The average total check length per board (+ standard error) for each material group, both before and
after kiln drying, including the increment. EG1 = edge-glued boards; EGO = control boards, no edge-glued

Group Check length (mm)

Before kiln drying After kiln drying Increment
YUN_P1_EG1 19.3+3.9 33.9+4.6 14.6£2.7
YUN_P1_EGO 13.1+2.2 29.2+3.3 16.1+2.7
YUN_PO_EG1 414+7.38 50.6+8.2 9.2+2.0
YUN_PO_EGO 25.5+4.4 33.8+4.6 83+1.6
OLD_P1_EG1 16.5+3.3 29.0%5.3 125+2.38
OLD_P1_EGO 124+27 23.514.2 11.1+2.3
OLD_PO_EG1 5.3+0.9 73%1.2 2.0+23
OLD_P0O_EGO 3.4+06 75+1.6 41+1.2

Taking into account only the increment of checks after drying, an analysis of variance was
performed to verify what material characteristic (age, presence of pith, edge-gluing) influenced the
development of the defect during the drying process.

The only significant factors were the presence of pith and the age: an increased amount of
checks was developed during kiln drying for pith-containing material (P1) compared to boards
without pith (P0); the younger, finger-jointed material developed more checks during the kiln drying
stage as compared to the older not finger-jointed boards. This corresponds with the results obtained
by Crafford (2013), which exhibited a significant increase of checks for Eucalyptus grandis boards
with an increased proportion of pith material and where 5-year-old boards exhibited significantly
more checks than older boards with 11 and 18 years of age, respectively. The higher tendency to
develop checks close to the pith can be attributed to the unfavourable properties of the juvenile
wood, in particular the combination of compressive stresses, low basic density and increased
longitudinal shrinkage, causing the comparably weak corewood tissue to rupture. Regarding the age,
since sapwood contains significantly higher amounts of water than heartwood, this implies a more
rapid initial moisture loss for the younger material; in consequence, a larger moisture gradient
between the wet core and the drying shell was created for the young boards, which is known to be
the cause for the creation of surface checking.

Since the statistical analysis did not find the edge-lamination to be a significant factor, it must be
assumed that green edge-gluing was not able to contribute to the reduction of check development in
Eucalyptus grandis lumber.

3.2.2. Splits

As for checks, no changes in dimension or quantity were observed in the edge-glued boards before
and after the re-sawing from the panels. Therefore, in table 4 only the comparison before and after
the drying of the boards is presented. A general increase of split length was noticed after drying.
Moreover, the older material exhibited an average total length of 5 mm per board, which was twice
as much as compared to the younger boards (2.5 mm). The reason for that may have been the older
age that leads to higher compressive stresses in the corewood of a tree and thus increased heart-
check and end-split development.

Again, the only factor influencing the increment of split length during drying was the presence of
the pith: a higher increment of split length was obtained for pith-containing boards as compared to
boards with a greater distance from the pith. Since split occurred exclusively in the form of end-
splits, this can be explained by the large proportion of juvenile wood in pith-containing boards.
Juvenile wood in Eucalyptus is known for its growth-related longitudinal compressive stresses, which
can cause end-splitting as well as heart-checks.
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Since edge-gluing of the green boards was not found to be a significant factor for the increment
of split during kiln drying, it must be assumed that it could not contribute to the reduction of split
development.

Table 4. The average total split length per board for each material group, both before and after kiln drying,
including the increment. EG1 = edge glued boards; EGO = control boards

Group Split length (mm)
Before kiln drying After kiln drying Increment
YUN_P1_EG1 0.7+0.5 56120 49+1.9
YUN_P1_EGO 0.8+0.5 1.8+0.8 1.0+0.5
YUN_PO_EG1 0.0+0.0 0.7+0.5 0.7+0.5
YUN_PO_EGO 0.6+0.5 20+1.0 1.4+0.8
OLD_P1_EG1 39+1.1 47+1.2 0.8+0.4
OLD_P1_EGO 43+0.9 58+1.2 1.5+0.7
OLD_PO_EG1 2.2+0.7 3.0+0.9 0.8+0.5
OLD_PO_EGO 6.8+1.1 7.2%+1.2 0.4+0.1
3.2.3. Bow

Warps were measured only after drying and the total amount was included in an analysis of variance
investigating the influence of the factors inserted in the experiment.

Regarding bow development, two factors resulted significant in the analysis of variance: the
interaction between age and pith and the edge gluing. The older material showed increased bow for
boards with no pith enclosed, whereas no difference between P1 and PO boards for the younger,
finger-jointed material was obtained.

The development of bow increased when the boards were edge-glued before kiln drying. No
logical explanation for this behaviour could be found as rather the opposite was expected to result.
However, the magnitude of the average difference between the two groups EGO and EG1 was very
small, since a variation of about 0.6 mm on a board length of 2.4 m can be considered negligible.

Anyhow, it was visually observed that the bow of OLD_PO boards, which already showed
extensive bow before edge-gluing, could largely be suppressed while bonded together in the form of
panels. This was probably due to the alternate layout with respect to the growth ring orientation of
the individual boards within the panels, as well as the applied pressure from the vertical pneumatic
clamps during gluing. However, the stresses locked inside the kiln dried panels were released upon
the subsequent sawing into single boards, which hence went back to their initial bowed shape again.

3.2.4. Cup

The edge bonding of green boards in general had a positive effect on the reduction of cup. This trend
was however significantly more pronounced for boards with no pith than compared to pith-
containing boards. The decrease in cup for green edge-glued material (EG1) was probably owed to
the alternate arrangement of the single boards with respect to growth ring orientation. Since both
bow and cup are related to the growth ring orientation, cup was also in alternate directions for
neighbouring boards and the preceding edge-bonding of the boards was likely to have contributed to
reduce their deformation.

3.2.5. Twist

The edge gluing reduced the amount of twist for no-pith boards, whereas it had no significant effect
on the twist development of pith-containing boards. Among the causes of twist development in sawn
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timber are the spiral grain, which has its origin in the growth of a tree when the direction of the
fibres deviate from the stem axis, but also sawing direction compared to the taper and fibre
orientation. However, spiralled grain alone has only little effect on wet material as deformation is
created by drying the boards below the fibre saturation point, due to unequal shrinkage between the
radial and the tangential direction of the wood. Since during this period of drying the boards of the
edge-glued group were restricted to warp, this explains the reduction of twist for the boards, which
remained in a straighter shape after sawing the edge-glued panels into single boards.

Since the results showed that the edge-gluing before kiln drying could at least partially
contribute to the reduction of twist development, it should be considered a possible measure to
inhibit this defect. This might be particularly true for the edge-glued panels, as no twist was visually
observed before they were re-sawn apart into single boards.

4. Conclusions

The green edge-gluing of Eucalyptus grandis showed favourable results in terms of shear strength
values and it can be considered to be effectively applicable in an industrial process. However, the
experimentation carried out on the entire process to determine a possible reduction of drying
defects on the Eucalyptus boards did not give entirely positive results.

Check turned out to be the most critical defect because of its high presence (followed by split,
twist and cup), even if about 60% of the final check length of the boards was already created before
kiln drying and thus could not be influenced by the-edge gluing of the green lumber, which was not
able to contribute to its reduction.

In terms of bow, the lengthwise curvature of the boards was largely suppressed while the boards
were edge-bonded together in the form of panels, but, upon re-sawing the panels apart into single
boards, they went back into a bowed shape. Cup was significantly decreased by the edge-gluing of
the green boards before kiln drying, while twist could be reduced only for non-pith material, but
remained mostly inhibited also for boards containing pith while edge-bonded together in the form of
a panel.

Overall, cup and twist were the only two defects that were significantly reduced in the individual
boards. If sawn timber is the intended end-product, it is doubtful that the slight reduction in these
two properties will justify the green edge-gluing process. There are, however, other advantages such
as the possibility of producing larger dimension timber products from lower grade material, which
might still make this green-edge-bonding process attractive to timber producers. A more interesting
option might be the production of panel-type products, such as cross laminated timber, from these
edge-glued panels. In the case of CLT, the full panels will be used with real benefits, since only little
or virtually no warp was observed in the produced panels before they were re-cut apart into
individual boards.
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Abstract

Apart from spruce and pine, hardwoods have traditionally been used as a construction material in
Europe. In the Middle Ages, mainly oak and softwoods were used for buildings and civil structures
in Central Europe. In South and West Europe also, European chestnut was a common wood
species for building structures. Some of these structures still exist, sometimes as individual
buildings, but often also renovated and integrated in newer buildings. Also for hydraulic
structures such as mooring poles, sheet pile walls, fenders, jetties and bridges European and
tropical hardwood species have been used. In order to estimate the residual strength of those
structures, a structural health assessment of the elements is sometimes needed. In many cases
only the longitudinal surfaces of structural elements are visible but not the cross-sectional
surfaces. Therefore, the visual inspection is limited to defects at the surface. However, also
internal “defects’ such as cracks, juvenile and intermediate wood as well as biological decay are
influencing to mechanical performance. Even juvenile wood can have a significant lower density
then the mature wood and thus lower mechanical properties. With the aid of micro-drilling
resistance measurements, it has been investigated what kind of defects along the cross-section of
wooden beams can be detected with the corresponding accuracy and reliability. This research has
been carried out on beech, eucalypt, sipo and azobé, with selected anatomical characteristics and
defects. The species represent clusters of wood species from tropical and temperate climate
zones. It can be concluded that drilling resistant measurements allows detecting defects such as
decay and cracks, but also high and low-density zones due to slow growth rates and juvenile
areas.
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Abstract

Forest pests are commonly transported with wood packaging materials. Ports in US continue to
intercept invasive pests in cross section timbers packaged with steel or heavy consignments. The
large cross section timbers present a greater risk because the fumigation and kiln treatment as
currently used in treating wood packaging materials are not effective on large cross section
materials. The objective of our study is to determine the effectiveness of steam and vacuum for
heat treating large cross section timbers in wood skids and crates, according to the heat treating
requirements of ISPM 15. Three wood species of large dimension (20.32x20.32 cm) timbers were
tested. These represented a high density hardwood, a low density hardwood and commonly used
softwood. These were mixed oak (Quercus spp), yellow-poplar (Liriodendron tulipifera) and
southern yellow pine (Pinus spp.). Timbers were partially air dried and are typical of large timbers
used in heavy skids. Larvae of the pinewood sawyer beetles (Monochamus spp.) were used as a
representative surrogate for invasive cerambycids. During each test, three skids assembled from
each wood species were treated. Separate and untreated large timber and a deckboard were set
aside as controls. In each test, eight (8) larvae total were inoculated among two large timbers,
and single larvae seeded in a deckboard. Four (4) larvae were inserted in the large control timber
and one larva in the control deckboard. The initial vacuum pressure was 100mm Hg and test
chamber temperature was set for 90°C. The treatment cycle continued until the core temperature
of the large timber reached the required 56°C for 30 minutes. To measure temperature profiles
within the timbers, thermocouples were placed at various locations. After each test, larvae were
recovered and assessed for mortality.

1. Background

Heat has been used to kill insects, fungi and nematodes living in wood for a long time. Asians have
used this method for thousands of years. There are early publications about the use of heat
treatment to kill insects and fungi (Craighead 1921, Snyder 1923). Heat sterilization of wood, in
various forms, is currently used for killing insects or pathogens to prevent their transfer from one
geographical region to another (Allen 2001, Schauwecker 2006, Lambertz and Welling 2010, Chen et
al 2011, 2012, Schroder et al 2013, Allen et al. 2017). One important concern is the amount of time
required to heat wood of various cross-sectional sizes to a required temperature.

Treatments for logs and other wood commodities were reviewed by the US Forest Service in the
early 1990s as the international movement of wood products was seen as a major risk to the
importation of exotic forest pests (USDA 1991). Heat treatment is an effective method for killing
pests that affect forest growth. This paper reviews the history of heat as a wood treatment, the
scientific basis for its effect on wood pests (including insects, fungi, nematodes and bacteria), the
industrial processes by which wood is heat treated and how heat treatment can be incorporated into
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phytosanitary measures to control forest pests. Heat can be from steam, hot air, and water or
generated using the microwave energy.

Wood packaging has been recognized as a pathway for invasive forest pests (Allen and Humble
2001). The Asian Longhorned Beetle, Anoplophora glabripennis (Motschulsky), migrated into North
America in infested packaging materials (Liebhold et al. 1995). Preshipment treatment to 56°C for 30
minutes was adopted by many countries as a method of controlling the migration.

The ports of Baltimore and Philadelphia continue to intercept invasive pests in heavy timbers of
solid wood packing material (SWPM) used to ship steel or heavy consignments. The large size timbers
(20 to 30 cm thick) are common and used in heavy duty skids and crates. These large timbers present
a greater risk because fumigation and heat treatment as currently applied to SWPM are not effective
or practical on such size wood material.

It is likely that the current Asian long horned beetle infestation in Bethel, Ohio was introduced
through heavy skids used to ship tractor parts that were shipped to a local business in the core area.
Certain dunnage, because of its irregular and large shapes remains a suspected carrier of invasive
pests as well.

Chen et al. (2012) have shown that pallets with wood parts of smaller dimensions can be heat
treated to ISPM 15 requirements of 56/30 with steam and vacuum in less than half the time and
using 30% less energy than conventional hot air oven systems. Chen et al. (2011) have also shown
that this process may be very effective for heat treating wood commodities with larger cross sections
such a hardwood firewood and hardwood veneer logs. This process, which incorporates the latent
heat of water phase transition, the exothermic reaction of condensation and vacuum to distribute
the heat may effectively treat, large timber SWPM in skids and crates without adversely affecting the
material quality and skid structural integrity.

2. Research objectives

To determine the effectiveness of steam and vacuum for phytosanitary heat treating large cross
section timbers (20.32x20.32x182.9 c¢cm) in wood skids and crates, according to the heat treating
requirements of ISPM 15.

3. Test materials and specimens

3.1. Large timber

Three wood species groups were tested to represent a range of wood densities and species currently
used in skids. They are mixed oak (Quercus spp), yellow-poplar (Liriodendron tulipifera) and southern
yellow pine (Pinus spp.). These timbers were partially air dried as is typical of large timbers used in
heavy skids. Figure 1 is a photograph of the 20.32x20.32x182.9 cm (8 inches by 8 inches by 6 feet)
long timbers used in tested wood skids. The 10.16x10.16 x121.9 cm (4 inches by 4 inches by 4 feet)
long deck timbers of the same wood species are shown in Figure 1.

3.2. Large skids

Skids were manufactured according to the base design in ASTM D 6039 “Standard specification for
crates, wood, open and covered”, for type V, style B crates. Figure 2 shows this basic design with the
dimensions and test skids made ready for treatment. The parts were connected with lag screws in
accordance with the specification.
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3.3. Pine sawyer beetles

Pine sawyer beetles were inoculated into to the large wood at the locations shown in figure 3. The
sawyer beetles (Monochamus spp.) were selected because these long-horned beetles of family
Cerambycidae, inhabit living trees and have life cycles similar to the Asian long horned beetle. The
larvae weighed between 500 mgto 1.2 g.

4. Test equipment

Figure 4 shows the 1.52x1.52x2.44 m long vacuum steam chamber. The chamber is equipped with a
5.22 KW vacuum pump with a 1.39 m*/min (56 CFM) exhaust capacity and a 100KW electric steam
boiler. The conditions in the chamber are controlled semi-automatically. The system also includes a
data acquisition system for real time recording of temperatures from 8 separate sources.

Figure 1. The 20.32 cm by 20.32 cm large timbers and the 10.16 cm by 10.16 cm deck timbers of southern
pine, yellow-poplar and oak spp.

Figure 2. Schematic diagram of the skids dimension and skids made used in the test.

Geometric center of lumber

2inch from edge and Zinch dee; Sinches

1/4lkength
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half length

1/3length at center

Figure 3. The locations in the large timber of temperature probes and larvae.
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5. Experimental design

Three skids were treated at a time to simulate commercial treatment of such structures. Each wood
species skid was replicated three times. Therefore, nine skids of each species were treated.
Additionally there is one control large timbers of each species that was not treated.

Figure 4. Photograph of vacuum steam chamber used in the tests.

6. Test procedures

Eight larvae were placed in two large timbers and one in a deckboard in each skid. Four larvae were
placed in the large control timber and one in the small timber. After the tests, the larvae were
retrieved and the mortality of larvae was checked.

6.1. Test conditions

The initial vacuum pressure was 100mm Hg and test chamber temperature was set to be 90°C. The
treatment cycle continued until the core temperature of the largest timber reached the required 56
°C for 30 minutes.

6.2. Measuring temperatures

Thermocouples were placed in the large timbers as shown in Figure 3. One, randomly selected, 4x4
pieces of the skid was probed at the geometric center to monitor the core temperatures. This was
done to determine the extent of the treating smaller wood pieces and whether this would degrade
these pieces.

The holes of diameter of 0.48 cm (3/16 inches) were plugged with plumber putty and sealed
after thermocouples were placed at the locations shown (Figure 3). Real time temperature profiles
were recorded. Cycle times were determined.

6.3. Inoculation with live pests

Larvae of the pinewood sawyer beetles (Monochamus spp.) were used as simulants of the invasive
longhorned beetle (Cerambycidae). The larvae were collected from the infested pine trees (Figure 5).
After they are removed from the trees, larvae were placed on a diet prior to the use (Figure 5). The
larvae were transported in the containers to Blacksburg, Virginia. During the tests, the larvae were
placed at the same locations as the temperature probes shown in Figure 3. There were three large
timbers during each test. One is used for measuring temperature and two for placing larvae. It was
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assured that the temperature to which the larvae were exposed was the same as the temperature
measured at the corresponding location in a different skid.

Larvae were also placed in a control, non-treated timber such that the mortality can be compared
and efficacy of treatment verified. The holes in which the larvae were placed were plugged with
wood dowels (Figure 6).

Figure 6. The 0.48 cm (3/8 inches) hole was drilled and tightly pluged with the dowels after larva was
inserted.

6.4. Inspection of skids and dunnage parts

To monitor any effect of the treatment on the quality of the timbers and the structural integrity of
the skid structures, all parts and connections were inspected before and after treatments. Any
observed degradation of the parts or connections was noted. The ends of the large timber in each
skid were photographed before and after treatment to determine any change in end splits.

6.5. MC measurement

Large timbers were weighed before and after treatment. After the treatment, 2.54 cm (one-inch)
moisture sections were cut, at least one foot from each end of timber. The moisture sections were
oven-dried to calculate the MCs of timber. From these MCs and the weight change of the timber, the
change in MC can be determined.

6.6. Larvae were weighted

Larvae were also weighed before and after treatment using a scale to determine if desiccation
occurs during treatment.
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6.7. Mortality of larvae was determined

Larvae were observed for two days. If no movement was evident that larvae were assumed dead.

6.8. Densities of large timber

Wood density was measured using the water displacement method. Oven-dried wood samples are
pressed below the water surface in a beaker on a top loading balance. The volume of the wood is
read accurately on the balance as the mass of the displaced water.

7. Test result and discussion

7.1. Temperature profiles

Figures 7 to 9 are typical temperature profiles for each wood species. Temperature profiles for all
tests are in the appendix. The chamber and surface temperatures increased rapidly as soon as steam
entered the chamber. Next the temperature next to surface slowly rose. The temperature at center
of timber initially remains unchanged for a certain time and linearly increases later to the final set
point of 56°C. This profile is similar to those recorded when treating large diameter logs (Chen et al.
2012). The center of the 10.16 cm by 10.16 cm deck timber reached 562C within 60 to 90 minutes
and remains at 852C for about 4 hours for many tests. The concern is the potential for degradation of
small timber in an attempt to treat the large timber to 56/30. There is very little temperature
gradient along length. The rate of heating is similar at %, 1/3 and % of the timber length. When wood
cross sections are uniform along the length, probing the geometric center is recommended, but
depending on the ease of thermocouple placement, it is not necessary. Theory implies any distance
from the end greater than 2.5 times the distance to the center of timber.

1/2L at 2-inch deep
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20 e Timber surface
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0 1 1 1 1 1 1 ]

0 60 120 180 240 300 360 420 Deck timber center
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Figure 7. Typical temperature profile of the 20.32 cm by 20.32 cm timber in the yellow-poplar skid at the
initial vacuum pressure of 100 mmHg.
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Figure 8. Typical temperature profile of the 20.32 cm by 20.32 cm timber in the pine skid at the initial vacuum
pressure of 100 mmHg.
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Figure 9. Typical temperature profile of the 20.32 cm by 20.32 cm timber in the oak skid at the initial vacuum
pressure of 100 mmHg.

7.2. Treating time

The total treating times (including vacuum time and 30 minutes holding time) for the tests are
presented in the following Table 1.

182



Table 1. Treating time at the initial vacuum of 100 mmHg for 20.32 cm by 20.32 cm timbers.

Test Red Oak Southern Pine Yellow-Poplar
Initial Vacuum Total Initial Vacuum Total Initial Vacuum Total
wood . . wood . . wood . .
time time time time time time
T T T
(°C) (min) (min) (°C) (min) (min) (°C) (min) (min)
1st 20 13 409 16 13 326 12 14 345
2nd 14 14 407 11 12 318 15 13 311
3rd 13 12 403 8 13 320 7 12 384
Average 16 13 406 12 13 321 11 13 347

The treatment duration of each log during each test is in Table 1 which includes vacuum time and a
30-minute hold time. From Table 1, the treating time for 20.32 ¢cm by 20.32 ¢cm varied from 311
minutes (5.2 hours) to 409 minutes (6.8 hours) depending on the wood species. Methyl bromide log
fumigation schedules require at least 24. The result indicates that the large 20.32 cm by 20.32 cm
timbers can be heat treated with vacuum steam technology to 56°C for 30 minutes, faster than
fumigating.

In vacuum steam treatment, several variables affect the time required to heat wood to a given
temperature. Heating time is influenced by wood density, wood MC, initial wood temperature, and
geometry of wood.

7.3. The effect of species on the treatment time

From Table 1, it is clear that it takes the least time to treat southern pine. The hardwood of less
dense wood, yellow poplar, has been heated up faster than the heavier wood, oak spp. Softwood,
such as pine, has a straight, linear tracheid, which transport steam faster. The hardwood has more
types of cells and its cells have irregular shape and arrangement.

7.4. Effect of size on the treating time

The larger the timber is, the longer the treating time. This is shown in the temperature profile (Figures
7-9). The average time for 10.16 cm by 10.16 cm oak deck timber of to reach 56°/30 minutes is about
100 minutes compared to the 311 to 409 minutes required to heat treat the 20.32 cm by 20.32 cm ( 8
by 8 inches) cross section. Larger cross sections require more time and energy to heat treat.

The vacuum steam process would be ideally suited for treating wood structures with different
size timber. The process will not degrade smaller timber that will heat more rapidly and remain at
higher temperature than the larger timber. A hot air system would likely degrade the small timbers in
the skid.

7.5. Effect of wood density and initial MC on the treating time

In general, it took longer to treat the oak than yellow-poplar or southern pine. Southern pine
required the shortest duration. Southern pine has the lowest density and oak the greatest. However,
at the time of treatment, the oak timber contained about 57% more water. For this reason, it is not
possible to separate the wood MC and oven-density effect. There is the linear relationship between
the gross density (effect of both oven-dry density and MC) and the treating time with R-squared =
0.85 and p-value = 0.0004 for the slope. The higher the gross density is, the longer time to treat the
timber. The oak with high MC has higher gross density than oak containing less water. It took longer
to treat high MC oak timber even it has the same oven-dry density as oak timber containing less
water.
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7.6. Moisture gained during treatment

Based on MCs from the moisture sections measured in oven-dry method, the MC content before and
after treatment for the large timber can be calculated. The moisture gained during the treatment
was also calculated. The average MC increase from the large timber is about 4.1%. The average MC
of hardwood timber averaged by 2.8% and southern pine timber increased by 6.8%.

7.7. Larva weight change during the treatment

The statistical analysis indicated that there is no significant difference in larvae’ weight before and
after treatment. Therefore, desiccation is not a mechanism of mortality as previously shown by Chen
et al. (2008) where only vacuum is used for treatment.

7.8. Larva mortality

After each treatment, larvae were recovered from the treated and control large timbers. They were
checked for mortality. They were then placed in the new diet and observed for two days. After the
larvae were retrieved from the testing samples, they were soft and pale. Apparently, they were in a
lethal state. If they remained immobile after two days they were assumed dead. 100% mortality was
observed for those larvae in the treated timbers. All larvae that were retrieved from the control
samples were alive. They burrowed into the diet and remained active.

7.9. Quality evaluation, checking and color change of large timbers

The timber quality of both control and treated timbers was carefully monitored and compared
before and after treatment. The primary measure of the timber quality was any change the size and
number of end splits. Photo images of the ends of the treated timbers were taken before and after
treatment. Photos from three timbers of each species are shown in Figure 10. There were no obvious
checks occurring after treatment or any measurable increase of the existing checks. The color of
timbers did not change during the treatment.

The structural integrity of the skid structures was not affected. All connections were inspected
and no difference was observed before and after treatment.
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Figure 10. Typical end grain images of large timbers before and after treatment.

8. Conclusion

1. Total treating time to achieve 56°C for 30 minutes at core was less than 7 hours for all three
wood species tested (100 mmHg and 90°C steam). Treating cycle is less than methyl bromide
fumigation specified in ISPM 15.

2. There was complete mortality (100%) of larval surrogates as a result of treatment.

3. Quality of 20.32 cm by 20.32 cm, 10.16 cm by 10.16 cm timbers and skids was not affected
by the treatment.

4. During treatment, the average timber MC increased by 4.1%.

5. Vacuum and steam can be used to efficiently pre-shipment heat treat and to heat treat
guarantined, large timber SWPM in compliance with ISPM 15.
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Abstract

This paper focuses on the surface quality assessment of thermally modified and native oak wood
after plane milling while taking into account technological parameters which have substantial
effects on the characteristic called processed wood surface’s arithmetic mean deviation of the
roughness profile (Ra). The observation of roughness was carried out by the industrial laser
confocal microscope Olympus LEXT OLS 4100. The milling process was affected by the cutting
speed, varying from 20 to 60 m/s, with the feed speed of 4, 8, and 11 m/min and with tooth rake
angles of 15, 20 and 25°. For the very research have been used four packages of test samples in
total consisting of samples of thermally modified oak wood as well as test samples of oak wood
without thermal treatment. The thermally modified samples have been divided in three groups
according to degree of heat used during the process of thermal treatment: 160, 180 and 210 °C.
And the 4th remaining group is made up of native test samples. The crafted native and thermally
modified test oak samples were subject to the observation of influence of the parameters
mentioned above on the predefined characteristic. This background enabled us to determine main
goals of this paper. The first purpose is to learn how the variation of feed speed affects quality of
surface in terms of roughness profile (Ra) of thermally modified and native oak wood. The second
one is to find out how the variation of cutting speed influences quality of surface again from the
view of roughness profile (Ra) of both kinds of oak wood. The third purpose was to determine the
effect of tooth cutting angle on roughness profile (Ra).

1. Introduction

Wood as a natural material has been used by humans in exteriors as well as interiors for thousands
of years. When used in exterior, wood must fulfil specific requirements in terms of quality, because
its exposure to action of external factors may cause deterioration of its physical-mechanical and
aesthetic characteristics. Among these requirements belong high dimensional stability, high degree
of resistance and good aesthetic properties, which wood must keep throughout the duration of its
use (Kokutse et al. 2006).

Various chemical methods are most frequently used to improve its resistance and durability.
However, they are often non-ecological not only with regard to their application on wood, but also
during their use and usually upon their removal.

Another kind of wood protection is its thermal modification. During the process of thermal
modification is wood exposed to higher air temperature, while the atmospheric pressure is
maintained and oxygen concentration is normal level or lowered. (Brito at al. 2006)

Wood is during the process of thermal treatment subjected to temperatures within a range from
160 to 250 °C. (Guedira 1988; Vovelle and Mellottee 1982) The higher the temperature of thermal
modification is, the darker the hue of wood. (Kac¢ik et al. 2012, Gindiz et al. 2008) Thermally
modified wood differs from native wood without thermal modification by higher degree of
dimensional stability, lower hygroscopicity, colour changes and higher resistance to wood-rotting
fungi and atmospheric agents. (Johansson 2008) Thermally modified wood is characterised by new
properties, which make it a suitable material especially for both, outdoor and indoor use. Thanks to
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the abovementioned characteristics one can consider thermal modification as being a sustainable
solution adding value to native wood.

In these times milling is the most frequently used wood machining process by reason of its broad
scope of application. Quality of machined surface may defer, depending on tool wear, characteristics
of material and the very process of newly machined surface creation.

Throughout the machining, a processed object is exposed to action of forces, which are
produced mainly by the tool. Application of the forces enables separation of chip and the very
machining too (Kubs et al. 2016). However, the whole process is not only about the tooth and the
workpiece, but it is affected also by other additional parameters (Kvietkova et al. 2015, Kvietkova et
al. 2016). These basic parameters are technological parameters such as cutting speed, feed speed.
The 2nd most significant parameter is angular geometry of tool adjustment, namely tooth angle, tool
rake angle and tool clearance angle.

We can note further parameters such as quality of machinery on which the machining process
takes place, types of additional used machinery and lubricants and last but not least vibrations
between the tool and workpiece and machinery.

It has to be said, that for further wood processing it is important to follow obtained surface
guality at each step of machining process. In terms of the quality of machined surface assessment of
values of variable Ra (arithmetic mean deviation of roughness profile or surface roughness) is most
frequently carried out.

The notion of roughness is to be understood as irregularities corresponding with microscopic
changes on the surface. (Javorek, Osvald, 1998) Final quality is affected by both, individual factors
and their mutual interaction.

2. Experimental

Oak belongs among ring-porous wood species. This parameter has not been taken into account in
evaluation of roughness profile. Measurement was carried out solely on samples with tangential
section.

2.1. Methods

2.1.1. Procedure

Thermal treatment

Each of three packages of oak samples underwent the same procedure of heat treatment. Wooden
pieces were put on a metallic grate and afterwards they were placed into the thermal chamber
model Katres (Czech Republic) (in Table 1 are stated technical parameters). The thermal treatment
follows three steps which altogether form the ThermoWood" process. This process was developed by
VTT in Finland. In the first place, the wood had to be dried and the chamber had to be heated to the
desired temperature, 160, 180 or 210 °C. Secondly, when the desired temperature was reached, it
would be maintained for the necessary time (Table 2). In the last third phase, the chamber and wood
samples were gradually cooled. The wood was during the last step re-moisturized to achieve the final
end-use moisture between 5 and 7 %.
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Table 1. Parameters of Thermal Chamber

Input technical parameters

Moisture content of wood 2-4 %

Filling capacity of TW furnace 1,0m’

Maximum temperature achievable 210°C
Maximum temperatures reached 160 °C, 180 °C, 210 °C

For the experiment was used native (untreated) and thermally modified wood at several
temperature degrees of thermal treatment. Duration of different phases of thermal treatment for
individual degrees of heat undergone by wood are displayed in the Table 2.

Table 2. Thermal Modification Process Parameters

Thermal modification process

Parameters 160°C 180° C 210° C
Heating 8.3 Hours 7.7 Hours 7.9 Hours
Thermisation 13.6 Hours 14.4 Hours 17.6 Hours
Cooling 15.8 Hours 17.2 Hours 20.7 Hours
Total modification time 37.7 Hours 39.3 Hours 46.2 Hours

2.1.2. The Methods of Milling Process

Three methods of milling process were used during the research in order to observe and gauge
their influence on surface quality of native and thermally modified oak wood. Firstly, variation of
cutting speed starting from 20 m/s, continuing with 40 m/s and ending with 40 m/s. Secondly,
variation of feed speed - 4, 8 and 11 m/min. The third method consisted in modification of tooth
angle using 15, 20 and lastly 25 degrees.

2.2. Measurement, evaluation and calculation

Measurement of roughness was carried out by the industrial laser confocal microscope Olympus
LEXT OLS 4100.

Influence of individual factors was recorded by means of measurement device and saved in MS
Excel spreadsheet. Then, assessment was carried out in the STATISTICA 12 software (Statsoft Inc.;
USA).

3. Results and discussion

On the figure 1 one can see part of oak samples obtained by milling process.

Figure 1. Oak samples after milling
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Table 3 contains a statistical evaluation of the impact of the individual factors and individual
two-, three- and four-factor interactions. Lower roughness values correspond to better surface

quality.

Table 3. Statistical Evaluation of the Effect of Factors and Their Interaction on Ra by Laser Microscope

Monitored Factor Sum of Degree of Variance Fisher's Significance
Squares Freedom F- Test Level P
Intercept 2569.194 1 2569.194 16896.25 *Ex
1) Cutting speed (m.s-1) “CS” 2.726 2 1.363 8.96 *Ex
2) Tool's rake angle (°) “TRA” 74.019 2 37.009 243.39 *Ex
3) Feed rate (m/min) “FR” 41.495 2 20.748 136.45 *Ex
4) Thermal modification °C “TM” 37.385 3 12.462 81.95 HEkx
“CS” * “TRA” 35.458 4 8.864 58.30 rEkx
“CS” * “FR” 34.107 4 8.527 56.08 rEkx
“TRA” * “FR” 38.184 4 9.546 62.78 rEkx
“CS” * “TM” 51.884 6 8.647 56.87 *EK
“TRA” * “TM” 100.640 6 16.773 110.31 *E*
“FR” * “TM” 102.245 6 17.041 112.07 *Ex
“CS” * “TRA” * “FR” 146.273 8 18.284 120.24 rEkx
“CS” * “TRA” * “TM” 93.626 12 7.802 51.31 rEkx
“CS” * “TRA” * “TM” 89.542 12 7.462 49.07 rEkx
“TRA” * “FR” * “TM” 278.739 12 23.228 152.76 rEkx
“CS” * “TRA” * “FR” * “TM" 126.152 24 5.256 34.57 *Ex
Error 32.844 216 0.152

NS- not significant, *** - significant

Figure 2 represents the effect of the cutting speed on values of arithmetic mean deviation of
roughness Ra. From data on the figure results that the cutting speed in terms of its effect on the
values of observed characteristic is at the limit of statistical significance.

1t

Ra (un)

3

20 £l 40
Cutting speed [m.z-*]

Figure 2. Effect of the Cutting Speed on the Roughness Profile Ra.

190



Figure 3 represents the effect of the tool's rake angle on values of arithmetic mean deviation of
the roughness profile. The chart reveals that the rake angle can be considered as statistically
significant factor. The worse quality results were recorded for the tool's rake angle of 15°. This
statement is in compliance with results in Table 3.

]

Ra (pm)

]

.
n

20 25

Tool's rake angle {%)
Figure 3. Effect of the Tool’s Angle on the Roughness Profile Ra

The impact of feed speed on values of the observed variable Ra can be considered by virtue of
the values on the Figure 4 as statistically significant. It is evident, that when the feed rate increases,
the values of observed characteristic increase too. Thereby the quality of processed wood surface
decreases when feed rate does too.

It should be noted, that when the feed speed changed from 8 to 11 m/min, the values of
observed characteristic Ra increased only very slightly. Based on the significance values shown in
Table 3, it is evident that this factor was statistically significant in relation to the roughness value.
Skalji¢ et al. (2009) as well as Keturakis and Juodeikiené (2007) also found the same effect of the feed
speed on the surface roughness of wood.

n

Ra (pm)

(%]

4 g

Feed rate (mymin)

Figure 4. Effect of the Feed Rate on the Roughness Profile Ra
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Figure 5 shows that measured values of arithmetic mean deviation of the roughness profile for
thermally modified oak wood in the range between 160 and 210 °C are higher than for native oak
wood. Thermally modified oak wood exhibits always worse values of roughness than oak wood
without treatment. Thermal modification is a statistically significant factor also according to Table 3.

]

Ra (pm)

P2

20 180 180 210

Thermal modification *C

Figure 5. Effect of the Thermal Modification on the Roughness Profile Ra

4.Conclusions

1. Thermal treatment of oak wood in the range between 160 and 210 °C has negative impact
on the roughness profile of processed surface when milled. The worst values are achieved
for the thermal modification made at highest degrees.

2. When cutting speed during milling increased, it had a positive effect on the quality of the
machined oak surface. Thereby, it can be stated, that the higher cutting speed, the lower the
surface roughness.

3. On the contrary, higher feed speed had opposite effect on surface quality in terms of
roughness. When the feed rate increased, the surface roughness of oak wood increased too;
it is to note that this relation has statistical significance with a limit value.
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Abstract

This study investigated the effect of different dye solutions on the wood permeability of
Eucalyptus globulus grown on a plantation in Australia. The data on the dye uptake for the
species was necessary for further research on the veneer coloring process of the species. The
samples of two different moisture contents, 12% and green 80 + 5%, were submerged in four
different solutions of an acid dye and removed after a set time (0.5, 1, 2, 5, 10, 30, or 60 minutes).
The four different solutions were: (1) an acid orange dye, (2) a wetting agent was added to
solution 1, (3) sodium hydroxide was added to solution 1, (4) a non-ionic detergent was added to
solution 3. The overall uptake of the dye was low. However, the results showed the descending
order of the dye uptake: longitudinal > radial > tangential. The permeability of the dried samples
resulted in a higher rate of uptake than the green samples. Sapwood samples were more
permeable than heartwood, and there was a different pattern of uptake associated with different
dye solutions. A descending order of the dye solutions was observed: solution 4 23 >2 > 1 in
relation to the wood permeability.

1. Introduction

The permeability of wood has a profound impact on wood processing procedures such as drying,
pulping, preservative treatment, and wood dyeing (coloring). In the wood dyeing process, the
permeability provides an indication of the ease in which dyes may penetrate wood samples. More
permeable wood is more easily dyed with different colors. This information is also important in
understanding the dyes’ transport processes in wood in relation to wood structure parameters,
which in turn influence the quality of dyed wood.

Permeability is a measure of a material’s capacity to allow the flow of a fluid through it under
the influence of a pressure gradient. The fluid can be liquid or gas; a liquid is usually understood to
be water, although other liquids can also be used (Choong et al., 1989). The permeability of wood
can vary significantly between different species, among individual trees, and even within the same
tree (Comstock, 1965).

In Australia, there are large plantations of blue gum (Eucalyptus globulus), which are mainly
grown to produce pulpwood. This resource is not suitable for the production of appearance wood
products due to low grades of wood and “dull” appearance. Many studies have explored the
utilization of this species for the production of peeled veneer and veneer-based engineered wood
products, such as plywood and laminated veneer lumber (LVL) (McGavin et al., 2015). Developing
methods that enhance the appearance of this low quality veneer would promote the production of
high value wood products such as furniture, joinery or flooring.

" Corresponding author: Tel.: +61424718868; E-mail: bnguyen @student.unimelb.edu.au
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One of the methods to enhance the appearance of low quality veneer involves the production of
a multi-laminar veneer, also called “reconstructed veneer”(ALPI, 2014 n.d.). An important stage of
the multi-laminar production is coloring the veneer, which is achieved by dyeing the veneer with
dyes of different colors, depending on the type of appearance products, their design, and market
demand.

Although veneer dyeing technology is well advanced in ltaly, it has been mainly focused on
poplar veneer from plantations. This wood is characterized by low density, even color, low defects,
and high permeability. Conversely, the majority of plantation eucalypts have medium to high density,
many defects, uneven color, and low permeability. A detailed study is therefore required to develop
dyeing methods suitable for coloring eucalypt veneers. In order to conduct such a study, knowledge
of wood permeability of Eucalypts globulus is needed to develop an understanding of dye uptake
under different variables (moisture content, grain direction, and sapwood/heartwood).

This study examined the effect of different dye solutions, moisture content, grain direction and
sapwood/heartwood on the dye uptake by small wood blocks made from plantation-grown
Eucalyptus globulus in Australia.

The hypothesis for the study was that soaking of small blocks of wood would provide an
indication of the permeability of E. globulus veneer and the potential for using soaking as a means of
dyeing the veneer of this species.

2. Materials and methods

2.1. Materials

Eucalyptus globulus was selected from a commercial plantation in Ballan, Victoria, Australia. The
plantation was established in June 2000 at 4m x 2m spacing by Australian Bluegum Plantations
Company and the trees were harvested in December 2015. The study trees were felled at an average
stump height of 0.5 m. From each tree, three 1.8 m long billets were cut from the bottom of the logs
as shown on Figure 1. Then, four discs (approximately 5 cm thick, 25 cm diameter) were cut from the
upper (small) end and the lower (large) end of each billet for permeability tests.

1.8m butt-log 1.8m second log 1.8m third log
Billet for veneer Billet for veneer Billet for veneer
Ne — 13m %T T(— 1.3m %T T% 1.3m —=> /)

| 50mm discs for permeability tests |

Figure 1. Sampling strategy for disc sample from each tree

A total of 576 cubes samples (20 x 20 x 20 mm) were machined from the discs taken from the
billets of five trees. Two levels of moisture content (green samples at 80 + 5% and dried samples at
12%) were used for the study.

The soaking (dipping) method was used to conduct the experiments. The dye uptake of three
flow directions - longitudinal (L), radial (R), and tangential (T) from both sapwood and heartwood
samples was measured. Acid orange (the C.I. Acid Orange 7, Chemcolour Industries, Nottinghill,
Victoria, Australia) was used for the tests. The C.I. Acid Orange 7 is an acid dye that does not fix on to
cellulose; however, it will fix on any protein found in the timber. Hence the use of an alkaline pH is to
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prevent any possible fixation. The issue with the green samples is that the presence of moisture will
inhibit dye penetration and it is for this reason that the various chemicals are added to try to
overcome the high moisture in the timber. There were four different dye solutions applied in the dye
uptake tests (Table 1).

Table 1. Dye solutions

Solution 1 Solution 2 Solution 3 Solution 4
0.1g dye/200 mL of 0.1g dye/200 mL of 0.1g dye/200 mL of 0.1g dye/200 mL of
water water water water

0.1g/l of wetting agent 0.1g/l of sodium 0.1g/l sodium
hydroxide hydroxide
0.1g/I Triton X100

In solution 1, only dye was used. In solution 2, a wetting agent was added to improve the
wettability of the cellulose fibers in the wood structure in order to increase the dye penetration. The
wetting agent used in this solution was anionic surfactant product dioctyl sodium sulphosuccinate.
This product is purely a wetting agent and does not have any detergent properties. In solution 3, the
addition of sodium hydroxide was made to determine if the higher pH would improve the dye
penetration. Sodium hydroxide will increase the swelling of the cellulose but will also react with any
oily matter in the structure forming soap via the saponification reaction. Soap, therefore, being a
natural detergent (M. Fergusson, personal communication, May 1, 2017). In solution 4, Triton X100 is
a non-ionic detergent that has both wetting and detergent reaction. The aim of this addition was to
determine if the presence of this detergent increases the dye penetration into the substrate. The
presence of oils found in the timber may reduce the dye penetration.

The following full factorial experimental framework was developed for the study (Table 2).

Table 2. Experimental framework used for the dye uptake study

Variables Combinations of variables implemented
Moisture content, % Green (80+5) 12
Part of wood Sapwood Heartwood Sapwood Heartwood
Flow directions L R T L R T L R T L R T
Solutions 1] 2]3]af1]2]3]a]a]2]3]a[1]2]3]4
Sample size | There were 12 samples for each combinations |

Note : Flow directions: Longitudinal (L), radial (R) and tangential (T).

2.2. Experiment and measurements

All experiments were conducted at a controlled temperature of 23°C in the laboratory at The
University of Melbourne, Burnley Campus.
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Figure 2. Sealing faces of the specimens for the permeability tests

The sample surfaces were sealed on different faces with silicone rubber, leaving only a pair of
radial, tangential, or longitudinal faces exposed. Therefore, the relative permeability in different
grain directions could be measured. For example, for longitudinal permeation measurement, the
tangential (TL) and radial (RL) surfaces were sealed with silicone glue, while the transverse (TS)
surface was left open to allow liquid penetration (Fig. 2). The cubes were kept in a glass desiccator in
a cool room to minimize drying out while the silicon rubber glue dried. As only a very thin coating of
silicone was applied, it did not affect the weight of the original cubes. The cubes were weighed
before the experiments and their volumes were also measured.

One of the simplest techniques for measuring permeability is to measure the uptake of a liquid
by cubes of wood using the dipping method (submerging the samples in a liquid and removing them
after a set time). Based on Sugiyanto (2003), there are no significant uptake differences between 1
and 2 h soaking time. Preliminary experiments were conducted which confirmed this finding.
Therefore, 1 h soaking time was used in this study. Experiments with samples of sapwood and
heartwood, at two different moisture contents, using three flow directions (longitudinal, tangential,
and radial) were conducted separately. The liquid uptake of every sample was measured by placing
the wood cube on a balance at different times during submersion in the liquid (0.5, 1, 2, 3, 5, 10, 30,
and 60 min). For instance, a cube was submerged in a liquid, and after the first 30 s it was removed
and weighed. Similarly, after 1, 2, 3, 5, 10, 30, and 60 min, the sample was removed and weighed.
The liquid uptake was measured against time because different periods of time indicate different
absorption rates of the sample. When the experimentation was complete, the cubes were oven-
dried at 102 °C to a constant weight and then the moisture content was calculated at the time of
tests. The weight of the silicone was ignored.

The percentage uptake of liquid was used to measure the absorption (Eq. 1). It was assumed
that the weight only changed during liquid soaking due to the absorption of the liquid into the void
volume of the wood. The maximum possible absorption of each specimen was calculated as a
percentage of void volume filled (saturation) (Sugiyanto, 2003),

S, % =100 x (U]/Fz)
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Where S is a percentage saturation or percentage of uptake (%), U, is an initial liquid uptake
(kg/m3), F, is maximum possible absorption of liquid (kg/m?®) = FxD,, F is maximum possible
absorption of water, (L/m?) = 1000-(D,(MC+66.7)/100), D, is density of liquid (kg/L), D, is basic
density of wood (kg/m?), and MC is moisture content (%).

2.3. Statistical analysis

GENSTAT 16™ Edition was used in the statistical evaluation of the data. Analysis of variance was
conducted on the percentage of liquid uptake at 60 minutes, with the four factors being moisture
content (dry, green), part of wood (sapwood, heartwood), direction (longitudinal, tangential, radial),
and dye solution (1-4). Factor effects were considered significant if the P-value was less than 0.05.
Least significant difference (LSD) values at P = 0.05 were used to estimate variability between means
of 12 samples per each combination of factors.

3. Results and discussion

3.1. Uptake of different dye solutions in different directions

The results highlight the descending order of the liquid absorption: longitudinal > radial > tangential
(Table 3). As expected, the permeability of dried samples was higher than green samples, and
sapwood samples were more permeable than heartwoods.

The descending order of the dye solutions in relation to the dye absorption could be expressed
as 4 23 >2 2 1. The effect of solution was highly significant (P < 0.001), and it was not involved in any
significant interactions with the other factors. When averaged across the other factors, the means of
the percentage of liquid uptake at 60 min were 3.35 (solution 1), 3.62 (solution 2), 4.02
(solution 3), and 4.09 (solution 4) (LSD = 0.28). Therefore, solutions 3 and 4 resulted in significantly
greater dye absorption than solutions 1 and 2.

The movement of fluids through wood was the easiest along the grain. Therefore, longitudinal
permeability for the dye uptake was much greater than the other directions. These results are
different than the findings by Siau (1984), who stated that the longitudinal permeability of several
hardwoods increased with higher moisture content, presumably due to a greater fractional volume
of the vessels. However, the data showed that the tested wood samples above the fiber saturation
point had very low dye absorption. A possible explanation for this tendency was that high capillary
pressures must be overcome to force air bubbles through the pit openings (Siau, 1984).

The results of this study indicated that there was little difference between the dye absorption in
radial and tangential directions. The contribution of the rays to the radial permeability of hardwoods
is almost equal to that in the tangential direction, resulting from the pits on the radial surfaces of the
fibers (Siau, 1984).
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Table 3. The mean dye uptake of dye solutions calculated for the sapwood and heartwood parts of green and
dried specimens in the longitudinal, tangential, and radial directions.

samples Dye solutions Percentage of uptake in directions, %
Longitudinal Tangential Radial

1 7.34 2.88 3.66

_ 2 7.63 3.30 3.84
Dried sapwood 3 8.05 3.67 3.95
4 8.69 3.92 4.53

1 5.74 2.06 2.62

' 2 6.01 2.67 2.68
Dried heartwood 3 6.22 2.71 2.95
4 6.45 2.73 2.97

1 4.86 2.05 2.24

Green sapwood 2 > o s
3 5.25 2.94 3.18

4 5.28 2.95 3.21

1 3.76 1.27 136

2 3.78 1.38 173

Green heartwood 3 413 1.50 2.63
4 4.19 1.53 2.67

3.2. Dye uptake in heartwood and sapwood

There are differences between the permeability of the heartwood and the sapwood in the treatment
of timber, with sapwood being easier to treat than heartwood. In sapwood, penetration is primarily
through the open vessels, then through rays, vertical parenchyma, and fibers through pit pairs. In
heartwood, some of the vessels are closed by tyloses. In heartwood, the membrane surfaces are
usually completely occluded when viewed as replicas in a transmission electron microscope, while in
sapwood, the surfaces are always less occluded. When sapwood is transformed into heartwood,
there are a number of structural changes that decrease permeability (Comstock, 1965). This is due to
the closure of pits and the presence of tyloses and extractives. In hardwoods, the presence of tyloses
decreases the permeability as it obstructs the main pathway in hardwoods. In many hardwood
species, the vessels in the heartwood of the living trees are blocked off by tyloses, which sapwood
lacks (Booker, 1977). The low permeability of heartwood is also due to the presence of extractives.
Extractives increase the contact angle between aqueous liquids and the cell walls, which reduces
wettability compared with sapwood (Hansmann et al., 2002). However, this paper does not include
the analysis of the relationship between anatomical structure and the permeability of wood.
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3.3. Dye uptake in relation to time
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Figure 3. The percentage of dye uptake of dried sapwood and heartwood samples at different test period
using 4 types of dye solutions in longitudinal, tangential and radial direction.

The dye absorption (% of dye uptake) in the longitudinal direction of all dried specimens had a
significant increase from the first set time to 1 h (Figure 3). In terms of dried sapwood in the
longitudinal direction, the percentage of uptake reached 8.69%, compared to 6.22% for dried
heartwood. This trend decreased in radial and tangential directions. The samples treated using
solution 4 had a higher percentage of uptake than the other dye solutions.

The data (Figure 3) also shows the measured percentage of dye uptake of dried sapwood and
heartwood samples in the three directions with four different dye solutions. Longitudinally, the
percentage of liquid uptake was increased from 7.34% to 8.69% for sapwood and 5.74% to 6.45% for
heartwood with the dye solutions 1 and 4, respectively. The longitudinal uptake was almost 100%
higher than the radial and tangential directions in both the sapwood and heartwood of the species.
There were similar trends in the percentage of dye uptake in the tangential and radial directions with
the different solutions.

201



Uptake, % Uptake, %
10 plare, . 10 plake, -
Solution Solution
2 8
6 - 6 1
4
4 = 2 5 ] £ 2
2 -7_—:/7 3 0 +— Time, minyte
0 rime, minute [}.5| 1 | 2 | 5 |1D|3[}|6[}
[}.5|1‘2‘5|1[}‘3[}‘6[} 4 —4
Wet heartwood -
Wet sapwood - Longitudinal Longitudinal
take, % Uptake, %
1 Prake _ 10 Pe _
3 Solution g Solution
1 6 1
6
4
4 P 2 2
2 f 3 0 Time, rninlile
0 = Time, minute 0512 |5(10/30|60
o.5|1‘2|5‘1n|30‘50 4 —4
Wet heartwood -
Wet sapwood - Tangential Tangential
9 Uptake, %
LV Ptake, % 1gUPtake
8 Solution 8 Solution
6 1 6 1
4 2 4 2
i "
2 ?/f 3 2 % 3
0 Time, minute 0 Time, minute
[}.5|1‘2|5‘1[}|3D‘6[} [}.5|1‘2‘5|1[}|3D‘6[}
Wet sapwood - Radial Wet heartwood - Radial

Figure 4. The percentage of dye uptake of green sapwood and heartwood samples at different test period
using 4 types of dye solutions in longitudinal, tangential and radial direction.

The trend in the percentage of dye uptake in the three directions of all green specimens was
similar to that of dried samples (Figure 4).

In the longitudinal direction, the percentage of dye uptake was increased slowly from 4.86% to
5.28% in sapwood and from 3.76% to 4.19% in heartwood with the dye solutions of 1 and 4,
respectively.

4. Conclusions

1. The percentage of dye uptake in sapwoods was higher than in heartwoods in dried and

green specimens.

2. The green samples of the species showed lower dye uptake in all directions.

3. The descending order of percentage of uptake was longitudinal > radial > tangential.

4. The descending order of the four different dye solutions usedas4>3>2 > 1.

The longitudinal uptake was also approximately 100% higher than the radial and tangential
directions in both green sapwood and heartwood of the species for all different solutions used. This
result has significant implications on the veneer dyeing process where the dye penetration through
the veneer thickness will be in radial direction.

The results indicated that solutions 3 and 4 achieved significantly greater dye absorption than
solutions 1 and 2. The indication means that the addition of sodium hydroxide and triton X100 can
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increase the swelling of the cellulose fibers in the wood structure in order to improve the dye
penetration. This information is very important in understanding the dye solutions in relation to the
addition of the chemical agents, which can be applied in the veneer dyeing study.

Overall, the dye uptake using soaking method was not high. Therefore, the soaking method for
veneer dyeing may not be suitable. A study should be undertaken to investigate the suitability of
soaking method for veneer dyeing; if not successful, an alternative method such as vacuum-pressure
should be examined.
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Abstract

For long time designers of wood furniture and interior demand darker European wood
species/colours. If you want to avoid the use of chemicals or additives it is possible to achieve
darker wood colours by classical thermal modification. However, when aiming a nearly black
wood colour, this process has limits, since it leads to strong mechanical decrease and can come
along with unacceptable odours or VOC emissions. Especially oak wood is challenging in terms of
wood modification. To prevent damage/cracks during the treatment, steaming processes at
elevated temperatures were investigated. Using an autoclave as reactor, it was able on the one
hand to generate a very dark oak wood colour, and on the other hand to design a reasonably
short process time. During the process development, secondary requirements needed to be
fulfilled. Even though macroscopically damage (cracks) could be prevented, the mechanically
wood structure needed to be kept intact, to use the wood for furniture production. Additionally,
the emission needed to be reduced regarding regulations and customer demands. Using an
attenuated heating phase in combination with advanced elutriation steps it was possible to
preserve sufficient mechanical properties and to fulfil the requirements for the VOC emission.
After facile oil application the colour of the manufactured furniture surface appears nearly black.
Finally, a process was developed that does not need any additives to generate an almost black
oak wood colour using heat, steam and pressure exclusively.

1. Introduction

The benefits and disadvantages of thermal treated woods are broadly known and accepted. Because
of that — especially cause of the odour and in relation to that the VOC emissions — strongly treated
thermal woods are rarely found in indoor applications. However, furniture industry is strongly
interested in local (European) dark or nearly black wood species. Wood modification via heat
pressure steaming is a very time efficient way (approximately 1/10 compared to conventional
steaming process) to change the colour of wood without additional chemicals (Riehl et al. 2002).
Beside the change of colour, also the wood equilibrium moisture content can be reduced, resulting in
a better dimensional stability (Stamm et al. 1946). Many publications can be found referring to
softwoods in combination with steaming on the one hand and thermal treatment on the other hand
(Bekhta and Niemz 2003, Stamm 1956, Stamm et al. 1946). Fewer publications can be found on the
topic of explicit heat pressure steaming (HPS) (Dagbro et al. 2010, Riehl et al. 2002, Volkmer et al.
2014). In this study, European oak (Quercus robur/Quercus petraea) was investigated according to its
behaviour under heat pressure steaming. Therefore the process parameter temperature, process
time and pressure were varied to investigate the factors colour, strength and emissions.

" Corresponding author: Tel.: +4314765489132; E-mail: t. meints@kplus-wood.at
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2. Materials and methods

Wood boards of European Oak (Quercus robur/Quercus petraea) were used in this investigation. The
boards had a thickness of 30 mm, differed width, and 3000 mm length. The treatment was
performed in a heated autoclave. To control the conditions, it featured water spray nozzles and a
water outlet, as well as gas valves to control under- and overpressure. The treatment procedure
featured temperatures above 120 °C, and different process pressures for an overall duration of up to
120 h. MOR (modulus of rupture) and MOE (modulus of elasticity) characterization was done via
three-point-bending according to EN 310. To investigate the color change AE according to formula (1)
was used. Color was measured in CIELab system before and after the treatment and after oil
application. Therefore specimens were cut, sanded (grit 180) and applied oil (linseed oil bases
furniture oil).

2 2 2
AE:\/(Ll _Lz) +(a1 _az) +(b1 _bz)
where, AE = colour different, L, a and b = colour coordinates

3. Results and discussion

The treatment of oak wood under the described conditions resulted in drastic change in the visual
appearance of specimens (figure 1). After manufacturing of the treated wood and oil application, the
color of the wood surface occurs in a very dark shade. With a darkening of AL = -30.2 and an overall
color change of AE = 38.6 (table 1) a certain modification and degradation of the wood is obvious (Hill
2007).

Table 1. Colour of treated oak wood and its colour change compared to untreated oak wood. Both after oil
application

Sample L a b AE
Oak reference + oil 58,1 10,7 23,4
Oak treated + oil 27,9 2,8 0,7
A (change) -30,2 -7,9 -22,7 38,6

Figure 1. Oak wood, oiled: left: Reference, right: treated

The degradation processes induced by the treatment could be confirmed by three-point-bending
tests according to EN 310 (figure 2, 3). After treatment, the MOR shows a reduction of approximately
25 %. This is evidence for the fairly strong degradation of the oak wood by the process. However the
MOR is still sufficient for furniture application. The MOE stays on comparable level, showing a slightly
increased brittleness of the material. However the declined mechanical properties needs to be
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accepted, since the degradation products cause the dark color, which is the main target of the
treatment process.
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Figure 3. MOE (modulus of elasticity)

The national Austrian certificate “Osterreichisches Umweltzeichen” demands certain VOC high-
values. Due to optimization of the process parameters, the amount of VOC (volatile organic
compounds) could be drastically reduced. A preliminary TVOC (total volatile organic compounds)
investigation indicated that in the latest process development, emissions could be reduced
sufficiently to fit the certificate requirements (figure 4). Compared to an early stage process, the
emissions were reduced to very low amounts of around 250 pug/m?3 at day 28 (benchmark: 400
Mg/m3). Instead of the known odor of thermal treated wood, caused by volatile acetic acid and
furfural, nearly no unwanted odor is detectable for the human olfaction. This step of development is
the key to provide raw material for high quality furniture production.
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Figure 4. TVOC emission trend for 28 days

4. Conclusion

Finally, a process was designed that enables the modification of natural oak wood color into a very
dark color — through the whole cross section. After oil application, the surface appears nearly black,
comparable to tropical wood species. Furthermore, the modified material features sufficient
mechanically strength and pleasa